
Flame Spread Measurements Of  
New Zealand Timber Using  
An Adaptation Of The Cone 

Calorimeter Apparatus 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

VI CUONG MICHAEL HUYNH 
 

Fire Engineering Research Report 03/5 
 
 

May 2003 



 
 

  



ISSN 1173-5996 
 
 

FLAME SPREAD MEASUREMENTS OF 
NEW ZEALAND TIMBER USING AN 

ADAPTATION OF THE CONE 
CALORIMETER APPARATUS 

 
 

BY 
 

 
VI CUONG MICHAEL HUYNH 

 
 
 

Supervised by 
 
 

Michael Spearpoint 
 
 
 

Fire Engineering Research Report 03/5 
 
 

June 2003 
 

 
A thesis submitted in partial fulfilment of the requirements for the  

Degree of Masters of Engineering in Fire Engineering  
at the University of Canterbury 

 
 

School of Engineering 
University of Canterbury 

Private Bag 4800 
Christchurch, New Zealand 

Phone +64-3 364-2250,   Fax +64-3 364-2758 
www.civil.canterbury.ac.nz

http://www.civil.canterbury.ac.nz/




Abstract 
 
This report investigates the use of an adaptation of the Cone Calorimeter to measure 

opposed flow flame spread.  Cone Calorimeters are typically used in a horizontal 

orientation for ignition testing, this report looks at using the Cone Calorimeter in a 

vertical orientation to test flame spread, and compare results to those from Lateral 

Ignition Flame Transport (LIFT) experiments.  This work arises from the LIFT 

apparatus being bulky and cumbersome which makes it an undesirable apparatus to 

have in the laboratory.  The adaptation of the Cone Calorimeter is to provide an 

alternative method of obtaining the same material data in fire conditions.   

 

This work has followed on from work which was started by Azhakesan et al (1998) at 

Fire SERT at the University of Ulster, by developing a small scale opposed flow 

flame spread apparatus.  The Reduced scale Ignition and Flame spread Technique 

(RIFT) was the result of adapting the Cone Calorimeter.  This research was conducted 

in the Chemical and Process Engineering department at the University of Newcastle, 

which had conducted some work in this field.  This research used this technique to 

examine opposed flow flame spread over a number of species of New Zealand timber 

and timber products. 

 

The research lead to an application of a view factor developed from horizontal Cone 

Calorimeter tests by Wilson et al (2002).  This was modified and applied to the 

vertical orientation of the Cone Calorimeter.  The use of the view factor is to estimate 

the profile of the heat flux along the length of the sample.  The results obtained 

indicated a correlational nature however modifications are required to confirm 

findings. 

 

The application of Quintiere’s model on opposed flow flame spread used in LIFT 

tests is applied to the RIFT test to obtain material properties.  The results from the 

RIFT analysis have shown that the flame spread variables are comparable with those 

obtained from LIFT tests.  Results at this stage are preliminarily, recommendations 

are suggested to substantiate current results. 
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Nomenclature 
 

Flame Spread/Ignition Calculations 

 

b  ignition correlation parameter, s-½  

C  flame spread, heat transfer factor, ms/2/kW·s½

F(t)  specimen thermal response function 

F(x)  surface flux configuration invariant, (kW/m²)/mV 

h  heat loss coefficient. kW/m²·K 

hig  heat loss coefficient at ignition, kW/m²·K 

kρc   thermal inertia – heating property, (kW/m²·K)²s 
"
,0 igq&   critical flux for ignition, kW/m² 

"
,0 sq&   critical flux for spread, kW/m² 

"
eq&   measured incident flux, kW/m² 

t  time, s 

t*  thermal equilibrium time, s 

tig  ignition time under incident flux, s 

ts  flame spread time, s  

T∞  ambient/initial temperature, °C 

Tig  ignition temperature, °C 

Ts, min  minimum temperature for spread, °C 

∆Tf  flame heating temperature, °C 

∆Te  external heat flux temperature, °C 

V  flame velocity, m/s 
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ε   surface emissivity 

φ  flame heating parameter, kW²/m³ 

σ  Stefan-Boltzmann constant, 5.67 × 10-8, kW/m²·K4

δf   flame heating distance, mm 

∆   heat transfer depth into the solid, mm 

 

  



Configuration/View factor 

 

a   distance from centerline 

A3   area of surface 3 

dA1   elemental area on the sample’s surface 

F3-d1   configuration factor between surface 3 and elemental area dA1

Fd1-2   configuration factor between elemental area dA1 and surface 2 

Fd1-3   configuration factor between elemental area dA1 and surface 3 

Fd1-4   configuration factor between elemental area dA1 and surface 4 

h   height of the frustum (65 mm for standard cone) 

H2, H4   parameters defined as H2 = z/a and H4 = (h + z)/a, respectively 
"q&    local radiant heat flux on the specimen’s surface, W/m2

R2, R4   parameters defined as R2 = r2/a and R4 = r4/a, respectively 

r2, r4   radii of the base and top of the frustum (80 mm, and 40 mm, respectively) 

T   average surface temperature of the heating element, K 

z   vertical distance from the lower base of the frustum to the sample surface 

Z2, Z4   parameters defined as Z2 = 1 + H2² + R2² and Z4 = 1 + H4² + R4² 

ε   emissivity of the heating element 

σ  Stefan-Boltzmann constant, 5.67 × 10-8, kW/m2·K4
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1 Introduction 
 
The concept of flame spread is to examine the fire spread along materials.  The 

materials of interest are generally those with application to building designs and 

furnishings.  Building components affect the spread of fire through various modes 

these include wall and ceiling linings; such as wood panelling and paint finishes to 

floor coverings such as; types of carpet; tiles, and wooden floors.  Fire hazards in 

buildings are controlled by regulations and codes that define what is acceptable.  To 

assist in this process are “reaction to fire” tests which allow observations of the 

material’s behaviour in fire. 

 

The fundamental aspects and measurement of flame spread have provided a 

foundation for application in the design of buildings and formulas have been 

developed for use in modelling.  A testament to this work can be seen in such 

computer software developments such as BRANZFire, and Fire Dynamic Simulator 

(FDS).  It is still recognised that the use of these formulas and models are limited due 

to a lack of material data that are available in fire conditions. 

 

The lack of information is a particular problem with respect to indigenous New 

Zealand timbers and common timber products.  This report focuses on experiments on 

indigenous New Zealand timbers and timber products that were carried out at the 

University of Newcastle, Newcastle, New South Wales, Australia.  The Cone 

Calorimeter apparatus was used to measure the flame spread of the specimens of 

indigenous NZ timbers and timber products.  The results of these tests have been 

compared with the results and work undertaken overseas. 

 

1.1 Flame Spread Tests 
 

Early flame spread tests have produced numerous outputs representing flame spread 

properties.  The outputs from these tests however have no uniformity and little ability 

for useful comparison between the many types of tests therefore this inconsistency led 

to the adoption of standardised testing.  The early fire models developed at the 

National Bureau of Standards were for the military, these required a large number of 

  



material constants to be entered as data inputs, de Ris (1969).  These early modellers 

had to thoroughly search numerous experimental papers and reports before such data 

could be found, de Ris and Williams (1976).  During the 1980s it was realised that for 

any model the input data describing fire properties should be determined from 

standard tests.  A range of fire tests were developed to met the American Society for 

Testing and Materials (ASTM), standards. 

 

There are many different tests for assessing the flammability of materials such as:  

• ASTM E 84 - The test method for determining the surface burning 

characteristics of building materials; 

• ASTM E 162 - The test method for determining the surface flammability of 

materials using radiant heat energy source; 

• ASTM E 286 - The test method for determining the surface flammability of 

building materials using an 8 ft (2.44m) tunnel furnace; 

• ASTM E 684 - The test method for determining the critical radiant flux of floor 

covering systems using a radiant heat energy source; 

• ASTM E 970 - The test method for determining the critical radiant flux of 

exposed attic floor insulation using a radiant heat energy; 

• ASTM E 1317 - The test method for determining the flammability of marine 

surface finishes; and 

• ASTM E 1321 – 97a - The test method for determining material ignition and 

flame spread properties. 

 

The majority of these tests are for evaluating interior finish materials and products, (in 

particular wall and ceiling applications).  All of these tests mentioned above express 

their results in terms of some observations or measurements.  The results are then 

used to derive a relative ranking scale on which to evaluate materials.  The bases of 

these ranking scales however are only arbitrary and therefore the results between tests 

highlight the problem that they may not necessarily agree with each other and are 

meaningful between tests. 

 

The research undertaken in this project utilises the procedure and theory of the Lateral 

Ignition and Flame Transport (LIFT) test.  The properties derived from the test 

  



provide the material properties in fire conditions which can be used in ignition and 

opposed flow flame spread models.  In particular the properties include: 

• The thermal inertia property, kρc; 

• The ignition temperature, Tig; 

• The minimum temperature required for lateral flame spread, Ts; 

• The corresponding heat fluxes for ignition and flame spread and, ,  "
,0 igq& "

,0 sq&

• A numerator of the governing equation for opposed flow flame spread, φ 

 

1.2 Impetus for Research 

 

The reason for this research is explained in this section.  The ASTM E 1321, uses the 

Lateral Ignition and Flame Transport (LIFT) apparatus.  The LIFT apparatus is bulky 

and cumbersome which makes it an undesirable apparatus to have in the laboratory.  

The adaptation of the Cone Calorimeter, which is also an American standard ASTM 

E-1354-90, could provide an alternative method of obtaining the same material data in 

fire conditions. The Cone Calorimeter is a more practical size and is reported to be 

more widely used in laboratories, Babrauskas (1995).  

 

The Cone Calorimeter has been found to fill a very useful role in fire applications 

because it is not a single variable test as many other fire tests are.  It is already 

recognised the properties needed for wind aided flame spread are readily obtained 

from the Cone Calorimeter, Babrauskas (1999).  However one type of data not found 

among standard Cone Calorimeter outputs is that needed to calculate the opposed 

flow flame spread.  For that purpose the LIFT test has often been recommended. 

 

Researchers at The University of Newcastle in Australia have continued the work, 

which was started by Azhakesan et al (1998) at Fire SERT at the University of Ulster, 

by developing a small scale opposed flow flame spread apparatus.  The Reduced scale 

Ignition and Flame spread Technique (RIFT) was the result of adapting the Cone 

Calorimeter.  The proposed research was conducted in the Chemical and Process 

Engineering department at the University of Newcastle.  This research intends to use 

  



this technique to examine opposed flow flame spread over a number of species of 

New Zealand timber and timber products. 

 

By careful application of the existing LIFT theory to the RIFT experiments, it is 

hoped that the analysis of Cone Calorimeter data would provide sufficient information 

so that it could be obtained for predicting opposed flow flame spread, then reliance 

could be placed upon using a single test method for collecting bench scale fire 

property data. 

 

Advantages includes cost savings, in terms of reduced labour and laboratory time, this 

would be of significant advantage as it is widely accepted that the Cone Calorimeter’s 

specimens are much easier to prepare and to test than the equivalent LIFT specimens.  

It has been noted by past researchers, Babrauskas (1999), that the expected time 

needed for Cone Calorimeter testing is less than half of that required for by the LIFT 

tests.  Babrauskas (1995) has reported that it is estimated that the Cone Calorimeter 

apparatuses are located in over 150 laboratories while the number of laboratories 

possessing the LIFT test apparatus are in the vicinity of 20.  Consequently modelling 

input data could be generated at many more institutions, if Cone Calorimeter data 

alone was seen to be sufficient. 

 

1.3 Objectives 

 

The aim of the research is to be able to compare our results to the work conducted at 

the University of Newcastle, the results generated by Azhakesan et al and also the 

results obtained from the traditional flame spread test, the LIFT experiments.  

Experiments were carried out using the modified Cone Calorimeter and the results 

were analysed using the same theory as applied to the LIFT experiments.  A 

correlation is hoped to be found between the two apparatus as the modified Cone 

Calorimeter could then be used for future opposed flow flame spread analysis instead 

of the LIFT apparatus. 

 

The objectives of this study can be broken down into five main areas these are: 

 

  



• To conduct a thorough literature review of past work in the field of opposed 

flow flame spread and to gauge the current developments in the field of bench 

scale flame tests. 

• To measure the irradiance that the specimen sample is exposed too while held 

in the sample holder. 

• To find or derive a configuration/view factor in order to be able to predict the 

irradiance down the length of the sample. 

• To apply the opposed flow flame spread theory, derived by Quintiere (1981) 

which is used in LIFT experiments, to the Cone Calorimeter experiments. 

• To conduct experimental tests on New Zealand timbers and timber products, 

and compare the results of the material properties in fire conditions (relating to 

flame spread), to that of the Australian and Northern Ireland studies and also 

from published LIFT results. 

 

The outputs that will be compared between the studies are as follows: 

• The minimum ignition surface flux,  "
,0 igq&

• The minimum ignition temperature, Tig 

• The minimum lateral spread flux,  "
,0 sq&

• The minimum lateral spread temperature, Ts,min 

• The thermal inertia value, kρc 

• The flame heating parameter, Φ  

1.4 Previous Work at the Universities of Canterbury and Newcastle 

 

Mentioned earlier was the work conducted at the University of Newcastle, Australia.  

This work has been based upon a study conducted by Azhakesan, Shields and Silcock 

at Fire SERT at the University of Ulster who have examined flame spread using a 

reduced scale ignition and flame spread technique (RIFT) incorporating the use of the 

Cone Calorimeter.  Initial work at The University of Newcastle was conducted as a 

final year research project by Pease (2001) where modifications to the sample holder 

of the Cone Calorimeter were made to allow surface flame spread experiments to take 

place.  In this study three wood species were tested and compared to results obtained 

from LIFT test results published in literature.  The following year at the University of 

  



Newcastle a further study was conducted by Perrin (2002), the emphasis was on the 

irradiance along the length of each sample.  This study is a continuation of these 

works. 

 

The University of Canterbury is involved in research in the field of ignitability this 

has included work on timber products, Ngu (2001) and upholstered furniture such as 

the New Zealand Combustion Behaviour of Upholstered Furniture (NZ CBUF) 

studies undertaken by Enright (1999).  The ignition properties of New Zealand 

timbers and timber products were examined using the ISO ignitability apparatus by 

Ngu (2001).  In the study by Ngu (2001) various ignition correlations such those by 

Mikkola and Wichman (1989), Quintiere and Harkleroad (1985) and Spearpoint and 

Quintiere (2000) were applied to the test results to gauge which presented the best 

method.  The species of timber tested in this work included: Radiata Pine; Rimu; 

Beech; Macrocarpa; Medium Density Fibre Board (MDF), Plywood, Particle Board 

and Laminated Veneer Lumber (LVL).  The experimental work conducted in this 

research used these same New Zealand timbers and timber products as Ngu’s to 

provide cohesion between the two studies. 

 

1.5 Report Outline 

 
The remainder of this report is divided into various sections.  Section 2 will provide a 

brief overview on flame spread, outlining the two main forms of flame spread; Wind 

aided and Opposed flow flame spread.  Section 3 will detail the LIFT apparatus and 

the Cone Calorimeter, providing further details of these two apparatus and a brief 

history.  Section 4 will give a literature review outlining the development of flame 

spread theory particularly the pioneering work carried out in the late 1960s.  A look at 

past experimental works in the area of ignition and flame spread tests, and also a 

discussion of the mathematical models that have been developed.  Section 5 will 

provide the details of the theory by Quintiere that is applied to the LIFT tests, 

covering the opposed flow flame spread and ignition calculations.  Section 6 will 

explain the experimental design, outlining the materials tested, testing conditions and 

the experimental layout.  The results and discussion of the report will be divided to 

address each of the objectives.  Section 7 will present the results and discussion on the 

  



irradiance mapping along the length of the sample, while section 8 will present the 

results and discussion of the ignitability tests.  Section 9 will present the results and 

discussion of the flame spread tests.  The application of Quintiere’s model to the data 

and comparison of the material properties derived.  Section 10 will provide the overall 

conclusions of the research, summarising the results, limitations and future work.  An 

appendix is included which includes the raw data used in the calculations. 
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2 Flame Spread 

 

Flame spread is the name for the process in which a fire grows.  Flame spread is a 

complex process, which is affected by physical, geometrical and chemical parameters.  

At times the term flame spread maybe misleading as flame spread is not referring to 

the extension of the flames but in fact the fire growth or spread.  The term flame 

spread specifically refers to the extension of the burning region, where the region is 

undergoing vapourisation and therefore supplying the necessary fuel. 

 

The affecting parameters include the: 

• surface orientation; 

• direction of flame spread; 

• specimen (sample) size; 

• initial fuel temperature; 

• external radiant flux; 

• roughness of the specimen’s surface; 

• flow velocity of the environment such as wind; 

• gravitational effects; 

• composition of the material and 

• composition of the atmosphere such as humidity. 

 

Many studies have been undertaken in the past such as by Atreya (1986) and 

Spearpoint (2000), which have specifically focused on parameters such as grain and 

sample orientations.  To effectively deal with these factors when evaluating the 

performance of materials it is necessary to integrate the material data with 

mathematical models. 

 

The gravitational and wind effects are the most prominent factors affecting flame 

spread.  The flows resulting from the fire buoyancy or the natural wind of the 

atmosphere can either assist, which is often referred to as wind-aided flame spread or 

inhibit, which is known as opposed flow flame spread.  Figure 1 and Figure 2 

illustrate these two forms of flame spread.   

 9



 

 

Figure 1 Opposed Flow Flame Spread – Reproduced from Quintiere (1998) 

 

 

Figure 2 Wind-Aided Flame Spread – Reproduced from Quintiere (1998) 

 

Wind-aided and opposed-flow flame spreads are the terms used to describe the 

permutations of fire spread that can occur.  Wind-aided flame spread is in the 

direction of the air flow and also encompass the vertically-upward and ceiling flame 

spread.  Even in still air vertically-upward and ceiling flame spread are referred to as 

wind-aided due to the buoyant flow of the fire itself.  Permutations of opposed-flow 

flame spread include vertically-downward and lateral wall flame spread.  In opposed-

flow flame spread dependency is on the air flow and fuel surface as flame spread will 

only occur if the surface temperature is above the critical ignition value. 

 

The process of flame spread, whether it is wind-aided or opposed flow, can be 

described in general terms.  As depicted in Figure 1 and Figure 2 the flame spread 

velocity is defined as the rate of motion at position xp.  The xp position represents the 

extent of the pyrolysis (vaporising) region.  The pyrolysis region is driven by the 
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burning rate of the fire.  The burning rate of the fire is in turn controlled by factors 

such as the temperature and composition of the material. 

 

The pyrolysis process is caused by heat transfer from the advancing flame to the 

surface of the specimen. The pyrolysis process is a necessary step to sustain the flame 

spread process.  The advancing face of the flame spread, which is the region denoted 

by δf, can be described as two different fronts: the flame in the gas phase, and the 

pyrolysis region in the condensed phase.  The flame in the gas phase may easily be 

measured by an observer.  The pyrolysis region in the condensed phase is more 

difficult to measure.  The flame spread velocity is the rate of movement of the 

pyrolysis region in the condensed phase.  The flame spread velocity is calculated 

using the theorems set out in Quintiere (1981).   
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3 The LIFT test apparatus and the Cone Calorimeter 

 

Flame spread properties are commonly found using one of two testing methods and 

apparatus: 

• The Lateral Ignition Flame Transport (LIFT) test or 

• The Cone Calorimeter 

The LIFT test is useful in determining ignition times as well as measuring opposed 

flow flame spread.  The Cone Calorimeter is a test with multi-variable outputs. 

 

3.1 Lateral Ignition Flame Transport (LIFT) 

 
ASTM E 1321 – The test method for determining material ignition and flame spread 

properties.   

 

ASTM E 1321 is also known as the lateral ignition flame transport (LIFT) test.  The 

initial design for the LIFT test was created by Robertson (1969).  The design evolved 

from work conducted by Robertson for the Intergovernmental Maritime Consultative 

Organisation (IMCO) in the 1970s.  The LIFT test is used to determine the material 

properties relating to piloted ignition.  The LIFT test consists of two aspects: 

• Measuring the ignition; and 

• Measuring the lateral fame spread. 

 

The LIFT experiments provide a series of outputs: 

• The minimum ignition surface flux, ; "
,0 igq&

• The minimum ignition temperature, Tig; 

• The minimum lateral spread flux, ; "
,0 sq&

• The minimum lateral spread temperature, Ts,min; 

• The thermal inertia value, kρc; and 

• The flame heating parameter, Φ  
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The LIFT test can also be used to predict the time to ignition, tig, and the velocity, V, 

of the lateral flame spread on a vertical surface subject to a specified external flux.  

This is discussed in section 5.1. 

 

During experimental testing using the LIFT test the specimen is subject to the 

following constraints: 

• The specimen is placed vertically; and 

• A constant heat flux is applied. 

The lateral flame spread on the vertical surface is recorded as a function of time. 

 

The specimens are exposed to the heat from a vertical air-gas fuelled radiant-heat 

source inclined at 15° to the specimen (see Figure 3).  The specimens are exposed to a 

graduated heat flux that is approximately 5kW/m² higher at the hot end than the 

minimum heat flux necessary for ignition.  The specimens measure 155mm by 

800mm.  There is a piloted acetylene-air ignition source which forms part of this 

apparatus, this is used to ignite the air-gas fuelled radiant panel and also provide a 

means to ignite the specimens during flame spread tests. 

 

 

 

Figure 3 Schematic of the Apparatus during a LIFT test – Reproduced from Quintiere (1981) 
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As well as conducting flame spread tests, the LIFT test is capable of conducting 

ignition tests.  For the ignition tests, a series of 155mm by 155mm specimens, are 

exposed to a nearly uniform heat flux.  The irradiance over the range of 155mm is 

approximately uniform as illustrated in Figure 4.  The results of the ignition tests 

allow for the time for ignition to be calculated as well as the critical minimum heat 

flux required for ignition.  The ignition data is then used to derive preheat times, t* 

needed for the flame spread tests, the preheat time, t* represent the time that is 

required for the specimen to reach thermal equilibrium (steady state).  The preheat 

time is a function of the critical heat flux required for ignition and is derived from the 

ignition correlations (refer to section 5.2 for further details). 

 

Figure 4 Normalise
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equilibrium is reached.

is placed so that the s
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The popularity of the

available to interpret th
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d Heat Flux over Specimen – Reproduced from Quintiere (1981) 

 flame spread tests, the specimens are preheated until thermal 

  Once the preheat time has been reached the pilot flame ignitor 

pecimen can ignite.  The pyrolysing flame front progressing 

gth of the specimen can be recorded as a function of time. 

 LIFT is partly due to the availability of theory which is 

e results, ASTM E 1321 – 97a.  The data obtained by the LIFT 
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is increasingly being used in fire modelling.  Jianmin (1990) has suggested that 

alternative approaches may be desirable because of the following difficulties: 

• Actual measurements in the LIFT are often quite difficult because of flashing or 

jumping of the flame front.  At times it is impossible because of the melting 

behaviour of the specimen in the vertically orientated position. 

• The flame spread properties may be obtained by several different ways with no 

consistency. 

• The relationship between full-scale and bench scale flame spread is tenuous 

because of the unpredictability of material behaviour in fires, such as due to 

shrinkage, connection behaviour, and behaviour between elements.  At times 

only full scale testing will reveal the problems that bench scale tests hide. 

 

3.2 Cone Calorimeter 

 
The Cone Calorimeter was developed by researchers at the National Institute of 

Standards and Technology (NIST) formerly known as the National Bureau of 

Standards (NBS).  The findings of the work have been reported by Babrauskas 

(1984).  The Cone Calorimeter was first conceived and designed by Robertson at the 

NBS in the 1970s.  The Cone Calorimeter test apparatus has since been developed and 

refined and is defined in a range of international standards such as ISO 5660 (1993) 

and national standards such as ASTM E 1354 – 02 and AS/NZS 3837 (1998).   

 

The ASTM E 1354 – 02 describes the standard test for heat and visible smoke release 

rate for materials and products using an oxygen consumption calorimeter.  The 

standard provides a means for measuring the response of materials exposed to 

controlled levels of radiant heat with or without an external source of ignition.   

 

In Figure 5 an example of how the Cone Calorimeter is housed is shown with its 

connections to the gas analysers.  The exhaust hood sits directly above the cone, with 

probes position along the duct to allow gas samples to be taken to allow for 

calculation of heat release rates by use of oxygen calorimetry.  Oxygen Calorimetry is 

based on the oxygen concentration and the flow rate in the exhaust stream and is 

based on approximately 13.1MJ of heat is released per 1kg of oxygen consumed.  The 
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calculation of the heat release rate using oxygen calorimetry is described in detail in 

the paper by Janssens (1991).  The sample sits upon a load cell which allows for the 

calculation of the mass loss rate.  The effective heat of combustion is determined from 

an associated measurement of specimen mass loss rate; the smoke development is 

measured by obscuration of light in the exhaust stream.  The cone heater is capable of 

producing radiant heat fluxes of 0 – 100 kW/m².  The associated ignition source is by 

electric spark.   

 

 

Sample Probes Exhaust Hood 

Cone Heater 

Gas Analysers 

Sample Holder

Load Cell 

Figure 5 Exterior of the Cone Calorimeter 

 
Figure 6 shows an example of the Cone Calorimeter setup in its conventional 

horizontal position; the pictures are of the same cone, shown at different perspectives.  

The right had side picture illustrate the tightly wound element forming the frustum.  

The spark ignitor is located 13mm away from the surface of the cone and is used in 

ignition tests.  The heat shield can be seen in the open position, these are used in 

between tests to shield the irradiance from the cone while changing samples and 

protect the load cell from excessive exposure from the heat.   
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Wound Element 

Spark Ignitor 
Heat Shield 

Load Cell 

Figure 6 Cone Calorimeter - Split Perspectives 

 
The Cone Calorimeter is used to obtain material properties in fire conditions by 

testing the behaviour of materials exposed to a controlled level of radiant heating.  

Parameters such as ignitability, the heat release rate, the mass loss rate, the heat of 

combustion, and the smoke release of materials can be determined from experiments 

undertaken in the Cone Calorimeter. The heating element within the cone is rated as 

5000W at 240V, and consists of an element tightly wound into the shape of a 

truncated cone (frustum). The heating element is designed to deliver irradiances on 

the surface of the specimen of up to 100kW/m². Wilson et al (2002) conducted a 

series of experiments that showed that the heating element is capable of producing 

radiant heat fluxes with uniformity of ± 2% within a 50mm by 50mm area that is 

located 25mm directly below the frustum.  The experiments were carried out in order 

to develop a model for the local configuration factor.  The application of the Cone 

Calorimeter has proved to be very useful in fire applications because it is not a single 

variable test as many other fire tests are.  As highlighted earlier, the versatile use of 

the Cone Calorimeter apparatus allows determining the ignitability, the heat release 

rates, the mass loss rate, the effective heat of combustion and the visible smoke 
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development.  The Cone Calorimeter is broken down into finer details and are shown 

in Figure 7, Figure 8 and Figure 9.   

 

 

Figure 7 Cross-Sectional view Through the Heater – Reproduced from AS/NZS 3837:1998 

 

 

Figure 8 Exploded view, Horizontal Orientation – Reproduced from AS/NZS 3837:1998 
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Figure 9 Exploded View, Vertical Orientation – Reproduced from AS/NZS 3837:1998 

 

Figure 9 shows how the Cone Calorimeter can be used in the vertical orientation.  

Using the Cone Calorimeter in this vertical position a sample holder was developed to 

be able to hold the wood samples in a vertical position.  A primary feature of the 

sample holder, is the flexibility of being able to set the holder at specified angles to 

the surface of the cone. 
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4 Literature Review  

 

There have been many papers published which describe and assess the different 

experimental observations and theoretical models for calculating the flame spread 

process.  The more notable ones include papers by: Fernandez-Pello and Hirano 

(1983); Williams (1985); Drysdale (1985); Wichman (1992); Babrauskas (1995) and 

Quintiere (2002).  The papers highlight the lack of data on fire conditions and the 

failure to supply satisfactory information on the inputs for fire modelling.   

 

4.1 Pioneering Work  

4.1.1 De Ris (1969) - “Spread of Laminar Diffusion Flame” 

 
The work undertaken by de Ris (1969), during the late 1960s reveals the original 

attempts to solve the problem of measuring flame spread both in the theoretical and 

experimental sense.  In these times researchers did not have an existing base of 

knowledge to build research from but at the same time they also had the advantage of 

not being constrained by previous work. 

 

The first studies of flame spread rose out of two different fields of study: (a) the 

defence field where the focus was on small scale flame spread over propellants; and 

(b) in the field of fire research where the focus was on large scale fire tests. 

 

The work completed by de Ris has been instrumental in the development of flame 

spread models.  De Ris developed a basic understanding of the flame propagation 

mechanism and achieved this by making physical assumptions based upon first 

principles.  The problem is then able to be solved by deriving conservational 

equations and solved by using applied mathematics.  De Ris describes the laminar 

diffusion flame spreading process as:  

“The hot flame heats the unburnt fuel bed which subsequently vaporises.  The 

formulated model then treats the combustion as a diffusion flame for which the 

details of the reaction kinetics can be ignored by assuming infinite reaction rates.” 
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In his work de Ris found that the flame spread mechanism was strongly influenced 

by: 

(a) the adiabatic stoichiometric flame temperature; and 

(b) the fuel bed thermal properties. 

 

4.1.2 Williams (1976) – “Mechanism of Fire Spread” 

 

William’s article examines the mechanics of fire spread.  The article describes the 

flame spread problem thoroughly by identifying the mechanisms involved.  The 

mechanisms involved are simplified and sacrifices accuracy for the purpose of 

emphasising general aspects of heat transfer.  Williams proposed an equation to 

represent the heat balance across the “surface of fire inception”.  The heat balance 

equation is a derivation of a universal flame spread equation which is given as: 

hUq fs ∆= ρ  where q is the energy transferred across the separation line, S; ρs is the 

fuel density; and ∆h is the thermal enthalpy difference between the fuel at ignition and 

ambient temperature.  The heat balance equation is better represented when the gas-

phase process dominates the flame spread, and not the solid phase process.   

 

The article also examines flame spread over non-simple materials such as matchstick 

arrays and materials that drip or run during spread.  Williams’ work provides a 

framework for the field of flame spread which the various studies within flame spread 

can be grouped.   

 

4.1.3 Fernandez-Pello (1977) – “A Theory of Laminar Flame 
Spread over Flat Surfaces of Solid Combustibles” 

 

Fernandez-Pello introduced the use of finite rate chemistry into flame spread 

calculations.  Fernandez-Pello proposed to establish a flame spread theory based on: 

(a) a rigorous analysis of the gas phase equations, including equations for 

conservation of linear momentum; 

(b) an analysis of the gas phase chemistry using high activation energy analysis. 
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Fernandez-Pello hypothesised that the bulk of the heat transfer ahead of the flame 

front occurred through the solid phase period.  The observations made in this research 

proved this hypothesis to be correct, in that the solid phase does dominate the forward 

heat transfer particularly when the solid to gas ratio is small. 

4.2 LIFT Related 

4.2.1 Quintiere (1981) – “A Simplified Theory for Generalizing 
Results from a Radiant Panel Rate of Flame Spread 
Apparatus” 

 

Quintiere (1981) sought to analyse the flame spread results from the test method as 

formulated by Robertson (1979) and generalise the results using a mathematical 

model.  The model was developed for transient flame spread with external radiant 

heating and follows similar lines to Rockett’s (1974) analysis of vertical downward 

spread.  This work differs from that by de Ris (1969), and Fernandez-Pello and 

Williams (1977) as it is not completely based on fundamental properties but is also 

expressed in terms of fire parameters such as the flame’s heat transfer rate and length.  

 

Quintiere analysed experimental results on the rate of lateral flame spread and the 

time for piloted ignition under an externally imposed flux using a simple theoretical 

model.  It was shown that the rate of flame spread, Vf can be correlated by: 

)( ""
,0

2/1
eigf qqCV && −=−  

 

Where C is a material constant and  is the minimum heat flux required for piloted 

ignition. 

"
,0 igq&
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4.2.2 Harkleroad/Quintiere/Walton 1983 - “Measurement of 
Material Flame Spread Properties” 

 

The study undertaken by Harkleroad et al contained an analytical approach involving 

parameters and solutions arising from transient heat conditions in a semi infinite solid.  

The experimental data was generated using the apparatus that was design by 

Robertson (1979).  These are the early tests carried out using the LIFT and hence 

subsequent work that has been carried out has been based on this early work.  The 

flame spread rates and ignition events are measured against incident radiation and 

exposure time.  As with a lot of flame spread experiments the outputs are intended to 

allow the prediction of downward or lateral flame spread on a vertical surface.  The 

materials tested in this instance were selected to be representative of applications in 

aircraft (aircraft interior panelling, carpeting, seat cushion foam) and buildings (wood 

particle board, polymethymethacrylate (PMMA), and rigid low density foam).  

Although in this work a limited number of types of materials were tested, the 

application of the LIFT apparatus is not restricted to those mentioned.  Any material 

that exhibits similar properties and under similar environmental conditions and 

orientation would be suitable to be tested. 

 

4.2.3 Delichatsios (1999) – “New Interpretation of Data From 
LIFT (Lateral Ignition and Flame Transport) Apparatus 
and Modifications for Creeping Flame Spread” 

 

Delichatsios attempted to reinterpret the measurements and results achieved by the 

LIFT apparatus.  The findings of this study showed that one of the parameters 

deduced from the existing protocol was not a material property but in fact affected by 

the external heat flux applied at the front during the test.  A new energy balance was 

proposed and used to determine the creeping flame spread.  The resultant energy 

balance accounted for the dual effects of external heat flux on creeping flame spread, 

namely:  

(a) the preheating of the solid ahead of the front; and 

(b) the increasing the pyrolysis rate at the front. 
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It was observed that two creeping flame spread parameters are necessary to 

characterise the physics in ‘normal’ conditions.  It was identified that the properties 

needed to predict creeping flame spread could not be obtained from a standard Cone 

Calorimeter apparatus.  A test apparatus simpler than the LIFT was proposed by 

Delichatsios for obtaining the basic creeping flame spread properties.  Instead of the 

one parameter, φ; two parameters are needed to characterise creeping flame spread, E 

the convective energy from the flame; and δf the gaseous thermal length. 

 

4.3 Experimental Studies in the Field of Flame Spread 

 
A number of experimental studies have been conducted into the effects of opposed 

flow flame spread.  The majority of the studies undertaken have revolved around the 

use of the LIFT apparatus.  The types of studies undertaken have varied.  The earlier 

work by Quintiere and Harkleroad attempted to refine the LIFT experiments, later 

studies by Jianmin (1990) in Sweden and Nisted (1991) in Denmark were an attempt 

to predict flame spread results from standard Cone Calorimeter tests, Cleary (1992) 

and Janssens (1992, 1993) conducted tests to characterise flammability with the LIFT 

apparatus.   

 

4.3.1 Quintiere/Harkleroad (1985) - “New Concepts for 
Measuring Flame Spread Properties” 

 

In this paper Quintiere and Harkleroad discuss a method for deriving the parameters: 

kρc, referred to as the thermal inertia, ignition temperature and a flame spread factor 

suitable for use in mathematical models for piloted ignition and opposed flow flame 

spread.  The method used for deriving the parameters are founded on existing flame 

spread theory.   

 

It was identified within this study that the test methods did not yield results that were 

consistent with each other and did not reflect behaviour in actual fire tests.  Although 

the results were not as consistent as hoped the results did compare relatively well with 

literature values for similar materials.  The flame spread factor was defined as 
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representative of the available flame energy and applies solely to opposed-flow flame 

spread.  The resulting findings from this work indicate that the parameters such as 

ignition temperature; thermal inertia; and the flame spread constant can be used in 

mathematical models to predict the performance of materials.  The results found in 

this paper will be compared to the test results of the RIFT  

 

4.3.2 Jianmin (1990) – “Prediction of Flame Spread Test 
Results From the Test Data of the Cone Calorimeter” 

 

Jianmin (1990) presents a computational procedure to predict flame spread results by 

applying the LIFT method to data obtained from the Cone Calorimeter.  The 

necessary input data for the model is the heat release rate at an irradiance level of 

25kW/m² and a number of ignition times at various irradiance levels.  These inputs 

were all obtained as outputs from the Cone Calorimeter tests.   

 

The basic principles used in the model for prediction of the surface flame spread were 

as follows: 

 

(a) In order for flame spread to occur the surface temperature is equal to the 

critical ignition temperature; 

(b) Ignitability data is obtained from Cone Calorimeter tests, the thermal inertia 

properties, kρc and critical ignitability temperature can be obtained from the 

results; 

(c) The irradiance can be divided into two parts: external irradiance generated by 

radiation panel and irradiance generated by the flame from the sample; and 

(d) The heat losses are accounted for due to lateral convection of air at ambient 

temperature. 
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4.3.3 Nisted, (1991), - “Flame Spread Experiments in Bench 
Scale, Project 5 of the EUREFIC Fire Research program” 

 

Nisted’s report represents a section of the work carried out by the Nordic research 

program “EUREFIC” European Reaction to Fire Classification.  The aim of the 

project was to use and develop models to test flame spread over both thermally thick 

and thin materials.  The report describes tests performed using the LIFT apparatus.  

The results obtained were then used in fire modelling.  This report only details the 

analysis of the LIFT experiments and does not mention anything regarding what types 

of fire models the data was used for. 

 

This work was part of the EUREFIC program and the other projects included: 

1. Inter-laboratory calibration and repeatability of the Cone Calorimeter, ISO/DP 

5660; 

2. Inter-laboratory calibration and repeatability of the room/corner test NT 

Fire025, ISO/DP 9705; 

3. Test in larger scale than NT Fire 025 and sensitivity analysis of the method; 

4. Model for prediction of the fire growth in the room/corner test based on results 

from the Cone Calorimeter; 

5. Models for flame spread and application of test data; 

6. Correlation of test results with existing Nordic test methods; 

7. Correlation of test results with other European test methods; 

8. Preparation of a new classification system for surface products based on 

room/corner test and the Cone Calorimeter; 

9. The effects of the new classification system on products and building costs; 

and 

10. Coordination and information about Nordic research program. 

 

Eleven materials were examined in the EUREFIC program.  The results of the tests 

were calculated from the test data with a computer program provided by the National 

Institute for Standards and Technology (NIST).  The results presented in the paper 

had been carried out as part of “Project 5 - Models for flame spread and application of 
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test data”.  This provides a good source of LIFT data in which results can be 

compared with. 

 

4.3.4 Babrauskas/Wetterlund (1999) - “Comparative Data from 
LIFT and Cone Calorimeter Tests on 6 Products, Including 
Flame Flux Measurements” 

 

This study by Babrauskas and Wetterlund (1999) was commissioned by the SP 

Swedish National Testing and Research Institute.  This research examined how to 

predict opposed flow flame spread using Cone Calorimeter data.  A lack of study in 

this area was highlighted in an earlier report by Babrauskas (1995), which comprised 

a literature survey to determine what was known about actual flame fluxes in the 

opposed flow flame spread geometry.  The study revealed that very few studies could 

be found and none related to the LIFT geometry.   

 

Babrauskas and Wetterlund discuss how the flame spread process is driven by the net 

heat flux to the specimen surface which included the flux from the flame itself.  The 

flame flux is important as it is a major part of the driving force causing flame spread 

to occur.  The literature review carried out by the authors showed that their existed 

very little studies where data on such flame fluxes could be obtained.   

 

The work presented in this paper is summarised by the following: 

(a) To provide set of detailed measurements of flame flux in the LIFT test 

(b) Develops a small database of beach mark quality data for identical materials 

tested in the Cone Calorimeter and in the LIFT test; and 

(c) Explores in detail the protocol of ASTM E 1321 – 90 and determines whether 

experiments can be performed in a controlled and routine manner. 
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4.3.5 Azhakesan (1998) – “Ignition and Opposed Flow Flame 
Spread Using a Reduced Scale Attachment to the Cone 
Calorimeter” 

 

The work done by Azhakesan, Shields and Silcock (1998) at Fire SERT at the 

University of Ulster examines flame spread using a reduced scale ignition and flame 

spread technique (RIFT) incorporating the use of the Cone Calorimeter.  Unlike some 

studies of experimental research that has been undertaken in the past, this work was 

carried out in an attempt to replicate LIFT experiments by using the Cone Calorimeter 

and applying the theory as detailed by Quintiere .  It was found that the Cone 

Calorimeter allowed simultaneous measurements of ignition, flame propagation rate 

and mass loss rate.  The data deduced from using the modified Cone Calorimeter and 

the parameters derived with reference to the existing theories of ignition and flame 

spread highlighted the correlational nature of the model.  The results and analysis are 

presented in full in this paper by Azhakesan.  The parameters derived using the RIFT 

compared favourably with those obtained using the standard LIFT apparatus.   

 

It is from this experimental approach that this report and the experiments undertaken 

have been based upon. 

 

4.4 Mathematical Fire Models 

 
Many mathematical models have been studied in an attempt to model the opposed 

flow flame spread mechanisms.  Such attempts have included numerical simulations 

which are characterised by trying to include as many features of the problem as 

possible.  Numerical models are highly dependant on the input, therefore they tend to 

make these types of models very specialised, and Wichman (1992) has observed that 

“they make them good simulations but not good models”.  What that means is that 

numerical models simulate or mimic a particular scenario well however if a parameter 

or condition changes the numerical model can not adapt because it is too restrained.  

The other type of model is the simplified analytical models, which generally make 

poor simulations as they tend to generalise the problem.  The analytical model 

accounts for the general parameters and conditions which means that it will not mimic 
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a specific scenario well because it is lacking the finer details however, any changes 

that may occur the model will be able to adapt and still provide an output.   

 

Wichman (1992) has said that the development of a model is not necessarily to 

produce agreement with experiments or to simulate reality but rather to probe aspects 

of the problem by deriving formulas or improving theorems. 

 

The following summaries are only but a couple of the models and types of work that 

have been undertaken in this field of study. 

 

4.4.1 Ahmed Et Al (1994), “Calculating Flame Spread on 
Horizontal and Vertical Surfaces” 

 

This paper examines a flame spread model which is an algorithm.  It provides the 

capability to calculate a self consistent fire, based substantially on bench scale fire 

data.  The model simulates object fire growth and burnout of a slab in a room.  This 

algorithm produces an acceptable prediction of the spread of fire, smoke and toxic and 

non-toxic gases generation.  The algorithm is based on data gathered from standard 

test apparatus, including the Cone Calorimeter and the LIFT.   

 

An analytical tool such as this has the potential to reduce the number of full scale tests 

required and for providing the fire protection community with improved predictive 

capability for fire hazards, particularly evaluating new material in new environments. 

 

4.4.2 Chen, Y et al (1998), - “A Prediction of Horizontal Flame 
Spread Using a Theoretical and Experimental Approach” 

 

This paper discusses a new methodology that has been developed to obtain properties 

that characterise creeping flame spread.  Creeping flame spread is another term used 

for opposed-flow flame spread as it is the aspect of flame spread that is against the air 

flow.  Opposed-flow flame spread includes vertically downward, lateral and 

horizontal flame spread.  Horizontal flame spread is faster than downward or lateral 
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flame spread because the fuel surface can receive significantly more radiation from its 

flame in horizontal position than in other orientations.   

 

In this paper a general creeping flame spread relationship is discussed.  Improvements 

to the relationship are accounted for by considering material thicknesses and allowing 

for varying external heat flux which includes the flame’s irradiance. 

 

The work presented by Chen et al is based on a new experimental methodology where 

some of the experimental uncertainties have been reduced.  The experiment involves a 

constant speed horizontal flame spread (CSHFS) apparatus.  Tests have shown that 

creeping flame spread properties are described by two parameters, the gaseous 

thermal convective length and the convective flame energy flux.   

 

4.5 Literature Review Summary 
 

The works briefly summarised above are only a fraction of the work that has been 

conducted in this field.  The field of flame spread and ignitability encompasses such a 

wide range of factors that numerous studies have been undertaken.  Others aspects of 

flame spread that have been studied includes:  

─ Charring over solids as studied by Atreya (1986) where the application of 

opposed flow flame spread was applied. 

─ Microgravity models as studied by Olsen (1987, 1991) at NASA where the 

conditions of negligible gravity were examined. 

─ Ignitability studies include those by Kanury (2002) which gives an overview 

of the criteria for ignition. 

─ The factors that contribute to ignition have been examined extensively and 

such studies include work by Atreya et al (1986) and Spearpoint et al (2000) 

who have looked at factors such as sample orientation and grain orientation at 

various heat flux levels. 

─ The irradiance studies that examine the configuration/view factors are catered 

for in books by Howell (1982), Siegel and Howell (1992) and Rohsenow, 

Hartnett and Choi (1998).   
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5 Theory Applied to LIFT Experiments 

5.1 Flame Spread Theory 

 

The opposed flow flame spread model was developed by Quintiere (1981) and is 

applied to derived material properties form the LIFT experiment.  The subsequent 

work in this area has relied on the principle that the flame spread front exists at a 

position xf, provided that the surface temperature, Ts arising from the imposed 

irradiance reaches the piloted ignition temperature, Tig.  Flame spread has been 

described by Drysdale (2000) as a continuous series of piloted ignitions occurring at 

the flame’s leading edge.  The model developed by Quintiere et al (1981, 1983, and 

1985) is presented in Figure 10, the model takes into account the following 

considerations: 

 One-dimensional unsteady state heat conduction occurs in the solid and is 

perpendicular to the surface; 

 The position of the flame front is identified by xf where the surface temperature 

has reached the ignition temperature, Tig; 

 The external radiant heating flux,  depends on the position of the surface in 

relation to the radiant heat source and the time the surface reaches thermal 

equilibrium or ignition temperature and  

"
eq&

 The heat transfer ahead of the pyrolysis front is considered to occur over a region, 

δf with a uniform heat flux of  which is independent of . "
fq& "

eq&

 

Figure 10 Components of Flame Spread Model – Reproduced from Quintiere (1981) 
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The flame heating distance, δf is assumed to be consistent with downward or lateral 

flame spread on a vertical wall.  The model asserts that the flame front exists at x = xf 

provided the temperature of the surface has attained Tig. 

 

The rise in the surface temperature, ∆T to the ignition temperature must be equal to 

the flame heating.  The rise in surface temperature is due to heating from the external 

source and can be expressed as: 

 at x fefiig TTTT ∆+∆=−     (1) 

 

The rise in temperature due to external radiant heating is given in the paper by 

Quintiere (1981) as: 

 

haterfcatxqTTT feise /])exp(1)[(" −=−=∆ &   (2) 

 

Equation 2 is for an infinitely thick solid, this is also known as a thermally thick solid.  

For thermally thick solids the heat loss is considered a linear approximation as 

detailed in Quintiere et al (1981, 1983, and 1985).  In equation 2, h is a linearised 

convective heat transfer coefficient and .  Equation 2 represents the time 

variation of the surface temperature while the temperature variation into the solid (y-

direction) depends on time as well. 

ckha ρ/2=

 

The theory described by Quintiere et al (1981, 1983, and 1985) goes on to explain that 

as the flame front approaches a region that has been heated by , the surface 

temperature and its gradient in the solid will change with time.  The flame then heats 

the region δ

"
eq&

f and it is assumed that the heating of the flame only affects the solid to a 

depth of 
c

kt
ρ

≈∆  and that the surface temperature, Ts is uniform over the depth ∆.  

By applying an energy balance over the control volume, 1×∆×fδ ,  

where  δf is the flame heating distance (x-axis); 

 ∆ is the depth of the solid (y-axis); and 

 1 is to account for the unit width (z-axis). 

the flame front equation yields: 
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ffsigf qTTVc δρ ")( &≈−∆     (3) 

 

Where Vf is the velocity relative to the control volume.  This is also known as the 

flame spread velocity and is defined as: 

dtdxV fff // == εδ      (4) 

 

Where ε is the time for the flame to move a distance δf. 

 

Equation 3 is a simplification of the process that is taking place in opposed flow flame 

spread, as heat losses have been ignored.  The work by Quintiere et al (1981, 1983, 

and 1985) has revealed that serious errors can occur by ignoring these heat losses only 

when Vf is small.  By substituting ∆ and combining Equation 3 and Equation 4, this 

provides: 

f

ff
sigf V

ckq
TTT

ρδ /"&
=−=∆

   (5)
 

 

Equation 5 is more consistent with solutions for surface flame spread as found in the 

early work by de Ris (1969).  A more complete solution for flame spread velocity 

may be derived from Equations 1, 2 and 5 and is given by: 

haterfcatxqV
ck

q
TT fe

ff
iif f

/])exp(1["2/1
"

−+
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
=− − &

&

ρ

δ

  (6)

 

or 

)]()([ "2/1 tFxqTThCV feiigf &−−=−

   (7) 

 

Where ff aqC δ"/1 &= , is the flame heat transfer modulus and 

aterfcattF )exp(1)( −= . 
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5.2 Ignition Theory 

 

Similarly the theory behind ignition using the LIFT apparatus can be formulated along 

the same lines as the flame spread theory.  An ignition relationship can be derived 

from Equation 2 by setting the surface temperature, Ts equal to the ignition 

temperature, Tig.  The results should be consistent with flame spread result as flame 

spread is considered a continuous series of piloted ignitions, Drysdale (2000).  

Accordingly the ignition temperature reached should be consistent with the flame 

spread correlation, regardless if it is derived from ignition tests or flame spread tests.  

It follows that from Equation 2 and Equation 7, ignition is governed by: 

)()( " tFqTTh eiig &−−      (8) 

 

Since , the minimum radiative heat flux for piloted ignition is 

given as: 

∞→→ tastF 1)(

)("
, iigigo TThq −=&      (9) 

 

The ignition temperature, Tig can be found from a critical ignition irradiance at an 

arbitrarily defined heating time.  Equation 9 can also be rewritten as a heat balance at 

the specimen’s surface which defines  as: "
critq&

)( 0
" TThq igigcrit −=&      (10) 

 

Azhakesan et al (1998) identified that the  value was obtained from cone ignition 

data after a nominal exposure period of 20 minutes.  The equation used to obtain the 

temperature rise from the initial surface temperature to the ignition temperature for a 

thermally thick solid subject to a constant irradiance with no heat losses from the 

surface is given by: 

"
critq&

cktqTT igeif ρπ/2 "
0 &=−

    (11)
 

Whereby: 
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.1 " constqm
t e

ig

+= &

     (12)
 

 

A plot of igt/1  versus  will yield an x-intercept of  which represents the heat 

flux corresponding to an infinite ignition time, t

"
eq& "

critq&

ig.  Following from the ignition 

correlation for flame spread, Equation 7 can be rewritten as: 

)]()([ ""2/1 tFxqqCV ecritf ⋅−=− &&     (13) 

Where the ignition temperature, Tig for a thermally thick solid at sustained ignition is 

given by: 

)(
"

0 ig
ig

e
ig tF

h
q

TT
&

+=
     (14)

 

 

The function F(tig) can be approximated by following the varying preheating times, up 

to a threshold equilibrium heating time, t* at exposed irradiances.  When  at 

sustained ignition, Equation 13 becomes: 

∞→fV

∗≤== ttfortbtF
q

q
ig

e

crit )("

"

&

&

    (15)
 

*1)("

"

ttforttF
q

q
ig

e

crit >==
&

&

    (16)
 

 

where the slope ckhb ig ρπ/2= , as derived by Quintiere et al (1983).  The function 

F(tig) can be applied to flame spread data provided the surface temperature is less than 

Tig.  The ratio of  can be viewed as the rate at which the surface temperature 

approaches its steady state value at the specified irradiance, Azhakesan et al (1998). 

"" / ecrit qq &&

 

Thermally non-equilibrium flame spread conditions can be analysed with reference to 

Equation 13 and by plotting  versus "" / ecrit qq && igt  to obtain values for b and hence the 

values of F(t) from Equation 13.  
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Quintiere (1981) has also suggested the use of thermally thick flame spread 

correlations as proposed by de Ris (1969) as a frame-work for generalising Equation 

13 to accommodate the variety of different materials examined. 

 

By utilising Equations 10, 11, 13, 15 and de Ris’s result, the flame spread velocity can 

be shown that: 
22/1 )]/(1[/4 sigff TTckqV −∆= ρπ&    (17) 

or the equation can be rewritten as: 

( ) ⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

−
= 2

1

sig
f TTck

V
ρ
φ

    (18)
 

Where 
( )2

" 44
Cb

q f ππ
φ =∆= &  

The parameter φ represents the composite influences of the environment, including 

the available flame energy, for opposed flow flame spread.  By plotting the measured 

flame spread velocities,  versus , the slope C and the y-intercept 

 can be determined.  Using this approach an apparent thermal inertia, kρc may be 

obtained from the slope since, 

)(2/1 xV f
− )()(" tFxqe ⋅&

"
critq&

ckhb ig ρπ/2= , provided that hig is known.  The 

linear slope crosses at , the time needed for the surface of the material to 

reach thermally equilibrated conditions.  The asymptote on the plot at large values of 

 provides the lower irradiance bound for opposed flow flame spread,  

1/ "" =ecrit qq &&

)(2/1 xV f
− "

,0 sq&

 

The parameters that arise in the equations can be determined experimentally.  The 

parameters have been identified as being dependent on the materials and on the 

conditions of flame spread.  In opposed flow flame spread, the flow velocity induced 

by a developing fire should be relatively small and fairly constant, hence the 

parameters of C and h should not vary significantly.  The parameter C depends on the 

opposed flow velocity and on the ambient oxygen concentration.  Quintiere et al 

(1983) has shown that h is fairly constant under certain circumstances of natural 

convection. 
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5.3 The Schmidt-Boelter gauge 

 
An objective of this work is to map the irradiance profile along the length of the 

sample.  In this section a brief description of how the Schmidt – Boelter Gauge works 

is given, however for a thorough discussion and description of the gauge refer to the 

report published by Kidd and Nelson (1995).  A number of testing facilities have 

presented work with respect to the calibration of high heat flux sensors.  Papers that 

have been published include Murthy et al (1997) and Persson and Wetterlund (1997). 

 

The Schmidt – Boelter gauge is one version of a proven heat flux measurement tool 

that uses the axial temperature gradient method.  The gauge has been around since the 

1950s and has gained wide acceptance because the transducer provides a high level, 

self generating output signal directly proportional to the heat flux incident at the 

surface.  The general principle of operation of the gauge can be divided into two 

distinct categories: the thermal and thermoelectric functions.  The thermal response of 

the gauge can be approximated by simple steady state equations.  There are a number 

of different materials used in the construction of the gauge as shown in Figure 11.  

The transient temperature and heat conduction through the gauge can be more 

accurately characterised if finite element thermal analysis techniques are used.  The 

thermoelectric characteristics define how the thermopile differential thermocouples 

measure the temperature difference between parallel planes.  The analysis presented 

in the paper by Kidd and Nelson (1995) shows that the results are consistent with 

principles of thermoelectric thermometry as detailed in the ASTM “Manual on the 

Use of Thermocouples in Temperature Measurement”.   
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Figure 11 Cross-section of Heat Flux gauge – Reproduced from Kidd and Nelson, 1995 

 

The radial temperature distribution of the Schmidt-Boelter gauge is shown in Figure 

12.  The family of curves as shown in the figure represents the temperature 

distribution between parallel plans at several axial locations.  The sensitivity of the 

gauge is dependent on the epoxy thickness.  The epoxy layer is found to be not very 

sensitive to small changes in thickness. 
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Figure 12 Thermal Analysis Range of the Heat Flux Gauge 

Reproduced from Kidd and Nelson 1995 

The time response of the Schmidt-Boelter gauge can be deduced from the same data 

set as the heat flux sensitivity analysis.  The results of time response are illustrated in 

Figure 13.  The curves show that in order to achieve a fast time response, the 

thickness of the protective layer over the temperature needs to be minimal. 

 

Figure 13 Time response of the Heat Flux Gauge – Reproduced from Kidd and Nelson, 1995 
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6 Experimental Design 

 

This work is divided into two categories.  Firstly the heat flux profile was examined 

by mapping the irradiance and applying view factors to estimate the irradiance profile 

along the length of the sample.  The second category was the flame spread test 

themselves.  Before flame spread tests can be conducted certain parameters are 

required which are obtained from ignition tests, these parameters were obtained from 

Ngu (2001).  Where no data existed ignition tests were performed, in this instance 

namely for the particle board and the laminated veneer lumber. 

 

6.1 Materials 

 

The choice of wood type was based on previous work by Ngu (2001) at Canterbury 

University who looked at the various ignition correlations of New Zealand timbers.  

For cohesion between studies and the limited laboratory time available to conduct 

tests, the Ngu (2001) study was used in conjunction with this study of flame spread.  

Particle Board and LVL were not part of the Ngu study and therefore ignition 

experiments were conducted. 

 

The flame spread tests were conducted on eight different wood types, these being: 

• Radiata Pine;  

• Rimu;  

• Beech;  

• Macrocarpa;  

• Medium Density Fibre Board; 

• Plywood; 

• Particle Board; and  

• Laminated Veneer Lumber. 
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6.2 Heat Flux Profile – Template 

 

The irradiance exposure along the length of the sample was measured using a 

template.  The template was constructed out of refractory brick and was cut to fit the 

specimen holder that was constructed as part of the reduced scale ignition and flame 

spread technique (RIFT).  The nature of the refractory brick meant that a limited 

number of sampling holes could be drilled without the material breaking up.  A 

configuration that would allow the greatest number of data points and utilised as 

much space as possible was chosen.  The configuration used is shown in Figure 14.  

The numbering used to identify each sample hole is also illustrated in Figure 14, this 

numbering system is referred to throughout the experiments.  The template was 

placed into the sample holder with sample holes 1 and 2 placed at the hot end, closest 

to the cone.  Measurement of the heat flux involved holding the heat flux meter in 

each sampling point over a 30 second period where heat flux readings were recorded.  

The average heat flux value was then used for the remainder of this work. 

 

7 
4 1 

6 3 9 

8 5 2 

 
 

Figure 14 Template Used to Map Irradiance 
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6.3 Heat Flux Profile – Procedure 

 

The Cone Calorimeter was heated to the required temperature.  Once heated the Cone 

Calorimeter was allowed to stabilise for at least five minutes to ensure steady state 

was reached before experimental runs would begin.  The guiding arm was then placed 

at the required angle and was fastened using a screw located in the guiding arm and a 

G-clamp.  At the end of each run the angle was checked before the next test, to ensure 

the angle for each run was correct.  The angles tested were 40°, 60° and 80°.  The 

results of these tests were checked against the previous work of Pease (2001) and 

Perrin (2002) carried out at the University of Newcastle to ensure that continuity was 

maintained.  The heat flux meter utilises an algorithm which automatically calculates 

the radiation over the end of the heat flux meter.  The irradiance measurement is 

found by taking the difference in temperature of the water stream when it passes 

through the area exposed to the radiation source.  The readings given by the computer 

software is the net radiation experienced at the surface of the template, which 

accounts for the radiative and convective components. 

 

The heat flux settings were taken across a range which is considered “typical” in a 

house fire and therefore considered applicable in flame spread testing.  The heat flux 

settings conducted were at 40kW/m², 50kW/m² and 60kW/m² at 25mm from the face 

of the cone.  At these heat flux settings the surface of the cone were approximately 

707°C, 770°C and 825°C respectively.  The heat flux gauge was placed in the 

sampling holes and the readings were taken over 30 second intervals.  This was 

repeated at each of the sampling points 1-9.  The figure below illustrates how the heat 

flux meter was placed in the template in order to allow the irradiance to be measured. 
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Figure 15 Heat Flux Measurements 

 

6.3 Ignition Experiments 

 

Ignition experiments were conducted using the Cone Calorimeter in the standard 

horizontal position.  The experimental setup is as shown in Figure 16.  The ignition 

samples were preconditioned as detailed in ISO 5660.  The wood samples were placed 

in a controlled environment room of 23°C at 50% humidity.  The samples tested were 

100mm long by 100mm wide and 20mm thick.  The pilot spark ignitor was located 

13mm from the surface as defined by experimental protocol, ASTM E 1354.  Each 

wood type was tested at four different heat fluxes and each test was repeated three 

times to check for repeatability.  The irradiances tested were 20kW/m², 30kW/m², 

35kW/m², and 40kW/m². 
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Figure 16 Experimental Setup of Ignition Tests 

 

The test samples were subjected to a constant irradiance from the cone heater set to a 

fixed temperature.  The testing of the sample was started when the cone had reached 

the desired temperature and had reached steady state.  Firstly the irradiance at the 

surface, prior to adding the sample, was measured using a Schmitt-Boelter water 

cooled flux meter at 25mm from the surface of the cone heater.  The time to piloted 

ignition was recorded from the time each sample was exposed, this was when the heat 

shield was removed, exposing the sample to the cone heater.   

 

6.4 Flame Spread Experiments 

 

The samples for the flame spread tests were held in a frame as depicted in Figure 17.  

The cone is in the vertical orientation and the sample’s frame can be positioned at 

various angles.  The wood samples were 250mm long, 90mm wide and about 20mm 

thick.  The samples were backed by a non-combustible board, in this instance 

Calcium Silicate, CaSiO3 was used.  The board was approximately 10-12mm thick 

and slid in behind the sample.  The purpose of the board is to satisfy the assumption 

of no heat loss through the specimen and in the process be said to be “thermally” thick 
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as prescribed in the standard.  The design of the frame was such that the sample could 

be swivelled at various angles to the cone heater.  A gas piloted flame ignitor was 

used.  The flame was approximately 10mm long, and was located 5mm away from the 

sample face at the hot end of the sample.  This differed from the ignitability test 

where a spark piloted lighter was used in the horizontal configuration.  A schematic 

diagram illustrating the experimental apparatus is shown in Figure 18. 

 

 

Figure 17 View of Sample Holder - Flame Spread Tests 
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250mm

90mm

Figure 18 Reduced Scale Ignition and Flame Spread Attachment (RIFT) 

Reproduced from Azhakesan et al (1998) 

 

The irradiance gradient along the sample was determined using the template as shown 

in Figure 15.  A video recording of the moving flame front position was taken in real 

time in order to derive the velocities.  A picture of the experimental layout is shown in  

Figure 19.  The position of the camera was perpendicular to the apparatus to give an 

unambiguous view of the flame front position.  The location of the flame front was 

aided by lines drawn on the sample surface at 10mm intervals. 
 

 
Figure 19 Experimental Setup - Flame Spread Tests 
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The specimen was allowed to preheat for the time t* which is calculated from the 

ignition test data using Equation 15 and Equation 16.  Once the specimen had reached 

the time, t* a pilot flame was used to ignite the sample.   

 

Figure 20 Close Up - Flame Spread Test 

6.5 Flame Spread Data Analysis 

 

As discussed earlier, flame spread can be categorised into two different classes; wind-

aided flame spread and opposed flow flame spread.  The conventional theory of wind 

aided flame spread requires only ignitability and heat release rate data which is 

readily available form the Cone Calorimeter.  For opposed flow flame spread 

predictions, modellers have often used data from the LIFT test. 

 

The LIFT apparatus can also be used to carry out radiant ignitability tests.  The 

specimens used in these tests are 155mm long by 155mm wide.  The resulting outputs 

are conceptually no different to the outputs from a Cone Calorimeter.  However, in 

practise small variations will always be seen when different apparatus are used to 

measure any particular variable.  In general it is considered that the Cone Calorimeter 
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and the LIFT ignition data are not much different for well behaved samples.  The 

definition of well behaved samples are those that do not, buckle, greatly shrink, or 

show other problems while burning that might not perform similarly in the tests.  

These types of problems are more likely to be encountered for ignition tests, where 

for the LIFT testing the sample is in a vertical position compared with the Cone 

Calorimeter where the sample’s orientation is horizontal. 

 

The flame front velocity is calculated using the three point least squares fit to measure 

the flame front, where x is the position and t is the time.   
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The surface flux configuration invariant, F(x) as defined in the ASTM 1321, is given 

by: 
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Using this relationship the surface flux at a measured flame front position is given by: 

    (20) .)()()( "" critqxFxq ee && ⋅=

The flame spread data can then be shown as a plot of: 
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As a result from these plots the following outputs can be obtained: 

• The minimum ignition surface flux, q”0,ig 

• The minimum ignition temperature, Tig 

• The minimum lateral spread flux, q”0,s 

• The minimum lateral spread temperature, Ts,min 

• The thermal inertia value, kρc 

• The flame spread parameter, C 

• The flame heating parameter, Φ  
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7 Irradiance Mapping – Results and Discussion 

 

The irradiance mapping was the first area of study, this examines the irradiance 

profile along the length of the sample.  The irradiance was measured at the sampling 

location as detailed in section 6.3, and using this data the irradiance profile along the 

length of the sample can be examined and compared.   

 

The irradiance profile was measured and compared with the typical irradiance profile 

of the LIFT apparatus.  Comparisons were made at three different angles to determine 

which angle best matched the LIFT profile.  The angles tested were 40°, 60° and 80°.  

The measurements were taken at three heat flux settings these were 40kW/m², 

50kW/m² and 60kW/m².  Plan views of the sample holder in relation to the face of the 

cone are illustrated in Figure 21, Figure 22 and Figure 23.  These figures show that as 

the incident angle to the face of the cone increases the proportion of the sample 

directly exposed to the cone increases.  In Figure 21 at 40° about 80mm of the sample 

is exposed to the cone, whereas in Figure 22 at 60° 120mm of the sample is exposed.  

Figure 23 shows that at 80° the sample is virtually vertical to the face of the cone and 

exposes the full length of the sample.  However one would expect very little 

irradiance to the sample surface at 80° because at this angle the face of the sample is 

not directly exposed to the surface of the cone.  The relative positions are marked on 

Figures 27, 28 and 29 where the dashed vertical line represent the proportion of the 

sample exposed to the radiant panel of the LIFT and the solid vertical line represents 

the proportion of the sample exposed to the cone heater of the RIFT.  The measured 

data points were used as a comparison against an estimated irradiance profile, for the 

length of the sample, obtained from applying a view factor. 
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Figure 21 Sample holder at 40° to the face of the cone 

 

 
Figure 22 Sample holder at 60° to the face of the cone 
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Figure 23 Sample holder at 80° to the face of the cone 

 

7.1 Irradiance Profiles  
 

Figure 24, Figure 25 and Figure 26 represent the irradiance profile along the length of 

the sample.  Each plot represents a fixed irradiance, 40kW/m², 50kW/m² and 

60kW/m², as measured by the heat flux gauge at 25mm from the cone surface and 

compared at three different angles.  The graphs show that as the angle is increased the 

exposure of the irradiance on the sample decreases.  At the lower angle (40°) the heat 

flux meter readings recorded the higher irradiances, as the angle was increased to 60° 

the irradiance values measured on the sample decreased by 37%.  A further increase 

in the angle to 80° resulted in the irradiance readings decreasing by a further 32% of 

the value.  The lowest measured heat flux was at sampling point 9, 120mm from the 

leading edge.  At sampling point 9 the average irradiance measured was 3.5kW/m² 

within a range of 2.15kW/m² to 5.7kW/m².  In all three profiles, a steeper gradient can 

be observed up to sampling position 5, 65mm, this observation was consistent for all 

tests independent of the angle or applied heat flux.  After sampling position 5 the 
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gradients are much shallower.  This pattern can easily be seen in Figure 27, Figure 28, 

and Figure 29.   
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Figure 24 Irradiance Profile along Sample at Heat Flux of 40kW/m² 
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Figure 25 Irradiance Profile along Sample at Heat Flux of 50kW/m² 
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Irradiance - 60kW/m²
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Figure 26 Irradiance Profile along Sample at Heat Flux of 60kW/m² 

 

The above results were then normalised to compare the irradiance profile to that 

typical of the LIFT apparatus.  These plots differ from the previous graphs as they 

directly compare the graduated heat flux along the length of the sample.  The y-axis of 

each plot has been normalised to allow each graph to represent the irradiance profile 

and be compared with the LIFT profile at each angle. 

 

In Figure 27, the sample holder is at 40°, the graph does not show a very good 

correlation to the LIFT profile.  The values measured by the heat flux meter are higher 

relative to the same position of the LIFT.  Figure 28 and Figure 29 show a much 

closer alignment with the LIFT until position 5, after this point the irradiance 

exposure is higher than the LIFT at the same relative position.  What is meant by 

‘relative’ is that the irradiance and the position along the sample is taken as a 

percentage.  That is the graphs show that up to 50% along the sample the irradiance 

aligns quite well with the LIFT.  As illustrated in the earlier plots of Figure 24, Figure 

25, and Figure 26 the gradients taper off halfway along the sample.  The LIFT profile 

shows that the irradiance exposure drops steadily until about three quarters along the 

length of the sample before it tapers off to 3% of the initial heat flux.  In all three 

measured profiles, the irradiance tapers off to an average 14% of the initial heat flux, 

independent of the angle.   
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The percentage decrease in the irradiance measured is constant for each angle the 

experiments were conducted (40°, 60° or 80°) and were found to be independent of 

the applied irradiance whether it was 40kW/m², 50kW/m² or 60kW/m².  A common 

characteristic shown is that as the sampling position moves further from the hot end of 

the sample, the difference gets smaller between the measured irradiance, regardless of 

angle.  What is meant by ‘hot end’ is the end that is positioned at the center of the 

cone (frustum).   

 

An aspect to note is the position of the sampling points as illustrated in Figure 14.  

There are three pairs of sampling points, these being; 1, 2; 4, 5; and 7, 8.  The upper 

sampling points are; 1, 4 and 7.  The upper sampling points consistently recorded 

higher irradiance values than their lower counterpart, even though each sampling pair 

was an equal distance from the “hot end”.  The difference in the values within each 

pair is small and the higher values were consistently measured at the upper sampling 

points.  By observation the effect is smallest at the hot end, position 1 and 2, however 

as the sampling points move further from the hot end the effect increases gradually.  

Comparing the measurements, position 2 on average was 4% lower than its upper 

counterpart (position 1).  Similarly position 5 on average was 15% lower than its 

upper counterpart (position 4), at the cool end position 8 on average was 23% lower 

than its upper counterpart (position 7). 

 

In future studies this aspect should be examined more closely possibly introducing an 

additional parameter to account for the exhaust hood, or implement a method to 

minimise the effects. 

 

The behaviour shown in Figure 24, Figure 25, and Figure 26 are indicative of what 

was found in the study by Perrin (2001) who carried out irradiance measurements at 

10° increments.  As the angle was increased the measured irradiance decreased with 

each movement away from the hot end.  Similarly the percentage decrease, with the 

change in angle remained constant, indicating the applied irradiance is an independent 

factor. 
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Normalised - Comparison @ 40°
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Figure 27 Normalised Irradiance profile along Length of Sample at 40° 
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Figure 28 Normalised Irradiance profile along Length of Sample at 60° 
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Normalised - Comparison @ 80°
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Figure 29 Normalised Irradiance profile along Length of Sample at 80° 

 

A comparison of Figure 27, Figure 28 and Figure 29 reveal that the 60° angle is best 

suited to continue with the flame spread experiments.  At 60° the measured irradiance 

shows a closer correlation with the irradiance profile shown from LIFT tests.  In all 

the tests, the results showed that the irradiance exposed to the sample is much higher 

at the far end of the sample than that of the LIFT sample at an equivalent distance. 

 

7.2 Irradiance Mapping  
 

Radiative heat transfer is the process used to describe the exchange of energy between 

two surfaces.  In general terms the radiative heat transfer can be expressed as: 
4

21
"

srad TFq εσ−=&     (21) 

 

Where: F1-2 is the configuration (view) factor 

ε is the emissivity term; 

σ is the Stefan-Boltzmann constant; and 

Ts is the surface temperature. 
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The exchange of energy is dependent on the surface geometry and orientation, F1-2; 

radiative properties, ε; and temperature, Ts. 

 

Using the measured irradiance taken along the sample, a configuration factor was 

applied to estimate the irradiance exposed to the sample ‘x’ distant away from the ‘hot 

end’.  A literature review could not find any view factor that exists that addresses the 

irradiance profile along the length of the LIFT specimen.  Therefore an attempt to 

provide a method of estimating the irradiance profile was undertaken.  Two methods 

were applied, firstly a simplified method where the irradiance emitted from the 

frustum was considered constant, this method was developed by Naraghi and Chung 

as detailed in Siegel and Howell (1992).  The second method was an application of a 

modified configuration factor developed by Wilson et al (2002).  The configuration 

factor by Wilson et al (2002) was a more accurate view factor as more parameters 

were calculated in relation to the position of the elemental point being considered. 

 

7.2.1 Naraghi and Chung – Configuration Factor 
 

The first approach in mapping the irradiance from the frustum to the sample’s surface 

involved simplifying the parameters.  The simplification was to assume a constant 

irradiance from the cone, ignoring completely the effect of the frustum’s shape and 

radiative properties, ε.  By assuming the frustum as a disk, A2 and the sample surface 

as a rectangular surface, dA1, at an angle to the cone, θ, the configuration factor of 

Naraghi and Chung could be applied.  Figure 30 illustrates the assumed configuration. 
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Figure 30 Configuration Factor for Tilted Planar Element to Disk 

(Reproduced from Siegel and Howell, 1992) 

 

This method assumes that 100% of the disk is over the point of consideration.  It is 

recognised that this method will over predict the irradiance exposed to the surface of 

the sample.  For the initial estimate of the irradiance it was important to apply a 

simple model with a known outcome to allow for initial comparisons between 

mathematical values against experimental results.  This helps identify any 

mathematical shortfalls and highlights the key parameter required to refine the 

configuration factor later.  Key parameters used in the configuration factor by Naraghi 

and Chung include accounting for the distance from the disk and the angle that the 

rectangular surface is to the disk.  The governing equations to match Figure 30 are 

given as: 
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Where:  ;/ rhH =  

   ( ) 2/122 cot1 θHX −=

 

The measured irradiance and those calculated using the Naraghi and Chung 

configuration factor were normalised to allow a relative comparison to be made.  

Figure 31, Figure 32 and Figure 33 show the comparison between the measured 
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irradiance and that predicted at 40°, 60° and 80° respectively.  The normalised results 

show that the predicted results over estimate the irradiance compared with the profile 

of the LIFT test along the length of the sample.  The method of showing the results as 

in Figure 31, Figure 32, and Figure 33 highlight the differences in percentages. 

 

Figure 31 shows the sample holder set at 40°, the estimated heat flux at the far (cool) 

end of the sample was 47% of the fixed heat flux at the end of the sample compared to 

13% for measured and only 3% during LIFT tests. 

 

Normalised Comparison - Naraghi and Chung @ 40°
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Figure 31 Normalised Comparison - Naraghi and Chung at 40° 

 

Similarly in Figure 32 when the sample holder is at 60°, the irradiance estimated at 

the end of the sample is 36% of the fixed heat flux compared to the observed which is 

15% of the fixed heat flux.  Figure 33 illustrate the results when the sample holder is 

at 80°, the correlation improves marginally as the estimated irradiance falls to 31% of 

the fixed heat flux where as the measured stays around the 16% mark. 

 

Figure 31, Figure 32 and Figure 33 clearly show how the Naraghi and Chung 

configuration factor over estimates the irradiance profile compared with the profile of 

the LIFT test along the length of the sample.  As the incident angle increases the 
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correlation improves from 46% to 31%, whereby the measured results stay constant at 

around 15%. 

 

Normalised Comparison - Naraghi and Chung @ 60°
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Figure 32 Normalised Comparison - Naraghi and Chung at 60° 

 

Normalised Comparison - Naraghi and Chung @ 80°
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 Figure 33 Normalised Comparison - Naraghi and Chung at 80° 
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The normalised results show the predicted results independent of the incident angle, 

this is due to the normalisation process, and as such do not show a true comparison. 

 

As predicted earlier the method described by Naraghi and Chung would overestimate 

the irradiance measured at the sample’s surface because the view factor assumes it is 

measuring an elemental point positioned in the middle of a radiant disk (Figure 30).  

In Figure 34 the expected behaviour is shown clearly in that the estimated irradiance 

along the length of the sample is much greater than those actually measured.  The 

configuration factor assumes the elemental point is directly under the radiant disk 

resulting in an over estimation of the irradiance.  At the 40° setting the percentage 

difference between them is quite interesting to note.  The fixed heat flux setting is 

independent as the difference is accounted for in all the tests and therefore is not a 

contributing factor.  Positions 1 and 2 show an average 11% variation where at 

position 3 the averaged variation is only 3%, because the view factor does not account 

for increasing distance the remaining sample points illustrate increasing variation.  

Positions 4-7 had an average 54% variation whereby the last 3 sample points had an 

average 174% variation. 

 

Comparison - Measured Irradiance compared with
Configuration factor of Naraghi and Chung at 40°
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 Figure 34 Comparison of Measured Irradiance with Naraghi and Chung at 40° 
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Figure 35 shows surprisingly comparative results between those measured and those 

estimated by the view factor.  These results are more coincidental than actually 

meeting any criteria to simulate the results.  The results are slightly better than at 40°, 

where the averaged variation across the length of the sample was 55%, which is lower 

than the averaged variation of 80% at 40°.  As the normalised results show the 

irradiance profile resulting from the Naraghi and Chung view factor do not fall away 

the same way as the LIFT profile does having an overall effect of higher than 

expected irradiance levels.   

 

Comparison - Measured Irradiance compared with
Configuration factor of Naraghi and Chung at 60°
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 Figure 35 Comparison of Measured Irradiance with Naraghi and Chung at 60° 

 
Figure 36 shows a contrasting effect in that the estimated results are below those 

measured.  The angle which Figure 36 show, 80°, indicates that the sample’s surface 

would experience very little of the irradiance emitted from the cone.  Figure 23 show 

that the sample holder is almost vertical to that of the cone so it would be reasonable 

to assume that the level of irradiance emitted to the sample surface would be low.  

The results at 80° have the lowest percentage variation, 35%, this is mainly due to 

much lower irradiance levels therefore differences observed are smaller but are far 

from exhibiting any correlation.   
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Comparison - Measured Irradiance compared with
Configuration factor of Naraghi and Chung at 80°
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 Figure 36 Comparison of Measured Irradiance with Naraghi and Chung at 80° 

 
What the Naraghi and Chung view factor does is that it highlights the need for 

additional parameters to predict the irradiance along the length of the sample more 

accurately.  Particularly to account for the sample’s increasing distance from the cone 

in the x and y directions. 

 

7.2.2 Wilson et al – Configuration Factor 
 

The second approach in mapping the irradiance from the frustum to the sample’s 

surface involved including as many parameters as practicable.  Work undertaken by 

Wilson et al (2002) introduced a view factor that took into account the geometry 

interchange between the internal surface of the cone heater and an elemental area dA1 

located at the sample’s surface.  A slight modification was made to the view factor to 

accommodate for the fact the sample’s surface, a rectangular surface, dA1, is at an 

angle, θ, to the cone.  This view factor assumes that the elemental area is exposed to 

100% of the cone which is the same assumption made in the application of the view 

factor by Naraghi and Chung,.  The assumption will mean an overestimation of the 

irradiance onto the surface of the sample, as in practise the sample is only exposed to 

half the cone’s surface.  The application of Wilson et al’s view factor will indicate 

how well the estimated results compare to those measured.  Figure 37 illustrates this 
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configuration which Wilson et al (2002) derived, showing the interchange between 

the frustum and the elemental area.  The view factor can be described as: 

412131 −−− −= ddd FFF      (23) 

Where:  

Fd1-2   configuration factor between elemental area dA1 and surface 2 

Fd1-3   configuration factor between elemental area dA1 and surface 3 

Fd1-4   configuration factor between elemental area dA1 and surface 4 

 

Figure 37 Schematic diagram of frustum radiating to an elemental surface dA1

Reproduced from Wilson et al, 2002 

 

Fd1-3 represents only a fraction of the radiative energy leaving area 3 and reaching the 

elemental surface dA1.  Furthermore the interchange within the frustum can be 

described by the following equation by Wilson et al (2002), further information 

regarding other geometries involving frusta is presented in Wang et al (1986) and 

Siegel and Howell (1992). 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

−

−+
−=− 2

2
2
2

2
2

2
2

21
4

1
1

2
1

RZ

RH
Fd

    (24)

 

 

 68



Where:  azH /2 = ; 

  arR /22 = ; and 

   2
2

2
22 41 RHZ ++=

 

Equation 24 can be simplified when the elemental area is at the centreline, the 

equation therefore when a = 0 becomes: 
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Similarly for Fd1-4 the following expressions are derived: 

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

−

−+
−=− 2

4
2
4

2
4

2
4

41
4

1
1

2
1

RZ

RH
Fd

     (26)

 

 

And at the centerline we get: 

2
4

2

2
4

41 )( rhz
rFd ++

=−

     (27)
  

 

Where:  azhH /)(4 += ; 

  arR /44 = ; and 

   2
4

2
44 41 RHZ ++=

 
By substituting the above equations into Equation 23 the interchange from the frustum 

to the elemental area can be expressed as: 
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Further, at the centreline the simplified expression is: 
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The irradiance  measured at the sample’s surface can be expressed as: "q&
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4
31

" TFq d εσ−=&
    (30) 

 
This method provides a more accurate method in estimating the irradiance from the 

cone to the surface of the sample.  The view factor, factors into the calculation the 

distance x and y away from the surface of the cone.  The interchange within the 

frustum is accounted by calculating the effects of Fd1-2 and Fd1-4.  A correcting factor, 

θcos  is applied to the view factor in Equation 30 to account for the angle at which 

the sample is facing the surface of the frustum.  Equation 30 is taken and is corrected 

by multiplying the view factor by cosine θ,  this allows the following equation to be 

obtained: 
4

31
" cos TFq d εσθ ⋅= −&

    (31) 

 

As per the standard AS/NZS 3837 (1998), the cone was calibrated resulting in known 

heat flux readings at 25mm away from the surface of the cone.  The first step to 

calculate the irradiance is to back calculate using Equation 31 to find the average 

surface temperature of the heating element relative to the heat flux calibration 

reading.  The difference in the element temperature is shown in Table 1.  The 

comparison is made between the measured results and those that resulted from the 

estimation.  The angle proved to be independent when back calculating the element 

surface temperature.  This is as expected as at the 25mm mark it is assumed the angle 

is zero and has no bearing on the irradiance reading.  The temperature difference is a 

10% rise compared to the measured results this equates to about a 60°C higher 

temperature value. 

 
Heat Flux 30kW/m² 40kW/m² 50kW/m² 60kW/m² 
Measured 640 707 770 825 

Wilson et al 707 781 841 893 
% Difference 10% 10% 9% 8% 

Table 1 The average surface temperature of the heating element 

 

The measured irradiance and those calculated using the Wilson et al configuration 

factor were compared.  The first comparison was made by normalising the results and 

comparing the heat flux profiles observed and estimated to that of the LIFT test.  

Figure 38, Figure 39 and Figure 40 show the normalised results at 40°, 60° and 80° 
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respectively.  The normalised results show that the predicted results over estimate the 

irradiance compared with the profile of the LIFT test along the length of the sample.  

Figure 38 shows the sample holder set at 40°, unlike that observed in the LIFT test the 

estimated heat flux is 23% of the fixed heat flux at the end of the sample compared to 

13% for measured and a mere 3% observed during LIFT tests. 

 

Normalised Comparison - Wilson et al @ 40°
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 Figure 38 Normalised Comparison - Wilson et al at 40° 

 
Figure 39 illustrates the results when the sample holder is at 60°.  The results show 

less of a correlation.  At the end of the sample, the estimated irradiance is only 29% of 

the fixed heat flux whereas measured are at 15%.   
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Normalised Comparison - Wilson et al @ 60°
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 Figure 39 Normalised Comparison - Wilson et al at 60° 

 
Figure 40 shows the results of the sample holder at 80°.  The correlation for the 

estimated irradiance seems to worsen as the results at the end show that the estimated 

irradiance is 31% of the fixed irradiance compared to 16% for that measured. 

 

Normalised Comparison - Wilson et al @ 80°
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 Figure 40 Normalised Comparison - Wilson et al at 80° 
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Figure 38, Figure 39 and Figure 40 are the result of applying the Wilson et al view 

factor.  The graphs show that for all three angles tested they exhibit similar results to 

the Naraghi and Chung configuration factor that is the Wilson et al view factor 

overestimates the irradiance along the length of the sample.  This was an expected 

observation as both view factors assumes that the elemental point is exposed to 100% 

of a radiant surface.  The observations made applies to both view factors used.  In 

Naraghi and Chung the correlation improved although small, the Wilson et al view 

factor got worse as the incident angle increased, a 23% variation at 40° increasing to a 

31% variation at 80°.   

 

A direct comparison of the estimated irradiance, using Wilson et al view factor, to 

those measured are shown in Figure 41, Figure 42 and Figure 43.  These graphs show 

how well the actual numbers compare in terms of irradiance, kW/m² in relation to the 

sampling position. 

 

Figure 41 illustrates the results when the sample holder is set at 40°.  The comparison 

of irradiance values at the hot end of the sample shows a very close match.  The first 

three sampling points demonstrates a close correlation with an average percentage 

difference of 5% between the measured values and those calculated using Wilson et 

al’s view factor.  The 5% difference at the hot end of the sample equates to a 

difference of about 2-3kW/m².  However, as the remainder of Figure 41 illustrates the 

correlation gradually worsens as the view factor underestimates the heat loss along the 

length of the sample.  At sampling points 4 to 6 the difference in the irradiance 

between that estimated and that measured had increased to an average value of 37%, 

which still equates to a difference of 2-3kW/m².  At the tail end of the sample where 

irradiance values are expected to be around 3-6% of the fixed heat flux, we have 

values that are 23% and 13% for the estimated and measured respectively.  The 

difference at the sampling point at the cool end of the sample between the estimated 

and measured is 66%.  The actual irradiance difference is 3-4kW/m².   
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Comparison - Measured Irradiance compared with
Configuration factor of Wilson et al at 40°
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 Figure 41 Comparison of Measured Irradiance with Wilson et al at 40° 

 

The sample holder is set at 60° in Figure 42.  The results similar to those shown in 

Figure 41 illustrate a close correlation at the hot end between the estimated irradiance 

and that measured.  At the hot end of the sample, over sampling points 1-3, the 

average percentage difference was 6% equating to 2.5kW/m².  At sampling points 4-6 

the correlation worsens, with an average percentage difference of 52%, a 4.5kW/m² 

difference.  By the cool end of the sample the correlation exhibits results similar to 

Naraghi and Chung’s view factor with an average percentage difference of 94%, a 

difference of 4-5kW/m².  The large percentage difference is a result of the view factor 

assuming that the elemental point is exposed to 100% of the radiant disk therefore the 

irradiance estimated is much higher than what is actually measured.  The closeness of 

the results at the hot end is a result of the back calculation which is first required to 

find the temperature of the radiant surface. 
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Comparison - Measured Irradiance compared with
Configuration factor of Wilson et al at 60°
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Figure 42 Comparison of Measured Irradiance with Wilson et al at 60° 

 

Figure 43 illustrates the results of when the sample holder is at 80°.  The prediction of 

the irradiance made using Wilson et al’s view factor shows poor correlation at the hot 

end.  This is the result of the view factor not properly accounting for the angle, 

resulting in the underestimation of the irradiance at sample points 1-3.  The average 

percentage difference at the hot end is 48% a 6-7kW/m² difference.  Unlike in the 

previous graphs of the sample holder at 40° and 60°, Figure 41 and Figure 42 

respectively, the correlation between the measured and estimated seems to be very 

good.  At sample points 4-6 the percentage difference is 19%, a 1kW/m² difference 

between the estimated and measured.  Similarly at sampling points 7-9 the percentage 

difference improves further to a 11% difference, a 0.5kW/m² difference.  This is a 

false indication of how well Wilson et al’s view factor correlates with the measured 

results.  The initial poor estimate, combining with the view factor overestimating the 

irradiance at the sample’s surface means the results are more coincidental than 

anything else. 
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Comparison - Measured Irradiance compared with
Configuration factor of Wilson et al at 80°
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Figure 43 Comparison of Measured Irradiance with Wilson et al at 80° 

 

Figure 41, Figure 42 and Figure 43 illustrate that Wilson et al’s view factor is an 

improvement on the Naraghi and Chung’s view factor in this application.  This was 

expected because of the additional parameters that were taken into account by Wilson 

et al.  The results shown are only an initial step and could form the foundations to 

derive a view factor more fitting of the configuration and interchange of the 

experimental setup.   

 

7.2.3 Comparison of View factors 
 

In Figure 44, the view factors calculated from the Naraghi and Chung and Wilson et 

al’s model are compared.  The results shown are for all scenario’s, the heat flux 

applied is an independent factor in the calculation. 

 

In the Naraghi and Chung model (solid lines), the angle the sample is placed in 

relation to the cone illustrates a strong influence.  The value of the view factor clearly 

decreases as the angle increases.  At 60° the value of the view factor decreases by 

35% of the 40° value, at 80° the view factor decreases a further 65%.  Expectantly the 

profile of the view factor is consistent and is shown to be independent of the angle.   
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The Wilson et al view factor is lower than the values obtained from Naraghi and 

Chung, these values show consistent behaviour based on the application of each 

model.  That is in the model by Wilson et al there are more parameters taken into 

account for the view factor calculation, such as distance away from the centreline, 

distance from the cone surface and also angle of the sample’s surface therefore 

affecting the final view factor, whereas the Naraghi and Chung model accounts for 

only angle and distance from the cone’s surface.  At 60° the value of the view factor 

decreases by 35% of the 40° value, at 80° the view factor decreases a further 65%.  

These values show the same decrease as shown by the Naraghi and Chung model.  

This steady decrease demonstrate that by modifying Wilson et al’s model by 

multiplying Cosine of the angle, θ the result is consistent with a model that 

incorporates this angle factor in the derivation.   
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Figure 44 Comparison of Configuration factors 

 

7.3 Summary of Irradiance Results and Recommendations 

 

The comparison of the measured heat fluxes with the LIFT profile highlights the 

suitability of the sample holder at 60°.  In testing at various angles it was observed 

that in all cases the heat flux across the length of the sample was greater than the 
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LIFT at the same proportional distance, but at the 60°, it showed the most promising 

results.   

 

The application of view factors to estimate the irradiance along the length of the 

sample was carried out in twofold, firstly using a simplified approach by applying a 

view factor described by Naraghi and Chung.  The second was to improve the 

estimations by including more parameter applicable to the interchange between the 

objects in this instance namely the cone heater and the angled specimen.  It is 

acknowledged that these methods would over estimate the results which Figure 31, 

Figure 32 and Figure 33 (Naraghi and Chung) and Figure 38, Figure 39 and Figure 40 

(Wilson et al) clearly shows.  In terms of the irradiance level, the average percentage 

difference at 40° was 80%, whereas at 60° the average percentage difference is 55% 

and at 80° the averaged percentage difference is 35%.  The application of a modified 

Wilson et al’s configuration factor resulted in better results being observed although 

in many instances the estimate was still greater than those measured.  At 40° the 

modified Wilson et al’s view factor had an average percentage difference of 35%, at 

60° the average percentage difference was 51% and at 80° the average percentage 

difference was 26%.   

 

Highlighted in Figures 31 – 33 and Figures 38 – 40, are the overestimation of the 

irradiance at the sample’s surface compared with that measured at the equivalent 

distance.  As mentioned previously, the assumption used by Naraghi and Chung and 

Wilson et al is that the elemental point is exposed to 100% of the radiant surface.  In 

the experiments, as shown by photos of the setup (Figures 21 – 23), the sample in 

practise is only exposed to half the face of the cone.  Changes in the experimental 

methodology could improve the correlation shown by Wilson et al’s view factor.  If 

the experiments were conducted using the full face of the cone, the application of 

Wilson et al’s view factor would be more appropriate.  The results to date indicate a 

better correlation would be gauged between the measured and that estimated as the 

overestimation as shown in these results would be eliminated.  The other parameters 

used in the view factor of Wilson et al have addressed the other conditions of the 

experiment, namely the distance away from the cone (z, y-axis), the distance away 

from the centreline (a, x-axis), the effects of the frustum, and also then include the 
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effects of the elemental point being at an angle to the cone, θ.  It is hypothesised that 

Wilson et al’s view factor would show a very close fitting correlation. 

 

The actual length of the sample for the RIFT test (250mm) is much smaller than the 

sample used in LIFT test (800mm).  The effect of using a smaller specimen means the 

amount of possible data points is reduced accordingly.  To illustrate the difference in 

the sample length comparative plots were drawn to illustrate the allowable range in 

which to conduct the measurements. Figure 46 and Figure 47 illustrates the irradiance 

measurements of the sample at an angle of 60° and clearly show the limited data 

range in comparison to the LIFT. 

 

 

Figure 45 Positioning of heat flux meter in the sample template 
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Irradiance Along Sample Length
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Figure 46Comparison of irradiance along sample lengths - 60° 

 

Comparison of Heat Flux Along Sample Length
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Figure 47 Comparison of Normalised Irradiance along length of sample 

 

Given the limitation of the data range it is suggested that a modification to the way the 

experiments are conducted be made to allow a wider spread and increase the 

availability of data points.  At present the samples are placed in the middle of the cone 

as shown in Figures 20 – 23.  It is suggested that the sample be placed to the far left of 

the cone allowing the full face of the cone to radiate onto the sample face. 
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By using the full face of the cone, it is expected that the sample size could be 

increased allowing more data points to be collected, up to 250mm.  Although sample 

sizes in this study were cut to 250mm in the flame spread tests it can be seen in Figure 

92 that results at most were at 120mm.  By having available a wider sampling area to 

collect data it is envisaged that their will be a larger number of results which will 

allow a clearer picture of the irradiance profile to be shown.  This in turn will allow 

refinement of the configuration factor in mapping the irradiance.  At present the 

results are too clustered to give a clear picture of what is required.  The clustered 

results also mean that any errors will be proportionally larger, when standardised 

against the LIFT.  The LIFT specimen is five and a half times the size of the RIFT 

samples therefore theoretically any errors will be magnified proportionally when the 

results are normalised for comparison. 

 

Data collection is an area that will need to be addressed.  The limited sampling points 

meant that a comparison of the estimated irradiances to those measured were only a 

best fit attempt. By using a sample template similar to that used in testing by Wilson 

et al (2002) as shown in Figure 48, a much larger number of sampling points could be 

used.  The use of a metallic material such as that shown would not have a significant 

effect on measured irradiance, and therefore could prove to be satisfactory. 

 

Figure 48 Template used by Wilson et al (2002) 
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Figure 49 show how the template used by Wilson et al (2002) could be used in a 

vertical orientation.  The template could easily be made longer and a sample holder 

adapted to hold the template.  The nature of this design would allow the heat flux 

meter to easily slide into the sampling position.  A result of having higher number of 

sampling points is that a clearer picture of the irradiance across the sample could be 

found.   

 

Figure 49 Vertical orientation of template used by Wilson et al (2002) 
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8 Ignition Tests – Results and Discussion 

 

The ignition tests were conducted using the cone calorimeter in the horizontal 

orientation.  The positioning of the sample is shown in Figure 16.  The raw results for 

the particle board and laminated veneer lumber (LVL) obtained from these test can be 

found in Appendix D.  For test results of the other wood species refer to the appendix 

of study undertaken by Ngu (2001).  The data obtained from the results of Ngu (2001) 

were used for the majority of the wood species, to utilise available time and resources.  

More wood species were examined here than in the Ngu study, therefore further 

ignition tests were required, namely for the particle board and LVL.   

 

The Quintiere and Harkleroad ignition model was applied to these test results where 

the gathered data was then tabulated and graphs plotted to obtain and show the 

material properties under ignition conditions.  From the model the critical heat flux 

could be extrapolated and the thermal properties could then be estimated.  According 

to the LIFT theory the ignition data are plotted as tversusqq eigo
""

, / && .  Once the points 

are plotted a straight line to fit the data is made as specified in ASTM E 1321.  The fit 

to data is subjective as no specific guidance is given, and the points which were 

considered extreme were excluded.  This process is dependent on the judgement of 

the individual and results can vary accordingly.  The lack of protocol has been noted 

by Babrauskas (1999).   
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8.1 ASTM E 1321- Ignition Plots 
 

Figure 52 illustrates the legend used in the ignition plots by Ngu (2001).  The 

ignitability plots, graphed according to the ASTM standard E 1321 are given in 

Figures 50 – 58.   

Particle Board - Ignition Results
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Figure 50 Ignition Plot - ASTM E 1321, Particle Board 
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Figure 51 Ignition Plot - ASTM E 1321, LVL 
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Figure 52 Legend used in the plots by Ngu (2001) - Reproduced from Ngu (2001) 

 

 

Figure 53 Ignition Plot - ASTM E 1321, Macrocarpa, Reproduced from Ngu (2001) 
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Figure 54 Ignition Plot - ASTM E 1321, Beech, Reproduced from Ngu (2001) 

 

 

Figure 55 Ignition Plot - ASTM E 1321, Medium Density Fibre Board (MDF),  

Reproduced from Ngu (2001) 
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Figure 56 Ignition Plot - ASTM E 1321, Radiata Pine, Reproduced from Ngu (2001) 

 

 

Figure 57 Ignition Plot - ASTM E 1321, Rimu, Reproduced from Ngu (2001) 
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Figure 58 Ignition Plot - ASTM E 1321, Plywood, Reproduced from Ngu (2001) 

 

The graphs shown in Figures 50 – 58 are the averaged results of the experimental 

tests.  There were three ignition tests conducted at each heat flux setting for the 

particle board and the LVL specimens.  The particle board samples were tested at 

40kW/m²; 35kW/m², 30kW/m² and 20kW/m² whereas the LVL samples were tested at 

heat flux settings of 50kW/m², 40kW/m²; 30kW/m² and 20kW/m².  In Ngu’s study 

there were five repetitions at each heat flux of 40kW/m²; 35kW/m², 30kW/m², 

25kW/m²; 20kW/m², 17kW/m², 16kW/m² and 15kW/m².  The repeatability of the 

results were mixed for all wood species, this is shown in Table 2.  As expected as the 

heat flux was decreased the variation in ignition time increased  

 

Timber Type Radiata 
Pine Rimu Beech Macrocarpa MDF Plywood Particle 

Board LVL 

Incident Flux ∆tig [s] ∆tig [s] ∆tig [s] ∆tig [s] ∆tig [s] ∆tig [s] ∆tig [s] ∆tig [s]
40kW/m² 17 17 19 7 11 20 8 8 
30kW/m² 20 56 33 12 24 20 13 16 
20kW/m² 201 407 120 345 58 62 120 23 

Table 2 Variation in ignition times 

 
At the high heat flux of 40kW/m² the time to ignition varied from 7 seconds 

(Macrocarpa) to 20 seconds (Plywood) (see Table 2).  The lower the applied heat flux, 

the larger in the variation in ignition times.  At 20kW/m², the ignition time variation 

was as large as 407 seconds (Rimu) compared with only a 23 second variation for the 
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LVL wood species.  The time variation between wood types is interesting to note, for 

natural woods such as Radiata Pine, Rimu, Beech, and Macrocarpa the ignition times 

had at least a two minute difference, whereas for the wood composites the ignition 

times varied up to two minutes.  It is observed that as the critical ignition heat flux 

draws nearer the time variation to ignition increases.  At the lower applied heat flux, the 

effect of smouldering was more evident, the effect of smouldering has varying effects 

on the wood’s chemistry.  The chemistry in natural wood is complex therefore at the 

lower heat fluxes the ignition times are widely varied because of the complexity of 

many different reactions that can take place, Dietenberger (1994) and Kanury (2002).  

Comparing this to the wood composites which contain adhesive resins to keep the 

wood together, the resin’s chemistry is less complex in comparison so time variation 

are not as great as shown by the deviation of the results of the repeatability tests in 

Table 2.   

 

The theory of Quintiere and Harkleroad (1985) uses a thermal conduction model to 

analyse the results of the ignition from the LIFT tests.  The application of the theory 

relies on the sample being thermally thick.  In reports by Fernandez-Pello and Hirano 

(1983) and Quintiere (2002), solids with thicknesses, δ > 1mm can be regarded as 

thermally thick.  Thicknesses of 10 to 20mm also depend on the substrate material 

adjacent to the solid.  Another condition is that the ignition time of the wood sample 

has to be less than the thermal equilibrium time, t*.  In all instances this has been the 

case as shown in Table 3.  No tests were conducted at the 30kW/m² irradiance levels. 

 

 

Table 3 Thermal Equilibrium Times for Applied Heat Fluxes 
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The results from the ignition test data have been tabulated and are presented in Table 

4.   

Table 4 Parameters derived from the ignitability tests 

 
As the table suggests the critical ignition heat flux varies between wood species and 

does not show any preference between wood types.  The lowest critical ignition heat 

flux was that of the plywood sample at 13kW/m².  The highest critical heat flux was 

that of the Macrocarpa and the LVL sample at 17kW/m².   

 

As detailed in the ignition theory section, the function F(tig) can be approximated by 

Equation 15.  In Figures 51 – 58 the slope is equal to ckhb ig ρπ/2= , as derived by 

Quintiere et al (1983).  The function F(tig) can be then be applied to the flame spread 

data analysis provided the surface temperature is less than Tig.  Using Equation 15 the 

time to thermal equilibrium, t* can be calculated at each heat flux for each wood type.  

The time to thermal equilibrium decreases as the applied heat flux increases.  A 

common trend was observed between the thermal equilibrium times and applied heat 

flux.  At the 20kW/m² irradiance the thermal equilibrium times were highest, at 

30kW/m² the thermal equilibrium times decreased to 44% of the previous time.  

Similarly at 40kW/m² the thermal equilibrium time decreased a further 36% and at the 

60kW/m² irradiance the thermal equilibrium time decreased a further 30%. 

 

The heat transfer coefficient, h changes very little between wood species.  The heat 

transfer coefficient is dependant on: 

∞−
=

TT
q

h
ig

ig
"&

      (32)
 

where T∞ is the ambient temperature.  The effective thermal property is given as: 
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The product of the thermal conductivity, k, density, ρ and specific heat, C is also 

known as the thermal inertia.  The time to ignition of material depends on the thermal 

inertia of the material itself, Buchanan (2001).  It is expected that those materials with 

low thermal inertia will heat more rapidly than materials with higher thermal inertia 

which would lead to much more rapid ignition.  Timber’s thermal property range from 

108W²·s/m4·K² (LVL) to 654W²·s/m4·K² (Rimu), these values are low in comparison 

to other materials such as 1.6×109 W²·s/m4·K² (Steel) and 2×106W²·s/m4·K² 

(Concrete), Buchanan (2001).  The calculated thermal property of the wood suggests 

that these materials ignite more readily than others.  Contrasting this theory is the 

ignition results which show the Rimu (14kW/m²) igniting at a lower heat flux than the 

LVL (17kW/m²) samples. 
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9 Flame Spread Tests – Results and Discussions 

 

The flame spread tests were conducted using the cone calorimeter in the vertical 

orientation.  The positioning of the sample is shown in Figure 59 and Figure 60.  The 

raw results obtained from the video analyse are presented in Appendix A.  The flame 

spread results as calculated from the video analysis are shown in Figure 61, Figure 62 

and Figure 63.  As with the ignition analysis the flame spread analysis was carried out 

in accordance with ASTM E 1321. 

 

Figure 59 (Left) Flame spread experiment for Particle 
board specimen 

Figure 60 (Above) Flame spread experiment for 
Macrocarpa specimen 

 

The Quintiere et al flame spread model was applied to these test results.  The data 

gathered was then tabulated and graphs were plotted to obtain the necessary outputs 

and parameters.  The following theory is a excerpt out of section 6.5.  The flame front 

velocity is calculated using the three point least squares fit to measure the flame front, 

where x is the position and t is the time.   

3
)(
3

)(
2

2 tt

xttx
V

Σ
−Σ

ΣΣ
−Σ

=      (19) 
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The surface flux configuration invariant, F(x) as defined in the ASTM 1321, is given 

by: 
.)(

)(
)( "

"

critq
xq
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e

e

&

&
=  

 

Using this relationship the surface flux at a measured flame front position is given by: 

    (20) .)(*)()( "" critqxFxq ee && =

 

The flame spread data can then be shown as a plot of: 
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This method of calculating the flame front velocity is used in the ASTM E1321 

standard and to maintain consistency was applied to results.  Difficulties arose in 

interpreting the results as it was felt the standard was unclear in the calculation of the 

flame front velocity.  For instance taking the equation for V as written in the standard: 

3
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3
2

2 tt

xttx
V

Σ
−Σ

ΣΣ
−Σ

= , the term  can be interpreted in three ways, these are: txΣ

 

xt ⋅Σ  or xt Σ⋅Σ  or  )( xt ⋅Σ

 

By recalculating previous data from a LIFT research, Nisted (1991) the latter proved 

to be the correct method.  It was assumed that the method used by Nisted (1991) was 

correct as the data was calculated using computer software from NIST. 

 

Once the flame front velocity is found, the critical ignition heat flux can then be 

extrapolated and the various thermal properties can also be calculated.  As mentioned 

in section 6.4 the fit of the data is subjective as no specific guidance is given in the 

standard to want warrants a straight line fit.  This part of the analysis is dependent on 
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the judgment of the individual therefore the results can vary accordingly.  The lack of 

protocol within the standard has been noted by Babrauskas (1999).   

 

9.1 Flame Front Velocities 
 

The flame fronts positions are shown against time in Figure 61 (40kW/m²), Figure 62 

(50kW/m²) and Figure 63 (60kW/m²).  Each plot shown is an average of three 

repeatability tests carried out at each heat flux for each wood species.  In all graphs 

the results are plotted against the same scaled x and y axis to make obvious the effect 

of increasing the applied heat flux.  The behaviour of each wood species shows that 

wood type to be independent of the applied heat flux.  The effect of the higher heat 

flux is that the flame front velocity is quicker.  This is shown by the shallower 

gradients of each wood species as the applied heat flux is increased.  As expected, the 

higher heat flux the flame front can be seen to travel further along the wood sample as 

expected, and in doing so the flame front travels for a longer period of time. 

 

The behaviour shown by the wood species is consistent for each heat flux setting.  

The MDF has the slowest flame front velocity, whereas the LVL sample consistently 

has the fastest flame front velocity.  No correlation is evident from these results to 

show whether or not natural wood has a slower flame front velocity than wood 

composites or vice versa.  Table 5, sets out the densities and moisture content of the 

wood species.  No pattern emerged with each wood species behaving independent of 

any factor.  The figures, however do show that the flame front velocity seems to be 

consistent through wood type.  Ranked from slowest flame front velocity to fastest is:  

MDF; Pine; Plywood; Rimu; Particle Board; Beech; Macrocarpa and LVL.  This 

order is repeated each time for each different applied heat flux test. 
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Comparison of Wood Species,
Irradiance 40kW/m²
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Figure 61 Comparison of surface flame spread 40kW/m² - 707°C 
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Figure 62 Comparison of surface flame spread 50kW/m² - 770°C 
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Comparison Wood Species
Irradiance 60kW/m²
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Figure 63 Comparison of surface flame spread 60kW/m² - 825°C 

 
Table 5 Density and Moisture content of 20mm samples – Reproduced from Ngu (2001) 

 

9.2 Flame Spread Correlation – Velocity Plots 
 

The theory by Quintiere suggests that flame spread time, ts be the same as or less than 

the thermal equilibrium time, t*.  In the model by Quintiere the preheating times 

before the flame front was inadequate to achieve thermal equilibrium at the exposed 

surface.  The thermal response function, F(t), is introduced to correct the failure to 

meet thermal equilibrium in the preheating time.  The thermal response function is 

multiplied by  which is the measured incident flux at position x along the 

sample.  In Figures 64 – 87 the result of plotting the function 

)(" xqe&

VversustFxqe )()(" ⋅&  is 

shown.  The graphs are grouped by wood type showing the results for each wood 

species at each applied heat flux.  The general order of the graphs are 40kW/m², 

50kW/m² and 60kW/m². 
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9.2.1 Flame velocity Plots for Particle Board 
Correlation of Flame Velocity at 40kW/m²
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Figure 64 Flame velocity plot for Particle Board, 40kW/m² 

Correlation of Flame Velocity at 50kW/m²
Particle Board
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Figure 65 Flame velocity plot for Particle Board, 50kW/m² 

Correlation of Flame Velocity at 60kW/m²
Particle Board
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Figure 66 Flame velocity plot for Particle Board, 60kW/m² 
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9.2.2 Flame velocity Plots for Plywood 
Correlation of Flame Velocity at 40kW/m²

Plywood
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Figure 67 Flame velocity plot for Plywood, 40kW/m² 

Correlation of Flame Velocity at 50kW/m² 
Plywood
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Figure 68 Flame velocity plot for Plywood, 50kW/m² 

Correlation of Flame Velocity at 60kW/m² 
Plywood
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Figure 69 Flame velocity plot for Plywood, 60kW/m² 
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9.2.3 Flame velocity Plots for Medium Density Fibre Board (MDF) 
Correlation of Flame Velocity at 40kW/m² 
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Figure 70 Flame velocity plot for MDF, 40kW/m² 

Correlation of Flame Velocity at 50kW/m² 
MDF
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Figure 71 Flame velocity plot for MDF, 50kW/m² 

Correlation of Flame Velocity at 60kW/m² 
MDF
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Figure 72 Flame velocity plot for MDF, 60kW/m² 
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9.2.4 Flame velocity Plots for Macrocarpa 
Correlation of Flame Velocity at 40kW/m² 
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Figure 73 Flame velocity plot for Macrocarpa, 40kW/m² 

Correlation of Flame Velocity at 50kW/m²
Macrocarpa
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Figure 74 Flame velocity plot for Macrocarpa, 50kW/m² 

Correlation of Flame Velocity at 60kW/m² 
Macrocarpa
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Figure 75 Flame velocity plot for Macrocarpa, 60kW/m² 
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9.2.5 Flame velocity Plots for Radiata Pine 
Correlation of Flame Velocity at 40kW/m² 
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Figure 76 Flame velocity plot for Radiata Pine, 40kW/m² 

Correlation of Flame Velocity at 50kW/m² 
Radiata Pine

0

1

2

3

4

5

6

7

8

9

0 2 4 6 8 10 12 14  

V
f-½

 , 
[s

/m
m

]½

²]/[),(, " mkWtFqFluxIncident e ⋅&

Figure 77 Flame velocity plot for Radiata Pine, 50kW/m² 

Correlation of Flame Velocity at 60kW/m² 
Radiata Pine
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Figure 78 Flame velocity plot for Radiata Pine, 60kW/m² 
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9.2.6 Flame velocity Plots for Beech 
Correlation of Flame Velocity at 40kW/m²
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Figure 79 Flame velocity plot for Beech, 40kW/m² 

Correlation of Flame Velocity at 50kW/m² 
Beech Wood
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Figure 80 Flame velocity plot for Beech, 50kW/m² 
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Figure 81 Flame velocity plot for Beech, 60kW/m² 
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9.2.7 Flame velocity Plots for Rimu 
Correlation of Flame Velocity at 40kW/m² 
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Figure 82 Flame velocity plot for Rimu, 40kW/m² 

Correlation of Flame Velocity at 50kW/m² 
Rimu
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Figure 83 Flame velocity plot for Rimu, 50kW/m² 

Correlation of Flame Velocity at 60kW/m² 
Rimu

0

0.5

1

1.5

2

2.5

3

3.5

4

0 1

V
f-½

 , 
[s

/m
m

]½

2 3 4 5 6 7 8  ²]/[),(, " mkWtFqFluxIncident e ⋅&

Figure 84 Flame velocity plot for Rimu, 60kW/m² 
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9.2.8 Flame velocity Plots for Laminated Veneer Lumber 
Correlation of Flame Velocity at 40kW/m²
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Figure 85 Flame velocity plot for LVL, 40kW/m² 

Correlation of Flame Velocity at 50kW/m² 
LVL
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Figure 86 Flame velocity plot for LVL, 50kW/m² 

Correlation of Flame Velocity at 60kW/m²
LVL
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Figure 87 Flame velocity plot for LVL, 60kW/m² 
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The velocity data contained in Figures 64 – 87 is plotted according to ASTM E 1321.  

In all cases the data points show very poor linear relationship.  The variation shown 

by the scatter in the data points indicate that very little confidence can be expressed in 

these results.  In LIFT results by Quintiere et al (1985), Nisted (1991) and Babrauskas 

(1999), it has been observed that the data points illustrate quite a good correlation to a 

straight line fit.  In comparison, RIFT tests have shown to vary widely.  The results of 

this study show that for some wood species that is MDF and Macrocarpa a reasonable 

straight line correlation exists, whereas for the others, the straight line has been drawn 

more for completeness.  Other experiments using the RIFT have shown widely 

varying results, Azhakesan (1998) produced reasonable data and had a good 

correlation with Quintiere’s theory.  The results by Pease (2001) had a similar 

outcome to those obtained in this study with wide variation in data points.  The poor 

correlation can be attributed to the function F(t) as this function is to account for 

varying preheating times.  Quintiere et al (1983, 1985) found that flame spread 

correlation departs from a linear relationship at low preheating times.  The result 

shown in Figures 64 – 87 highlights these observations particularly those with short 

preheat time such as LVL and radiata pine.  A comparison of the studies is shown by 

the reproduced results for plywood in Figure 88 and Figure 89 for Azhakesan et al 

and Pease respectively. 

 

 

Figure 88 Correlation of Spread velocity, Plywood - Reproduced from Azhakesan et al (1998) 
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Figure 89 Flame Spread Correlation, Plywood - Reproduced from Pease (2001) 

 

There is a significant difference between studies in the range of data obtained.  Figure 

90 illustrates the results for plywood from Azhakesan et al (1998), it can be seen the 

flame spreads up to 200mm of the sample’s surface whereas in Pease (2001) shown in 

Figure 91 the flame spread is only 90mm of the sample’s surface.  The results shown 

by Pease (2001) are indicative of the results obtained in this study.  The results of 

Pease and of this study do not produce the same consistency as shown by Azhakesan.  

As suggested in section 7.3, by modifying the apparatus so that the sample is exposed 

to the full face of the cone, quite possibly a wider range of data could be obtained, this 

could provide analytical advantages.  The results would effectively double and enable 

further data points to be plotted.  Photos of test specimens are shown in Figure 93 

 

Figure 90 Surface Flame Spread Rate - Reproduced from Azhakesan et al (1998) 
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Figure 91 Surface Flame Spread Rate - Reproduced from Pease (2001) 

 

A common test specimen between the RIFT studies is plywood.  At the University of 

Ulster the plywood was tested at 755°C, the equivalent tests conducted by Pease at the 

University of Newcastle and from this study are at 50kW/m², with temperature 

readings of the cone element of 750°C and 770°C respectively.  By isolating the 

plywood results and making a direct comparison of the flame spread rate it can be 

shown that Azhakesan had considerably more flame spread along the sample 

compared to the Australasian studies.  At 50kW/m², we achieved flame spread of only 

90mm along the sample and in Pease’s study he was observed to attain 100mm 

whereas Azhakesan obtained results double the Australasian studies with flame spread 

of up to 220mm along the length of the sample.  It is unsure, as to why a difference 

exists as the repeatability tests in the Australasian studies produced consistent results 

and did not extend further than 100mm even at a higher applied heat flux of 

60kW/m², a cone temperature of 825°C. 

 

The comparison shown in Figure 92 confirms the observations made from Figure 46 

and Figure 47, which is the results in the Australasian studies are too clustered to 

allow any correlations to be drawn.  The correlation flame velocity plots of Figures 67 

– 87 are of all test results, if only averaged data points were shown as by Azhakesan 

(Figure 90) there would be too few points on the graph to be meaningful.  This 

reinforces the fact that to overcome this “clustered” problem a means of testing is 

required to be achieve the lengths necessary to be able to analyse the results more 

meaningfully.   
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Comparison of Surface Flame Spread Rate of Plywood
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Figure 92 Comparison of surface flame spread rate of plywood 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 93 Tests results Plywood (Left), [Top 40kW/m², Middle 50kW/m² and Bottom 60kW/m²] 

 Test Radiata Pine (Right), [Top 40kW/m², Middle 50kW/m² and Bottom 60kW/m²] 
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As shown by Figure 93 the flame front along each sample is not uniform.  The flame 

front profile in these samples is consistent and is independent of the applied heat flux.  

The profile confirms the higher heat flux measurements at the top of the specimens 

with flame front further than at the bottom of the sample.  The density of the wood 

was thought to play a significant role in the final position of the flame front but the 

results as illustrated in Figures 61-63, show no such correlation.  The higher density 

woods are thought to limit how far the flame front travels because of higher thermal 

inertial properties.  The denser woods in theory require longer times to reach thermal 

equilibrium and therefore the time to reach the ignition and flame spread temperatures 

are larger.  The results are inconclusive as when the data is applied to Quintiere’s 

model the results deviate from linearity and do not produce confident conclusions.  

The reason for the deviation from linearity is because of the effects of the low 

preheating times, the results are consistent to previous work by Azhakesan et al 

(1998) and Pease (2001). 

 

The material properties for the wood species can be obtained from flame spread 

correlation plots (Figures 64 – 87).  Specifically the following three variables can be 

obtained directly from these plots: 

C  flame spread, heat transfer factor, ms/2/kW·s½; 
"
,0 igq&   critical flux for ignition, kW/m²; and 

"
,0 sq&   critical flux for spread, kW/m² 

 

The value of C is the slope of the graphs.  In the theory C is defined as C = - slope.  

Calculating the correct value of C is difficult as the units in the standard ASTM E 

1321 are inconsistent.  This has been identified by Babrauskas (1999) and also in an 

inter-laboratory study by ASTM, Fowell (1993), who identified that the several 

calculations had errors.  The misinterpretation by participating laboratories included 

calculations errors, wrong units, and omitted data points.  To make the C value 

consistent they converted it from mm/s to m/s by multiplying 1000  to the slope, C.   

The obtain the C value the following equation was applied: slopeC ⋅−= 1000 . 
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The second parameter  can be obtained from the x-axis intercept.  This parameter 

is also referred to as the minimum ignition flux.  A similar parameter is also derived 

from ignition correlations, however, it has been identified by Babrauskas (1999) as 

being physically different.  The difference lies in the experimental procedure, the 

minimum ignition flux as calculated from ignition tests is the experimentally 

determined flux for ignition, whereas the minimum ignition flux from flame spread 

correlations is by extrapolation.  A further discussion of the differences between the 

parameters is discussed by Janssen in the context of ignitability, Babrauskas (1999).  

The differences observed between the parameters in this instance are not clear as the 

results are not consistent and do not provide conclusive results. 

"
,0 igq&

 

The third parameter  is obtained from the flame spread plot.  The value is 

obtained by directly examining the minimum value in the flame velocity plots.  Once 

the final position of the flame front is known, from the heat flux profile the 

corresponding heat flux can be found. 

"
,0 sq&

 

Other parameters that are derived are the corresponding temperature values for the 

flux variables, namely: 

Tig ignition temperature, °C 

Ts, min minimum temperature for spread, °C 

These values are derived from extrapolating the flux – temperature profile at each 

corresponding flux. 

 

The flame spread parameter, φ can be obtained from the following expression: 

2)(
/4

Cb
πφ =  

 

A summary of the material properties obtained from the flame spread correlation are 

tabulated in Table 6.  The top row contains the results of the natural woods, the 

second column contains the results of the wood composites. 
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Table 6 Material Properties derived from Flame Spread Correlation 

 

9.3 Comparisons of Material Properties 
 

A comparison of the values obtained in this study and those found in literature are 

presented in Table 7 and Table 8.  It is important to note that the comparisons made 

are arbitrary as materials compared against were not co-ordinated with the other 

research projects.  The results obtained from the RIFT are compared with those from 

LIFT tests.  The top three rows are RIFT results, the remainder are results obtained 

from LIFT tests.  The top row is from this work, followed by the Australian and 

Northern Ireland results by Pease (2001) and Azhakesan (1998) respectively. 
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Table 7 Comparison of Minimum Ignition Flux, Ignition Correlation 

 

 

Table 8 Comparison of Minimum Ignition Flux, Flame Spread Correlation 

 

The results are within a span of 2:1, for the minimum ignition heat flux.  Generally 

speaking the results of the RIFT are on the lower end of the range of results obtained.  

However, in most instances the values are plausible when compared to the data of the 

LIFT.  The exception is the 5.2kW/m² recorded by the particleboard.  This heat flux is 

at the low end of what would be expected as a minimum ignition flux.  The results for 

the minimum flame spread flux had a span of 3:1 in most instances.  The RIFT results 

in this instance tended to be on the high end of the range of results.   
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Table 9 Comparison of Minimum Flame Spread Flux 

 

 

Table 10 Comparison of Flame Spread Parameter 

 

The results show quite wide variances between research studies.  The results between 

the RIFT and LIFT tests are mixed, and therefore observations between the 

experiments are inconclusive.  The comparison is limited to those that had tested 

similar wood species.  The limitation of test materials to compare makes stating 

conclusive remarks difficult.  Previous research using the LIFT test has shown that the 

reproducibility of inter-laboratory results does exist and this statistical finding has 

been highlighted in the report by Fowell (1993).  The findings revealed that values 

such as the thermal inertia and flame spread parameter had a span of 2:1 for well 

behaved specimens and where difficulties were experienced in the experiments and/or 

calculations the span was as great as 10:1. 

 

The ignition correlation and the flame spread correlation are compared to see if one 

particular method consistently showed higher results.  In Figure 94, the results show 

that the flame spread correlation produced higher results than the ignition correlation.  
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A comparison of the ignition correlation and the flame spread correlation by 

laboratory is shown in Figure 95.  The ignition correlation results produced by the 

RIFT tests were generally higher.  These conclusions are preliminary due to the 

limitation of specimens to compare.  The flame spread correlations is shown to 

calculate higher minimum ignition flux than the ignition correlation and these results 

are independent of the wood type.  Further tests are required using the RIFT on other 

materials to draw further conclusions regarding the effect of the apparatus type. 

 

 

Figure 94 Comparison of Correlations, By Wood type 
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Figure 95 Comparison of Correlations, By Laboratory 

 

The plots of the flame spread parameter and minimum flame spread flux are shown in 

Figure 96 and Figure 97 respectively.  The graphs do not exhibit any correlation with 

testing locations.  In Figure 97 the minimum flame spread flux is shown to be greater 

with respect to results from the LIFT tests when compared with those obtained from 

RIFT experiments.   
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Figure 96 Comparison of the Flame Spread Parameter 
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Comparison of the Flame Spread Parameter, φ
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Figure 97 Comparison of the Minimum Flame Spread Flux 

 

9.4 Summary of Flame Spread Results 

 

The results of this study show that some wood species such as MDF and Macrocarpa 

exhibits a correlation with Quintiere’s model.  Other work with the RIFT have shown 

also shown widely varying results, Azhakesan (1998) produced reasonable data and 

had a good correlation with Quintiere’s theory, whereas the results by Pease (2001) 

had a similar outcome to this work with wide variation in data points.  The poor 

correlation can be attributed to the function F(t) as this function is to account for 

varying preheating times.  Quintiere et al (1983, 1985) found that flame spread 

correlation departs from a linear relationship at low preheating times.  A 

recommendation for the future would be to conduct the required ignition tests in the 

same instance that the flame spread tests are to be done.  An advantage of this would 

be for consistency with material preparation and testing methodology/observations 

coming from the same operator, as in this instance previous ignition results are relied 

upon.   

 

An inter-laboratory study was conducted in 1993 by the ASTM Institute for Standards 

Research.  The project’s objective was to provide precise and accurate data.  What 

was found was that the results had a large scatter.  On examination calculation errors, 

wrong units and omitted data points were found.  The problems experienced by the 
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laboratories highlighted the fact that the ASTM E 1321 standard that has been in 

existence since the early 1980s still has its shortcomings.  The results shown by the 

RIFT are only preliminary and limited to timber products.  Further tests would be 

required to provide material properties to enable comparison of a wider range of 

materials, such as Gypsum Board; Polyurethane foam; and Polymethymethacrylate, 

PMMA.  The results shown to date indicate that the RIFT does have possibilities and 

with fine tuning, such as using the full face of the cone and testing wider range of 

data, conclusive findings could be gauged.   

 

Despite the substantial progress made in understanding and measuring creeping flame 

spread, inconsistencies still exists between bench scale fire tests and their suitability 

to derive thermophysical properties of test samples, Dietenberger (1995).  As already 

identified flame spread can be an integral feature of a fire growth model, and flame 

spread properties are derived from tests such as the LIFT and RIFT.  The preheating 

often causes surface properties to change significantly (such as charring).  Further the 

results in a lateral surface temperature profile are not anticipated by models, therefore 

causing variation between similar wood species. 

 

The parameters obtained, however, have shown a correlational nature with Quintiere’s 

model in obtaining material properties as shown in this work as well as other such as 

Azhakesan (1998), Babrauskas (1999) and Fowell (1993). 
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10 Conclusions 

 

This report investigated the use of an adaptation of the Cone Calorimeter to measure 

opposed flow flame spread.  The Cone Calorimeter is typically used in a horizontal 

orientation for ignition testing.  This report looked at using the Cone Calorimeter in a 

vertical orientation to test flame spread and compared the results to those from LIFT 

experiments.  This modification was successfully carried out at The University of 

Newcastle and enabled the measurement of lateral surface flame spread on a vertical 

orientated sample. 

 

An application of a view factor developed from horizontal Cone Calorimeter tests, 

Wilson et al (2002) was modified and applied to the vertical orientation of the Cone 

Calorimeter.  The use of the view factor was to estimate the profile of the heat flux 

along the length of the sample.  The results calculated compared well with the 

measured results and indicated a correlational nature however experimental 

modifications are required to enable confirmation of findings. 

 

The comparison of the measured heat fluxes with the LIFT profile highlights the 

suitability of the sample holder being used at 60°.  In testing at various angles it was 

observed that in all cases the heat flux across the length of the sample was greater 

than the LIFT at the same proportional distance.  The application of view factors to 

estimate the irradiance along the length of the sample was carried out in twofold, 

firstly using a simplified approach by applying a view factor described by Naraghi 

and Chung.  The second was to improve the estimations by including more parameter 

applicable to the interchange between the objects in this instance namely the cone 

heater and the angled specimen.  The application of a modified Wilson et al’s 

configuration factor resulted in better results being observed although in many 

instances the estimate was still greater than those measured. 

 

The assumption used by Naraghi and Chung and Wilson et al is that the elemental 

point is exposed to 100% of the radiant surface.  In the experiments, as shown by the 

photos of the setup (Figures 21 – 23), the sample is only exposed to half the face of 

the cone.  If the experiments were conducted using the full face of the cone, the 
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application of Wilson et al’s view factor would be more appropriate.  The parameters 

used in the view factor of Wilson et al have addressed the other conditions of the 

experiment, namely the distance away from the cone (z, y-axis), the distance away 

from the centreline (a, x-axis), the effects of the frustum, and by adding the Cosine θ 

to account for the elemental point being at an angle to the cone, θ. 

 

The flame spread velocities as plotted from the results of the video analysis shows 

that the wood species is consistent throughout  each heat flux setting.  The MDF show 

that it has the slowest flame front velocity, whereas the LVL sample consistently has 

the fastest flame front velocity 

 

The results of the flame spread study show that some wood species such as MDF and 

Macrocarpa exhibits a correlation with Quintiere’s model.  Other work with the RIFT 

have shown also shown widely varying results, Azhakesan (1998) produced 

reasonable data and had a good correlation with Quintiere’s theory, whereas the 

results by Pease (2001) had a similar outcome to this work with wide variation in data 

points.  The poor correlation can be attributed to the function F(t) as this function is to 

account for varying preheating times.  Quintiere et al (1983, 1985) found that flame 

spread correlation departs from a linear relationship at low preheating times.   

 

The limitation of flame travel as illustrated in Figures 46, 47 and 92 highlight that the 

results currently produced are too clustered and because of the this, the range of data 

to analyse is too small to give meaningful results. 

 

The flame spread properties obtained by the RIFT are only preliminary and further 

tests would be required to provide material properties to enable comparison of wider 

range of materials, such as Gypsum Board; Polyurethane foam; 

Polymethymethacrylate, PMMA.  The application of Quintiere’s model on opposed 

flow flame spread used in LIFT tests were applied to the RIFT test to obtain material 

properties.  The results from the RIFT analysis have shown that the flame spread 

variables are comparable with those obtained from LIFT tests. 
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10.1 Recommendations 

 
Given the limitation of the data range it is suggested that a modification to the way the 

experiments are conducted be made to allow a wider range and increase the 

availability of data points.  At present the samples are placed in the middle of the cone 

as shown in Figures 20 – 23.  It is suggested that the sample be placed to the far left of 

the cone allowing the full face of the cone to radiate onto the sample face. 

 

The limitation of flame travel as highlighted in Figures 46, 47 and 92 highlight that 

results currently produced are too clustered and that the analysis from these produce 

very little confidence.  By using the full face of the cone, it is expected that the 

sample size could be increased allowing more data points to be collected, up to 

250mm.  Although sample sizes in this study were cut to 250mm in the flame spread 

tests it can be seen in Figure 92 that results at most were at 90mm.  By having 

available a wider sampling area to collect data it is envisaged that their will be a larger 

number of results which will allow a clearer picture of the irradiance profile to be 

shown.  This in turn will allow refinement of the configuration factor in mapping the 

irradiance.   

 

For further tests, it is recommended that the same operator conduct the required 

ignition tests in the same instance that the flame spread tests are to be done.  An 

advantage of this would be for consistency with material preparation and testing 

methodology/observations coming from the same operator.  The flame spread 

correlations are dependent on ignition results therefore by having a consistent 

operator, results can be assured.  In this instance the results do not show that there is 

any real gains to be made as specimens where ignition and flame spread tests were 

conducted by the same operator results were similar to the others. 

 

A higher number of ignition tests is recommended, it was found that the range of heat 

fluxes conducted to be inadequate.  Further test in the lower range by the ignition heat 

flux would provide more accurate results.  This value is critical in terms of flame 

spread correlation as it provides the preheating time for the flame spread so an 

accurate result would assure flame spread tests are off on the right path.  
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The heat flux measurements were conducted using the template depicted in Figure 14.  

By using a template similar to one used by Wilson et al (Figure 37) would provide 

more sampling points and enable an accurate profile of the length of the sample be 

gauged. 

 

For further flame spread tests it is recommended to test a wider range of materials.  

Materials that have been tested by the LIFT include Gypsum Board; Polyurethane 

foam; and Polymethymethacrylate, PMMA.  By comparing against a wider range of 

materials other than timber products, a comprehensive comparison between the LIFT 

and RIFT can be conducted and be able to provide conclusive observations. 
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Appendix 
 
Appendix A – Raw Data 

− Irradiance: 40°; 60°; 80° 

− Flame Spread 

o Particle Board 

o Plywood 

o MDF 

o Macrocarpa 

o Radiata Pine 

o Beech 

o Rimu 

o LVL 

Appendix B – Irradiance Profile 
 
Appendix C – Irradiance Mapping 

− Naraghi and Chung 
− Wilson et al 

 
Appendix D – Ignition Calculations 

− Particle Board 

− LVL 

Appendix E – Flame Spread Calculations 
− Radiata Pine 

− Macrocarpa 

− Beech 

− Rimu 

− MDF 

− Plywood 

− Particle Board 

− LVL 
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Appendix D – Ignition Calculations 
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Appendix E – Flame Spread Calculations 
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