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Abstract 

This project investigated the ignition properties of New Zealand Timbers and 

timber products. The ignition test on the wood was according to the British Standard BS 

476: Part 13, 1987 using ISO ignitability apparatus. The ignition time for each sample 

was recorded and correlated by seven correlations. These seven correlations are: 

1) Mikkola and Wichman 

2) Tewarson 

3) Quintiere and Harkleroad 

4) Janssens 

5) T oal, Silcock and Shields 

6) Delichatsios, Panagiotou and Kiley 

7) Spearpoint and Quintiere 

Six types of wood, Macrocarpa, Beech, Rimu, Radiata Pine, Plywood and 

medium density fiberboard (mdf) were tested at constant heat flux lower than 40 kW/m2 

until ignition did not occur within 20 minutes. Each type of wood was tested at two 

different thicknesses, 20 mm and 40 mm. The repeatability and reproducibility were also 

determined. 

It was found that the results such as critical heat flux, thermal inertia, ignition 

temperature, Thermal Response Parameter (TRP), Flux Time Product (FTP) and so on 

were different from one correlation to another. It is hard to say which one is the best 

technique in estimating the ignition properties ofNew Zealand wood, but one can get an 

idea of which methods will give higher or lower results. Another words: the tendency of 

each method to under-predict or over-predict the results. Both the 20-mm and 40-mm 

wood behave4 as thermally thick (some thermally intermediate) solids and they have very 

close values of minimum heat flux and critical heat flux. 
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CHAPTER 1: INTRODUCTION 

Fire is one of the most unpredictable and hence dangerous accidents that occur in 

our surroundings, especially in residential buildings. Its occurrence, development, 

behaviour and effects are very complex. In order for a fire to occur, the material needs to 

be ignited. The term "ignitability" is defined in ISO 3261 as the capability of a material 

to be ignited. Ignition is one of the essential fire properties, which must or always be 

considered in any assessment of fire hazard. 

Ignition depends on various interrelated factors. As the surface is exposed to heat 

flux, initially most of the heat is transfened into the interior of the specimen. The rate of 

this heat transfer is dependent on the thermal properties of the material including ignition 

temperature, Tig; ambient temperature, Too; material thermal conductivity, k; material 

specific heat, c; and the density of the material, p. The ignition ofwood is more complex 

than other materials, especially when a layer of char is formed. It also depends on the 

species, moisture content, inherent variability of wood as a natural material, the 

orientation of the specimen when exposed to the incident heat flux (mounted vertically or 

horizontally) [21 and the grain orientation (along or across the grain) [151
. 

The objective of this paper is to examine the ignition properties of some New 

Zealand timbers and timber products using simple thermal models. Six types of timber or 

timber products were tested to get their time to ignition, tig· The six different types of 

timber are Radiata Pine, Rimu, Beech, Macrocarpa, and New Zealand made timber 

products: medium density fiberboard (mdf) and plywood. Seven simple thermal 

correlations developed by various researchers are used and compared to find out the best 

way to predict the ignition time. This paper will also be looking at another important 

ignition property of a material: minimum heat flux, q:in, which is the lowest incident 

heat flux that can ignite a material. Ignition will not occur at a heat flux lower than the 

minimum heat flux, q:in . 
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The methodology of ignition test used in this paper is based on the British 

Standard BS 476: Pmt 13 l1 41; also called ISO Ignitability Test. The wood samples are to 

be exposed to 11 levels of constant irradiances. The tested wood samples have two 

thicknesses, 20 mm and 40 mm. The experimental method and equipment used with 

respect to BS 476: Part 13 are discussed in detail in Chapter 2. 

The duration of the ignition test will influence the determination of the minimum 

heat flux. According to BS 476: Part 13, each test should be terminated if no sustained 

surface ignition occurs within 15 minutes. However, in this research the specimens were 

given a period of 20 minutes to be ignited. A specimen is ignited if it has a continuous 

flame at its surface for an uninterrupted period of at least 10 seconds. 
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CHAPTER2: EXPERIMENTAL METHODOLOGY BS 476: PART 13 

The fire tests on the wood specimens are based on the British Standard BS 476: 

Part 13: "Method of measuring the ignitability of products subjected to thermal 

irradiance" [141
. This part of the BS 476 is similar to ISO 5657 - 1986: "Fire Tests -

Reaction to Fire - Ignitability of Building Products". The units of irradiance are given in 

kW/m2
. 

2.1) Definitions 

Some of the terms used in this report need to be well defined in order to avoid 

misunderstanding and confusion. The terms in the brackets have the same meanings as 

the preceding terms. 

Product: 

Material, composite or assembly about which information is required. 

Material: 

Single substance or uniformly dispersed mixture, for example, metal, timber (wood), 

concrete, polymers, etc. 

Specimen (Sample): 

Representative piece of product which is to be tested together with any substrate or 

treatment. In this report, the specimen (or sample) refers to the wood (timber) specimen 

that is to be tested. 

Irradiance (Heat flux): 

(at a point of a surface) Quotient of the radiant flux incident on an infinitesimal element 

of surface containing the point, by the area of that element. 
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Sustained surface ignition: 

Inception of a flame on the surface of the specimen which is still present at the next 

application of the pilot flame. It can be simplified by saying "Ignition" only. 

Standards: 

Refening to BS 476: 1987: Part 13 unless specified. 

2.2) Principles of the Test 

The specimens are mounted horizontally on a sample holder (also called specimen 

insertion and location tray) during the test. Their upper surfaces are exposed to constant 

thermal irradiance at certain levels of inadiance released by the radiator cone heater, 

within the range of 10 kW/m2 to 50 kW/m2
. In this research, the levels of inadiance 

ranged from 10 kW/m2 to 40 kW/m2
. The term irradiance indicates the essentially 

radiative mode of heat transfer. A pilot flame is then applied at certain intervals to a 

position of 10 mm above the centre of each specimen to ignite any volatile gases that are 

given off near the surface of the specimens. The pilot flame is widely used due to its 

simplicity. The time at which sustained surface ignition occurs is recorded. The test does 

not measure the ignition temperature, Tig· 
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2.3) Specimen Preparation 

Five specimens are tested at each level of irradiance. In this research, there are 11 

levels of heat flux in total (10, 11, 12, 13, 14, 15, 20, 25, 30, 35, 40 kW/m2
). The 

specimens shall have a size of 165 x 165 mm squares according to BS 476: Part 13, with 

thicknesses of 20 mm and 40 mm. The following shows the total number of specimens to 

be tested for each type of timber in the tests at one thickness: 

Number of specimen: 

• Radiata Pine 

• Rimu 

• Beech 

• Macrocarpa 

= 11 irradiance level x 5 specimens = 55 

• Medium density fiberboard 

=55 

=55 

=55 

=55 

=55 • Plywood 

Total = 330 specimens 

Before the test, all the specimens are conditioned to constant mass at a 

temperature of23 ± 2 deg C, humidity of 50± 5% for a duration of 1-2 weeks, with free 

access of air to both end sides of the specimens. The reason for doing this is that 

cellulosic materials require sufficient time to reach equilibrium with the conditioning 

atmosphere. Constant mass is proof of satisfactmy conditioning. 
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2.4) Baseboard Preparation 

The square specimens will be backed by a baseboard during the test. The 

baseboard are square with the same size as the specimen: that is, 165 x 165 mm2
. The 

baseboard shall be made of non-combustible insulation board with a nominal thickness of 

6 mm. According to the Standards, the baseboards need to be oven-dried to a density of 

825 ± 125 kg/m3
. In this research, the baseboards are made of Fyreline GIB board with 

good enough insulation properties. Like the specimens, the baseboards are to be 

conditioned for at least 24 hours at a temperature of 23 ± 2 oc and humidity of 50 ± 5 %, 

with free of access air to both sides of the baseboards. The number of baseboards depends 

on the frequency of testing and probably the type of product being tested. This is because 

some of the baseboards can be re-used after the test. 

2.5) Aluminium Foil Preparation 

A conditioned specimen placed on the baseboard is wrapped in a p1ece of 

aluminium foil to ensure an airtight fit at the rear surface. The aluminium foil shall have a 

thickness of 0.02 mm from which a circular hole of 140-mm diameter has been 

previously cut before the tests. The circular cut-out zone is centrally positioned over the 

upper surface of the specimen. Such an arrangement exposes a constant area of the 

specimen to irradiation and protects the apparatus from becoming soiled by any melting 

or intumescing products. A specimen-baseboard combination wrapped in aluminium foil 

is shown in figure AI in Appendix A 
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2.6) Test Apparatus 

The ISO ignitability apparatus is a readily setup of the cone calorimeter which includes: 

• specimen support framework 

• masking plate 

• pressing plate 

• radiator cone 

• pilot flame application mechanism 

• specimen insertion and location tray 

• specimen screening plate 

• additional equipment (temperature controller, radiometer, millivolt measuring device, 

calibration board, etc). 

The general arrangement of suitable apparatus is shown in Figure 2 in BS 476: 

Part 13: 1988, which is also shown in the Figure A2 in Appendix A of this report. The 

apparatus are placed in an environment free of draughts. The tests were carried out in a 

fume cupboard with no induced airflow draughts over the specimen. The airflow must be 

less than 0.02 m/s to satisfy this condition. This is because if the induced airflow is more 

than 0.02 m/s, it may disturb the natural airflow near the surface of the specimen and 

hence cause excessive unwanted convection cooling. 
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2. 7) Calibration 

For the purpose of calibration, a radiometer shall be installed in the hole or groove 

ofthe calibration board. The radiometer is used to measure the irradiance incident on the 

surface of a specimen. The apparatus, as explained above, is already set up, except the 

spark igniter should be turned off throughout the calibration procedure. The calibration 

board is then placed in the apparatus in the specimen position. 

Electric supply is switched on and the temperature settings of the temperature 

controller are established to produce the required irradiances at the centre of the circular 

opening in the masking plate, hence the exposed circular upper smface of the specimen 

of 10, 11, 12, etc kW/m2
. Adjustments near the final setting for the cone heater 

temperature should be followed by a 5-min period without further adjustment to ensure 

that the remainder of the apparatus has achieved sufficient temperature equilibrium. At 

each full equilibrium, the average temperature of the thern10couple monitors located in 

the cone heater are read and recorded. 

These procedures are carried out at least twice, the first time at settings of 

increasing temperature and the second time at decreasing temperatures. The values 

should be repeatable to within ± 5 °C. Values outside these limits indicate possible 

defects in control of monitoring equipment, or significant changes in the test 

environment, which must be corrected before further calibrations are carried out. 
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2.8) Test Procedure 

The following procedure is basically similar to BS 476, with some modifications. 

The most impottant modification is the use of a spark igniter instead of gas flame 

supplier as specified in the Standards. The purpose of doing so is to reduce the long 

interval gas flame application according to the Standards. The Standards require the gas 

flame application mechanism to ignite the specimens once every four seconds, but by 

using the spark igniter, one can apply the ignition source to the specimens twice per 

second. Therefore the spark ignition can increase the accuracy of the recorded time to 

ignition, tig and therefore reduce uncertainty. 

Just before the test: 

a) Once the specimens reach constant mass, remove the specimens from conditioning 

cabinet and weigh them 

b) Record the mass and other relevant information 

c) Wrap the specimens and baseboards with aluminium foil 

During the Test: 

d) Turn on the fan of the fume cupboard 

e) Set up and check the apparatus 
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f) Before starting check the following equipment is in the lab and readily available: 

1. C02 fire e;'\:tinguisher 

2. Safety glass 

3. Stop watches 

4. Insertion and location tray (Sample holder) 

5. Dutmny specimen board (h1Sldation board) for cone calorimeter 

6. Specimen screening plate (Cone shield) 

7. Metal bucket half full of water 

g) Get ready with the prepared specimen-baseboard combination and make sure it has 

been weighed 

h) Adjust the counterweight to give a force of20 ± 2 N between the upper surface of the 

specimen and the underside of the masking plate 

i) Turn on the power to the ISO ignitability apparatus at wall 

j) On the apparatus fiont panel, turn on the main power to the apparatus 

k) Then turn on the power to the cone heater on the apparatus front panel as well 

l) Place the dummy specimen board on the pressing plate 

m) Adjust the temperature setting of the controller to the appropriate value established by 

the calibration procedure to correspond to 400 degrees Celsius (or other level as 

required) 

n) Allow the apparatus to heat up to equilibrium. When the heater has attained 

temperature equilibrium, a further 5 minutes should be allowed to elapse before 

commencing exposure of a specimen 
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o) Remove a prepared specimen from conditioning cabinet and place the prepared 

specimen on the insertion and location tray 

p) After the radiator cone is preheated, set the cone to the desired irradiance level. 

q) Once the cone has reached the desired temperature, conduct the next seven steps in 

rapid succession (15 seconds) wearing safety glass and gloves: 

1. Place the specimen screening plate on top of the masking plate 

2. Lower the pressing plate, remove the dummy specimen board 

3. Place the insertion and location tray containing the specimen on the pressing plate 

4. Release the pressing plate 

5. Remove the specimen screening plate and start timer (stopwatch) 

6. Tum on the spark igniter 

r) Record the time to ignition on the prepared information sheet 

s) Place extinguishing board on top of the masking plate 

t) Tum off the spark igniter 

u) Remove the insertion and location tray 

v) Place the dummy specimen board on the pressing plate 

w) Remove the extinguishing board as quickly as possible 

x) Remove the specimen from the insertion and location tray and place the specimen in 

the water bucket 

y) Operations 1) tot) should be repeated for the remaining four specimens 
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Repeat the Test: 

z) A further set of five specimens are tested at the next lower level of irradiance 

aa) If no sustained surface ignition occurs with all specimens in a batch of five at a given 

irradiance, tests are not carried out at lower irradiances 

bb) When adjusting the heater to the next level of irradiance, sufficient time (3 minutes) 

must be allowed for the apparatus to reach thermal equilibrium following the change 

in temperature 

Observation during Test: 

cc) Several important observations during the test need to be recorded are: 

• Time, position and nature of other ignitions 

• Glowing decomposition of the specimen 

• Melting, foaming, spalling, cracking, expansion or shrinkage of the exposed 

surface of the specimen 

When finished the Test: 

dd) When finished with all testing, reduce the cone temperature to 400 degrees Celsius 

and let it cool for 5 minutes 

ee) Turn off the power to the cone heater and the ISO ignitability apparatus on the 

apparatus front panel 

ff) Turn off the main power on the wall 
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gg) Check all ofthe equipment listed in step b) is left in a neat and orderly fashion 

hh) In control room tum off fan in the fume cupboard and lights 

ii) First thing the next day, remove the specimens from water and place it in the rubbish 

bin. 
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CHAPTER 3: LITERATURE SURVEY 

As stated before, seven different teclmiques that relate the ignition time to the 

incident heat flux are used to analyse the experimental results; that is, to calculate the 

time to ignition under constant radiative heat flux. A number of articles give a good 

description and explanation of how these seven correlations work in terms of their origins 

and assumptions. It will be a great advantage to briefly review the seven Ignition 

time/Irradiance correlations. These are: 

1) Mikkola and WichmanlllJ 

2) Tewarson [IOJ 

3) Quintiere and Harkleroad l5J 

4) Janssens l3J,[4J 

5) Toal, Silcock and Shields l1J,[ZJ,[31 

6) Delichatsios, Panagiotou and Kiley [l3J 

7) Spearpoint and Quintiere l151 

3.1) Theoretical Background l31 

Before going into any details of these correlations, there are some definitions one 

has to be aware of This research considers only the ignition of timber caused by piloted 

ignition. Piloted ignition occurs when a material is heated with an ignition source present. 

The ignition source can be a small flame, a spark, an electric arc, a burning ember and so 

on. When the material is heated, it decomposes and releases mass in the form of 

pyrolyzates. Ignition then occurs when the concentration of the gases released (pyrolysis) 

exceeds the lower flammable limit in the presence of an ignition source close to the 

irradiated surface. 
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All of these correlations have one thing in common; that is, the inclusion of a 

critical heat flux, q;,.. Critical heat flux, q;,. is a theoretical lower limit for the incident 

flux necessary to create the conditions for ignition. The critical heat flux q;,. should not 

be confused with minimum heat flux, q:m.,. According to Janssens' [9] definitions, these 

two terms have the same meanings, except that q;,. is an estimate of iJ:OO derived from a 

correlation of experimental data. The q;,. is extrapolated from experimental correlation by 

making the time to ignition equal to infinity. Therefore q~ is dependent on the type of 

model used for correlating the ignition data. As a result, q;r is not the best way to 

estimate the minimum safe radiation level. The iJ.:OO is more reliable and is obtained 

experimentally from a series of decreasing flux levels until ignition does not occur, and it 

depends on the decision of the researcher as to how long the test should be run. Thus the 

minimum heat flux is somewhere between the lowest incident heat flux at which ignition 

occurred and highest incident heat flux at which ignition did not occur. The q~in should 

b . " . " . " [2] e greater than qc,. ( qmin > qc,.) · 

Note that all the specimens tested in this research are physically thermally thick. 

According to Mikkola and Wichman [lll, wood specimens with a thickness greater than 

15-20 mm may be considered as thermally thick. To say that a sample is thermally thick 

means that the unexposed surface temperature, T s, has not begun to rise. 

These correlations apply the same fundamental assumptions; that is, the material 

Is chemically inett, has constant thermophysical properties, and is opaque. Another 

common assumption is that ignition occurs when the surface temperature, Ts, reaches a 

critical value, i.e. ignition temperature, Tig· With these fundamental assumptions, the 

energy balance at the point of ignition may be expressed as follows: 

(1) 

where it has been assumed that the smface acts as a grey body. 
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Equation (1) shows the net heat conduction into the specimen due to the absorbed 

incident flux a q: , and the convective and radiative surface heat losses. 

For a thermally thick material the boundary condition at the unexposed surface is: 

- k dT = 0 for t > 0. 
dx X---+C.O 

(2) 

The initial conditions of the specimen before exposure to the incident flux are: 

T = T"" at t = 0 for x ~ 0. (3) 

In relating the critical heat flux, q ;r to the thermal properties of the material, 

when the net heat conduction into the material is zero, the following equations (4) and (5) 

can be expressed: 

or 

(4) 

(5) 

The above theoretical concept, fundamental assumptions and boundary conditions 

were developed and used by researchers in developing the time-to-ignition/irradiance 

models, as briefly discussed below. 
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3.2) Mikkola and Wicbman [l11 

Mikkola and Wichman produced a functional relationship between the ignition 

time and the applied exterior heat flux on a material's surface. They considered two 

different methods for deducing the relationship that makes it possible to correlate the 

ignition data obtained experimentally. These two methods are a linearized thermal 

ignition model and a more general integral method. Both methods give an equivalent 

form of solution for ignition time, tig, in both thermally thick and thermally thin cases. 

Like other correlations, Mikkola and Wichman's correlation is based on a simple thermal 

ignition problem, which means the gas and solid phase problems are greatly idealised or 

simplified. 

The technique enables correlation of experimental data by plotting a best-fit linear 

regression line through the ignition data, as tig-1 versus q;. One has to determine whether 

the specimen tested is thermally thick or thermally thin before applying this correlation. 

Mikkola and Wichman suggest that a specimen can be considered to be thermally thin 

and thermally thick if: 

L0 I ~atig ~ 0.4 

L 0 I ~a tig ::?:. 4.0 

for thermally thin 

for thermally thick 

(6) 

(7) 

a is the thermal diffusivity = k/pc. Using the typical values for wood, k = 0.15 

wm-1K-\ c = 1500 Jkg-1K-1 with a characteristic ignition time of 120 seconds. The above 

equations give a practical limit for thermally thin wood of 1 mm and 15-20 mm for 

thermally thick wood. 
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The solution for time to ignition, tig, solved by Mikkola and Wichman is given 

below: 

for thermally thin (8) 

for thermally thick (9) 

Note that the ignition temperature (Tig), density (p), specific heat (c), and critical 

heat flux, q:,. are determined experimentally. Ignition temperature, specific heat and 

density are very difficult to measure experimentally, especially when the specimen is 

thermally thin. Hence it is easier to calculate the product of pLoc from the equation (8) 

for thermally thin samples, by using the following expression: 

(10) 

kpc in equation (9) for thermally thick samples can be calculated using the 

equation as shown below: 

(11) 

The ignition temperature can be estimated using the obtained critical heat flux, 

q;,. and equation ( 4) with appropriate convective heat transfer coefficient, he. This 

method plots the ignition data as tig-1 versus q: for thermally thin solids, and tig -1!
2 versus 

q: for thermally thick solids. The critical heat is simply the intercept divided by the slope 

ofthe plots: 
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q;,. =Intercept I Slope (12) 

Limitations: 

The correlation can be used for both thermally thin and thermally thick wood 

samples. Thus one has to determine carefully whether the specimen is thermally thick or 

thermally thin to avoid the wrong application of this correlation. There is no precise limit 

for defining the thermally thick and thermally thin. Mikkola and Wichman defined a 

solution for thermally intermediate thickness by averaging the sample thickness, Lo and 

the characteristic conduction length. For more detailed information, one can refer to the 

paper written by Mikkola and Wichman in reference [11]. 

3.3) Tewarson [to] 

Tewarson [lO] has collected a huge amount of ignition data for his method of 

analysing the ignition time due to different levels of irradiances. In his analysis, he 

simplified the thermally thick equation (9) above. Tewarson defined a new single 

parameter named Thermal Response Parameter (TRP), which combines the ignition 

temperature, Tig and the thermal inertia, kpc, as shown in the expression below: 

(13) 

~Tig = Tig - Too, ignition temperature above ambient. TRP is determined 

experimentally from ignition results of Factory Mutual Research Corporation 

Flammability Apparatus and the cone calorimeter. This method can also be applied to 

other experimental methods. The relationship between the ignition time and the incident 

irradiance is shown in the equation (14) below. From the equation, the ignition data 

collected is plotted as tig-112 versus ( q: - q:m ). 
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(14) 

Notice that Tewarson uses iJ:OO instead of q:,. that was used in thermally thick 

equation (9). The q~in is calculated from a series of decreasing heat flux tests until the 

specimen does not ignite. TRP can be computed from the slope of the best-fit linear 

regression through the data points using equation (15) below. The best-fit line should 

pass through the origin. 

TRP- f4( l J \j; Slope 
(15) 

Time to ignition, tig can be calculated by realTanging the equation (15) above as 

expressed in the following equation (16): 

1r (TRP) 2 

t. = 
lg 4(q:-iJ.:OO) 

(16) 

Tewarson's correlation has an advantage of not requiring the surface temperature. 

This is because the measurement of surface temperature in practice is very difficult, 

although the principle of critical surface temperature is simple and easy to understand. In 

addition, there is no easy or widely accepted way of measuring surface temperature. 

Therefore from an experimental point of view, not having to measure the surface 

temperature is advantageous. 

Limitations: 

Tewarson's correlation is applied to thermally thick solids only. It is prudent for 

the engineer to check that the thickness of the material is at least as thick as the 

experimental specimen. 
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3.4) Quintiere and Harkleroad [SJ 

Quintiere and Harkleroad used a thermal conduction model to analyse and 

interpret the ignition data obtained from the Lateral Ignition and Flame spread Test 

(LIFT). This thermal conduction model is fully discussed by Kanury £61 and Simms [?J in 

ignition studies ofwood materials. Their results suggest that the surface temperature (Ts) 

under constant external radiant heat flux, q; can be given as: 

T - T = q: F(t) 
s "' h. 

lg 

(17) 

where hig = overall heat transfer coefficient accounting for both radiation and 

convection 

F(t) =a function of time and thermal properties of the solid 

Ts = Tig at ignition 

Although an exact expression can be found for F(t) under conditions of constant 

properties and a thermally thick solid, F(t) was determined empirically due to the limits 

of the thermally thick solid solution and the predominant form of their results. The 

empirical values for F(t) have been found to describe all of the ignition results from the 

LIFT apparatus successfully and are as follows: 

(18) 

b in the above equation (18) is a constant related to kpc and tm is a characteristic 

time indicative of the time taken to reach thermal equilibrium. Hence after a long time, t 

;::: tm, F(t) becomes 1. 
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The Quintiere and Harkleroad correlation plots the ignition data as q:in I q; versus 

tig112
. A best-fit linear regression line is drawn through the data points and it must pass 

through the origin. Some of the data points can be ignored, for example q~ I q; > 0.8, in 

order to obtain a reasonable fit for the majority of the data. A certain amount of 

judgement is required when doing this. The slope of the best-fit line is b, and tm is the 

intercept, where q~ I q; = 1. The minimum heat flux q~ is obtained from a series of 

decreasing flux tests until ignition does not occur. This method does not actually give the 

ignition temperature, Tig· The ignition temperature can be determined by the equation ( 4) 

above, assuming c of the incident heat flux is 1, and q;r is replaced with q~. 

(19) 

From equations (17) and (18), the time to ignition, tig can be calculated fi-om the 

following expression: 

t;g=(q~J for t:S;tm 
bqe 

(20) 

The hig can be easily obtained by rearranging equation (19) with the known Tig· 

An effective kpc value can be calculated from the following expression: 

4 hig 

kpc= 7r b 
( )

2 

(21) 

This correlation is not theoretically justified, but Quintiere and Harkleroad believe 

that it considers the effects of variable properties, which are significant for the range of 

temperatures encountered, and accounts for the heat loss effects from the back of the 

sample and the baseboard. Application of this technique has been done on LIFT 
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apparatus results only. However, there is no reason the technique cannot be used on other 

apparatus. 

In LIFT apparatus, Quintiere and Harkleroad place the specimens vertically as 

opposed to the typical horizontal setup in the cone calorimeter or ISO ignitability 

apparatus. The vertical specimens take longer to be ignited and have a higher q:,.. This is 

due to the difference in the convective boundary layer [&] or changes in the convective 

heat transfer coefficient [Z1. 

Limitations: 

This method is derived for thermally thick solids only. The ignition time must be 

less than tm. It is important to check that the thickness of the material is at least as thick as 

the experimental sample when applying this correlation. 
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3.5) Janssens 131•141 

Janssens developed a simplified thermal model for piloted ignition of wood. The 

model is applicable even if the thermal properties k and c are temperature dependent, and 

the surface heat losses are nonlinear, and s ::; 1 due to reradiation. Janssens used a 

numerical (finite difference) technique to develop a functional relationship. Using 

experimental data from a series of ignition tests on wood products, the functional form of 

Janssens' correlation is found to be: 

(22) 

The above equation (22) can also be expressed in a non-dimensional form 141 . 

Janssens' correlation plots the data as (tig)"0
'
547 versus q;. The critical heat flux in the 

equation above can be obtained from equation (12), which is the same as Mikkola and 

Wichman's correlation. The kpc can be calculated using the following relationship 

derived :from equation (22) above. 

kp c = h 2 (0 73 x slone x q·" )-1.s3 
1g • r cr (23) 

The hig is calculated using the following relationship: 

h. = 8 q~r 
'g (T -T) 

lg U) 

(24) 



35 

Tig in the above equation (24) can be measured experimentally or from equation 

(4) above with known q;r. Wesson [l
2J measured absorptivity for a large number of wood 

species at ambient temperature, Tao. He found the value for 0 = 0.76. However, as wood is 

heated, its surface darkens and emissivity, 0, is close to 1 just prior to ignition. Hence 

Janssens suggested that 8 = 0.88, an average value, be used as typical for wood. Equation 

(22) can be rearranged to get a solution for ignition time, tig: 

[ ][ 
" ]-1.83 kpc qe 

tig = 0.563 -2- -.-.. -1 
htg qcr 

(25) 

Limitations: 

The greatest limitation of this method is it applies only to thermally thick wood 

samples. Therefore one has to carefully check that the specimen is thermally thick. The 

0.547 power and 0.73 in equation (22) were determined using a numerical model of 

ignition experimental data of cellulosic material and has not been verified for other 

materials. 
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3.6) Toal, Silcock and Shields llJ,[lJ,[3l 

This correlation was originally developed by Smith and Green [31, who defined the 

flux-time product, FTP as follows: 

f;g 

FTP = L(ci: -q;r)~/1t (26) 
0 

The FTP can be assumed to be the excess absorbed energy up to the point of 

ignition of a combustible specimen. If the exterior flux, q; is constant, the above 

equation can be simplified to: 

(27) 

The original FTP concept is to predict the time to ignition within a thermally 

closed system; that is, the OSU apparatus. Toal, Silcock and Shields recommended that 

the Flux Time Product, FTP be extended to accommodate the ignition time data obtained 

from the cone calorimeter and the ISO ignitibilty cone apparatus. In equation (27) above, 

n is flux time product index. Notice that if n = 1, equation (27) is equivalent to the 

thermally thin equation (8), where FTP1 = pL0c(Tig -Too) and similarly if n = 2, equation 

(27) is equivalent to the thermally thick equation (9), where FTP2 = (n:/4)kpc(Tig -Toof 

Again when n = 1.83, equation (27) compares well with Janssens' equation (25). 



37 

The correlation determines the FTP by plotting q; versus (tigyvn using the 

rearranged form of equation (27): 

·" ·" FTP
11

" 
qe = qcr + f!ln 

Jg 

(28) 

The value n is found by trial and error to get a best-fit line through the ignition 

data points, typically 1 s n s 2. The intercept of the plot q; versus (ty11
n is the critical 

heat flux, q;,. The slope of the line is FTP 11
n. 

Limitations: 

It is important to bear in mind that the power n in equations (27) and (28) is 

dependent on the thickness of the tested specimen. Therefore, before the application of 

this correlation, it is essential to make sure that the specimen thickness to be modelled is 

consistent with the data being applied in the correlation. 

3. 7) Delichatsios, Panagiotou and Kiley (tJJ 

Delichatsios, Panagiotou and Kiley have developed approximate solutions for 

interpreting time to ignition data, based on asymptotic analysis. The approximate 

solutions were compared with detailed surface temperature histories and the exact 

solutions, as well as with the experimental data. In their experiments, they adopt a 

procedure for covering the exposed surface of a specimen with a thin layer (50 j.lm) of 

carbon black. This is to ensure that all the incident heat is absorbed by the tested 

specimens by suppressing the effects of the spectral characteristics of the source and/ or 

the material. Another purpose of doing this is to make sure that all the heat is absorbed at 

the surface by conduction, not by in-depth radiation absorption. Therefore this method 

accurately accounts for the heat losses, especially surface reradiation, that may affect the 
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thermal response of a material when exposed to an external heat flux, q; . Compared to 

the above correlations, the researchers have assumed that: 

(a) the heat losses can be represented by a linearized convection te1m [41' [51, 

(b) they used a general integral model to treat the reradiation losses (i.e. non-linear heat 

losses) [llJ or 

(c) they used a numerical (finite difference) solutions to account for the reradiation losses 
[4] 

Delichatsios, Panagiotou and Kiley suggest that when the incident heat flux is 

high, about three times greater than the critical heat flux, i.e. q; > 3.0 q:r, the relationship 

between ignition time, tig and incident irradiance, q; , is: 

(28) 

where, (29) 

For low incident heat flux where the imposed heat flux is close to the critical heat 

flux, i.e. q; < 1.1 q:ro then: 

(30) 
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It is notable that the critical heat flux in equation (29) does not consider 

convective heat irradiance. The reason is that convective heat fluxes are negligible 

compared to the radiative heat fluxes. The above expressions (28) and (30) can also be 

expressed in a dimensionless form [131. The details on how the above equations (28) and 

(30) are obtained and compared with the exact solutions are published elsewhere [131
. This 

technique plots the ignition data as f 112 versus q;. This should not be confused with the 

plot given by Mikkola and Wichmans' correlation [llJ, which plots the same ordinate and 

abscissa. 

The critical irradiance, iL can be determined either by equation (29) or by 

(q;)in1 = 0.64q:r from equation (28). The (q:)in1 is the intercept with the abscissa. One 

can get the thermal inertia, kpc, from the slope of the best-fit regression line as below: 

(31) 

Limitation: 

This method of correlating the ignition data is applicable only to thermally thick 

materials and it is used on experiments with carbon-covered material only. As a result, 

the method involves some experimental uncertainties such as surface absorptivity, in

depth radiation losses, and so on. Experiments with both carbon-covered and carbon-free 

materials should be carried out to evaluate these effects. 
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3.8) M.J. Spearpoint and Quintiere llSJ 

Spearpoint and Quintiere [151 examined an integral model initially developed by 

Quintiere [161
. The integral model is a one-dimensional model for charring materials. With 

the fundamental assumptions and boundary conditions as discussed in section 3. 1, 

Spearpoint and Quintiere [151 derived a dimensionless parameter ~' which is a ratio of the 

magnitude of radiation and convective losses to the incident flux, q; . 

(32) 

From equation (4) where s = 1.0 at ignition, ~ig can be expressed as the critical 

heat flux divided by the incident heat flux: 

(33) 

They obtained a relationship between the ignition time, tig and the external heat 

flux, q; which is shown in equation (34). 

(34) 

(35) 



When the incident heat flux is large, q: » q~,., f3ig approaches zero. Hence equation 

(34) becomes: 

(36) 

Equation (36) is comparable with the relationship developed by Mikkola and 

Wichman [111 as expressed in equation (9). As in Mikkola and Wichmans [111, and in 

Delichatsios, Panagiotou and Kiley [Bl, this correlation plots the (tig)"112 against q; . The 

critical heat flux can be obtained by using the intercept along the x-axis of a linear 

extrapolation of the high heat flux plot (tig)"112 versus q: from equation (36). This is 

exactly the same method used by Mikkola and Wichman's correlation to determine the 

q~,., except this intercept value needs to be modified by a constant factor of 0. 76 to obtain 

an estimate of the critical heat flux that is consistent with the integral model. Such value a 

(0.76) is different from that used by Delichatsios, Panagiotou and Kiley [151
, which is 

0.64. Therefore both the Delichatsios et al.[131
, and Spearpoint et al.[151 correlation have a 

critical heat flux higher than Mikkola and Wichman's [lllcorrelation. 

(37) 

kpc=]___[_l_]

2 

2 slope (T,g - Too ) 
(38) 

Thermal inertia is calculated from the slope of the linear best-fit regression line of 

the plot, as shown in equation (38). The ignition temperature, Tig, can be measured 

experimentally or calculated from equation ( 4): q~r = u (T,; - T:,) +he (T,g - T<J)), with an 

appropriate value for convective heat transfer coefficient, he. Spearpoint and Quintiere [151 

used a value of 18 W/m2K for he. The details of the development and derivations of these 

equations (32) to (36) are published elsewhere [Is]. 
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Limitation: 

This technique of correlating the ignition data is limited to the use of thermally 

thick materials only. It gives a very good match with the experimental data at high 

incident fluxes(> 20 kW/m2
), but not at low heat fluxes. 

The following table shows the summary of how all the above correlations plot 

their ignition data. All the correlations have one thing in common, that is, they all require 

a best-fit linear regression line to be drawn through the ignition data obtained 

experimentally. 

Correlation x- ax1s y- ax1s Application 

1) Mikkola & WichmanL111 ·" -1/2 Thermally qe fig 

thick & thin 

2) Tewarson LlUJ ·" ·" -1/2 Thermally thick qe - qmin fig 

3) Quintiere & Harkleroad P 1 t. 1/2 
lg 

·" I . " qmin qe Thermally thick 

4) Janssens PM4J ·" f. -0.547 Thermally thick qe tg 

5) Toal, Silcock & Shields LlJ,LZJ,LJJ f. -lin ·" Thermally 
tg qe 

thick & thin 

6) Delichatsios, Panagiotou & Kiley LUJ ·" -112 Thermally thick qe fig 

7) Spearpoint & Quintiere [lSJ ·" -1/2 Thermally thick qe fig 

Table 3.1: Summary of the correlations' plots 
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CHAPTER 4: DATA ANALYSIS 

4.1) Calibration of the Cone Element 

The heat flux released by the cone heater was calibrated to obtain a relationship 

between the temperature of the cone element and the level of irradiance released at the 

surface of the heat flux gauge. The level of heat flux is measured in tetms of voltage 

(m V) by radiometer. By using the conversion factor supplied by the manufacturer of the 

cone heater, the proposed level of incident heat flux (kW/m2
) can be determined. 

According to the calibration scale of the manufacturer, 1 kW/m2 
= 0.187 mV. The 

following calibration curve of the cone heater allows one to know directly the 

temperature that the cone heater is set at to obtain the required level of incident heat flux 

during the test. 

Calibration curve 
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Figure 4.1: Calibration Curve of the Cone heater 
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Two calibrations were done: one on 5 December 2000 and one on 20 December 

2000. The values of the temperature were out of the repeatable limit of ±5 oc after a 

period of 15 days. According to figure 4.1 above, one can notice that the variation of the 

temperature is greatest within the region of 15 kW/m2 to 35 kW/m2
. Comparison of the 

calibrations done on 5 December and 20 December showed an average drop of about 2 

%. There are a number of possible reasons for this. 

The first possibility may relate to the position of the highest temperature point. 

The highest temperature point should be at the centre of the exposed area (circle) of the 

specimen. During the calibration process on 20 December, the highest temperature point 

was found to have fallen to the region in front of the centre point. Therefore the 

calibration scale obtained on 20 December was based on this greatest point, not on the 

midpoint of the radiator cone. 

In fact the determination of the midpoint of the cone heater is very difficult. Using 

only the eyes to make adjustments, one can get different positions every time when 

locating the radiometer at the centre of the heater. 

If there is nothing wrong with the cone heater and the temperature (irradiance) 

distribution, the radiometer may give the wrong readings. The backing board used to 

place the radiometer will affect the readings taken by the radiometer. The insulation 

properties of the backing board are questionable. 

Fortunately the variation between the two calibration scales is small, only 2 %. 

Therefore such small variation is unlikely to affect the results greatly for this research. 
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4.2) Calibration of Density and Moisture Content 

Only the dried density, Pd of the wood was recorded in tllis research. This is the 

density of the wood dried during the conditioning period. The dried density, Pd was 

calculated using the measured weight of the specimen after being dried in the 

conditioning room, W d and the volume of the specimen, V: 

(39) 

The dried density for each sample was calculated to obtain an average dried 

density, Pavg for each wood species. 

The evaluation of the moisture content was based on the weight of the specimens. 

Three different moisture contents were evaluated. They are: 

Xinitial = initial moisture content in the species before conditioning 

X1oss = loss of moisture content in the species during conditioning 

Xfinal = final moisture content after being dried in the conditioning room 

The following equations were used to determine the above moisture content for 

each sample. As before, the average moisture content for each wood species was 

considered for comparison. 

X W -Wad 
initial- W 

od 

W-W X - d 
loss- W 

d 

(40) 

(41) 
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x.final = xinital - x/oss (42) 

where w = initial weight of the specimen before conditioning 

W d = weight of the specimen after being dried in conditioning room 

W od = weight of the specimen after being oven-dried 

4.3) Determination of Thermal Properties 

The thermal properties of a material are often referred to as the thermal 

conductivity, k; density, p; and the specific heat, c. These values are very difficult to be 

measured during the test. Therefore in ignition experiments, the product kpc, called 

thermal inertia, is typically reported as a single quantity instead of the single values for k, 

p and c. 

Among the seven correlations, five of them can be used to calculate the thermal 

inertia, kpc directly. The five correlations are: 

1) Mikkola and Wichman - see equation (II) 

2) Quintiere and Harkleroad- see equation (21) 

3) Janssens - see equation (23) 

4) Delichatsios, Panagiotou and Kiley- see equation (31) 

5) Spearpoint and Quintiere- see equation (38) 

Tewarson also measured the thermal inertia, kpc, indirectly by calculating the 

TRP, a parameter that combines the ignition temperature above ambient, ~Tig and the 

thermal inertia, kpc, (see equation (13)). 
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4.4) Determine tbe Ignition Temperature 

The ignition temperature, Tig, is determined by using equation (4), assuming the 

emissivity, e = 1 and the obtained critical heat flux, q;r. Most of the variables are easily 

known except the convective heat transfer coefficient, he. It is important to choose an 

appropriate value for the he. The he can vary depending on the geometry of the surface, 

the nature of the flow and the thickness of the boundary layer. Convective heat transfer 

calculations usually involve the heat transfer between the surface of a solid and a 

surrounding fluid, which either heats or cools the solid material. Therefore it actually 

changes with time as the temperature of the surrounding fluid varies with time. Since a 

single he could not be derived, most researchers used an average value of he in their 

calculations. 

From the literature, the reported he used by the researchers are between 11 

W/m2K to 18 W/m2K. For example, Mike Spearpoint [151 used he = 18 W/m2K in his 

research in estimating the ignition temperature, Tig· Quintiere and Harkleroad [SJ used he = 

15 W/m2K, which is characteristic of the natural convection for the LIFT apparatus. 

Silcock and Shields [31 recommended a value of 11 W/m2K for the he. Janssens [181 used a 

value of 13.5 kW/m2K for he, representative of the Cone Calorimeter in the vertical 

orientation. 

However, in this research, the he was evaluated by the methodology found in 

reference [17] written by Atreya. For a horizontal surface, the following general-purpose 

correlation is considered valid (see table 1-3.4 in reference [17]): 

7t.T 114 
1vlf L = 0.54RaL , 

gf3(1';g - Tw )L3 

Ra L = G1L Pr = ---=------
va 

(43) 

(44) 
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where RaL = Rayleigh number 

GrL = Grashof number 

NuL = Nusselt number 

Pr = Prandtl number 
L = characteristic length 

~ = 1/Tig 

Viscosity (v) and a are the thermophysical constants of air at atmospheric 

pressure at hot gas temperature, Tr, which can be found in Table 1-3.5 in reference [17] 

as well. The Tr is defined as: 

(45) 

L is the characteristic length equal to the surface area, As divided by the perimeter 

of the exposed area of the sample, P, to the incident heat flux. In this case, the exposed 

area, As is the area of a circle with a diameter of 140 mm. The next issue arising is the 

value of the Tig· The Tig is assumed to be 370 °C, although each species may have 

different Tig· Figure 4.2 shows the values of he over the different ignition temperature 

values. According to the figure, the sensitivity of the he values is rather low in relation to 

the change in Tig, especially when the Tig is over 300 °C. Therefore at Tig = 370 °C, the he 

= 12.2 W/m2K. This value is reasonable, since it is within the range of values in the 

reported literature. Notice that Shields, Silcock and Murray [2l also used the same 

methodology from reference [17] to obtain the values for he as a comparison between the 

vertical and horizontal orientations ofthe samples. 
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Sensitivity of he value to the change of T s 
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Figure 4.2: Sensitivity of he to the change in Tig 

4.5) Conditioning of the Samples and Baseboards 

The specimens were conditioned as required by the Standards for two weeks to 

reach constant mass. In this research, the samples are said to reach constant mass when 

the mass loss rates of the samples are less than 1 g/day. Therefore the mass of the 

samples was measured to observe the mass loss rate during the conditioning period. From 

the mass loss rate observation, the thick samples reached constant mass after 21 days. To 

ensure the samples had really reached equilibrium condition, an extra 7-day period was 

allowed before the tests were canied out. The thin samples took a shorter petiod to reach 

the condition of constant mass: about 10 days. Again, for safety, the samples were 

conditioned for further 7-day period. 
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4.6) Determine the Repeatability and Reproducibility 

Repeatability, r and reproducibility, R were determined by the method described 

in BS 5497 Part 1: 1987 [201
, which is identical to ISO 5725-1986. Repeatability is 

defined as the closeness of agreement between mutually independent test results obtained 

using the same method on identical test material in the same lab by the same operator 

using the same equipment within short intervals of time. Reproducibility is the closeness 

of agreement between test results using the same method on identical material in different 

laboratories with different operators using different equipment. 

The absolute difference, .1., between the extreme values and the mean values was 

calculated for each wood species at each level of irradiance. This is shown in Tables J1 to 

J11 in Appendix J. This .1. parameter is expressed as a percentage (%) and is also a 

measure of the repeatability, r. The followings are the equations to calculate the absolute 

difference, .1.: 

t. -m 
Ll = Jg max 100°1 
~ X ;o (46) 

m 

m-t . . 
,1./ow = Jgmm X 100% (47) 

m 

where, .1.up = absolute difference between maximum tig and mean tig 

= absolute difference between minimum tig and mean tig 

= minimum tig of the five tested specimens at certain irradiance 

level 

tig max = maximum tig of the five tested specimens at certain irradiance 

level 

m = mean tig of the five specimens at certain irradiance level 
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Originally this research will only able to study the repeatability, r, of the samples, 

but as explained above, the problem of air draught over the surface of the tested 40-mm 

samples was found to be relatively large in the later stage of this research. Therefore there 

are two sets of experimental data here (see Table I1 in Appendix I); one obtained in the 

presence of air draught and one obtained without the air draught problem due to the cage. 

The former was done on the 40-mm sample with levels of irradiance between 20 kW/m2 

to 40kW/m2 and based on the calibration scale on 5 December 2000. However, the latter 

was done on the 40-mm samples below 20 kW/m2 and on all the 20-mm woods based on 

the calibration curve on 20 December 2000. Therefore, the differences between the two 

sets of results are the calibration scales and the environmental conditions on the surface 

of the specimen. 

In order to calculate the reproducibility, R, of the woods, the 40-mm mdf were 

retested based on the calibration scale done on 20 December 2000 and with the cage on to 

ensure a quiescent condition. This set of mdf data is called lab 1 and the previously 

obtained 40-mm mdf test results based on calibration scale done on 5 December 2000 is 

called lab 2 in calculating the R. 

The following are the series of equations used to get the r and R for the mdf 

(between lab 1 and lab 2). The two experiments are considered as uniform level 

experiments. 

(48) 

(49) 
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= number of replicates at each level of irradiance 

= number of laboratories 

=any one ofthe results (ignition time, tig) 

= average ignition times of the n replicates 

= intra-cell standard deviation 

= repeatability variance 

= between-lab variance 

= reproducibility variance 
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Repeatability, r, and reproducibility, R, are defined according to BS 5497 as: 

r = 2.8j;f (54) 

R=2.8.{sf (55) 

The details of the r and R calculations are shown in Tables J12 to J20 in Appendix 

J. Note that one should refer to the BS 5497 Part 1: 1987 for further or greater 

understandings of the method of calculating the r and R values. By calculating the 

repeatability and reproducibility using the above method and equations, the closeness of 

agreement between test results can be known, and hence the accuracy of the test results. 
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CHAPTER 5: RESULTS AND DISCUSSION 

5.1) Density and Moisture Content 

The measured average density and moisture content for each species of wood are 

shown in Table 5.1 and Table 5.2 below. 

density X initial (%) Xtinat(%) 

mdf 727 8.4 8.5 
Beech 661 14.5 12.4 
Rimu 593 15.1 12.3 

Macro carp a 550 18.2 12.1 
Radiata Pine 524 14.4 12.3 

Plywood 507 10.6 10.5 
Table 5.1: Density and MOisture Content of the 40-mm sam11les 

~ "~ 

. ~density Xinitial (%) X final(%) . . '~ 

mdf 727 8.4 8.5 
Beech 586 13.5 12.6 
Rimu 568 14.8 13.4 

Macro carp a 517 13.5 11.6 
Plywood 507 10.6 10.5 

Radiata Pine 454 11.9 11.4 
Table 5.2: Density and Moisture Content of the 20-mm samples 

From the above tables, both the 40-mm and 20-mm samples have the mdf as the 

highest density wood product, with p = 727 kg/m3
. The only difference in terms of 

density is that Plywood and Radiata Pine are the lowest density wood among the 40-mm 

and 20-mm samples respectively. The Plywood and the mdf have the same density values 

for both the 20-mm and the 40-mm specimens. This is because the 40-mm mdf and 

Plywood samples used in this research consisted of two 20-mm samples of mdf and 

Plywood. Therefore the mdf and Plywood used in each cases were actually originated 

from the same manufacturer. 
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Comparison between the thin and thick samples for species Beech, Rimu, 

Macrocarpa and Radiata Pine, showed that the thick samples had a density greater than 

the thin ones. 

The 40-mm Macrocarpa samples have the highest initial moisture content, Xinitiat 

of 18.2 %. Its final moisture content is not the highest, which indicates it suffered the 

greatest moisture loss during the conditioning period. The final moisture content, Xfinal of 

Beech, Radiata Pine, Rimu and Macrocarpa are very close (about 12 %). For mdf and 

Plywood, there is a slight difference between their initial and final moisture content. In 

fact, mdfhad gained a small amount of moisture content (0.1 %) during the conditioning, 

and Plywood only lost 0.1 % moisture content. This effect reveals a uniform moisture 

content in the manufactured wood products and a low influence of the surrounding 

atmosphere conditions on these wood products. 

The 20-mm Rimu samples had the greatest moisture content in both initial and 

final moisture content, 14.8% and 13.4% respectively. Macrocarpa, Beech and Radiata 

Pine have very close final moisture content. Similar to the 40-mm samples, the moisture 

lost in 20-mm Macrocarpa is the greatest. The final moisture content in mdf and Plywood 

is 8.5 % and 10.5 %respectively. The mdf has the lowest moisture content although its 

density is the highest among the wood species. 

From both tables above, the moisture content of the wood species is within 8 % to 

13 %. In general, the thin samples lost less moisture than the thick ones. This is why the 

thin samples took a shorter conditioning period to reach constant mass than the thick 

samples. One may find that the repotted wood density in the literature varies quite 

significantly from the above results. This is because the density of wood varies 

significantly between species. It also varies between trees of the same species and even 

within individual trees. 
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5.2) Observation during Test 

There were several impmtant observations during the tests. The first, most 

obvious observation is the charring of the tested samples. The formation of a char layer 

will affect the ignition of a material. The pyrolysis of charring wood is a complex 

interplay of chemistry, heat and mass transfer. When wood chars, the surface shrinks and 

hence loses its composition, leaving a variable amount of residue when it bums. 

According to Mikkola and Wichman [1ll, once a char layer of the order of 1-mm thickness 

forms, ignition no longer occurs. However, this study does not show this: that is, the once 

the char layer exceeded 1-mm thickness, the ignition still occurred. 

Often when the incident heat fluxes were high (30-40 kW/m2
) or low ( < 13 

kW/m2
), the specimens became lightly charred. This is because at high heat fluxes, the 

specimens were ignited very quickly before the samples had a chance to char further. At 

low heat fluxes, the produced incident heat on the surface of the samples was too low to 

char the specimens and there were no ignitions. The specimens were charred severely 

when the incident heat fluxes approached the minimum heat flux, q~ , which is around 

15 kW/m2
. 

Cracks were observed on some of the samples. These samples had either the tiny 

invisible internal or external defects (or cracks) that were further developed when 

exposed to the heat. The cracks can be grouped into two types: long, lateral and wide; and 

another short, tiny and numerous. The long, lateral and wide cracks were observed mostly 

on Rimu, whereas Plywood had short, thin and numerous cracks. 

Flashing always occurred near the ignition time, tig· Flashing is the flame that 

goes off within 10 seconds. Therefore it cannot be considered as an ignition, because the 

Standards defined the ignition as a continuous flame that stayed for more than 10 

seconds. This phenomenon increased the difficulty of recording the ignition time, tig· 

Therefore it is important for the researcher to decide whether an ignition has occurred or 
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not. Basically this is not difficult once the researcher has become experienced, as the 

flashing goes off very quickly. 

Some of the samples also had moisture (sap) loss through the specimens' 

surfaces. Moisture (sap) was found to evaporate at the surface of the specimen during the 

tests. Such an observation was common when the samples had natural defects and cracks. 

This released moisture accelerates the ignition of the specimen. Therefore the specimens 

selected must be in reasonably flat and with evenly distributed surface irregularities, as 

specified by the Standards. 

The thick and thin samples behaved quite differently when they were burned. The 

thin samples were easier and quicker to be heated up than the thick samples. Heat takes 

more time to travel through thick specimens. Therefore the baseboards in the 20-mm 

wood tests felt warm at high heat fluxes, when the ignition time, tig was short. The most 

significant difference between the two different thicknesses of samples tested is the 

bending of the thin samples when heated. With the formation of the char layer on the top 

of the specimens, the upper surface of the specimen will shrink. This induces a tensile 

force in the bottom portion of the specimen and causes the specimen to become concave. 



58 

5.3) Goodness of Best-Fit Line 

Graphical presentations of the ignition data plotted by the seven correlations are 

shown in Appendix C to Appendix H. Generally, the plotted experimental results have a 

very good linear best-fit line, with R2 greater than 0.96. The Tewarson's method has an 

R2 value of 0.74 to 0.89 except for mdf. The ignition data of the mdf is very poorly 

con·elated by using this method, in which the R2 value is about 0.50 for 20-mm and 40-

mm samples. Such a poor correlation is due to the requirement that the plotted linear 

regression line should pass through the origin. For example, the following Figure 5.1 

shows the ignition data of mdf plotted by Tewarson's method. One can see clearly that 

the R2 values for 20-mm and 40-mm samples are 0.53 and 0.49 respectively. The first 3 

data points, at ( q_; - if".nm) equals to 0, 5 and 10, are very poor correlated as the best-fit 

line was drawn to pass through the origin. 
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Figure 5.1: Ignition data of m<lf plotted by Tewarson (same as Figure E2 in AtlJlendix E) 
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The Quintiere and Harkleroad method has the worst correlation with the ignition 

data. The reason is that in this correlation, ignition data must be plotted to pass through 

the origin. The variation of the ignition time between the high values of q;~in I q; (> 0.8) 

and low values of q~n I q; is so large that one is forced to ignore the values at high 

q:in I q;. (See Figures C3, D3, E3, F3, G3 and H3). For this reason, the values of 

q:in I q; > 0.8 were ignored for Beech, mdf and Plywood. For Macrocarpa, Radiata Pine 

and Rimu, the ignition times (tig '12
) at q~n I q: > 0.6 were ignored to obtain a reasonably 

well-fit line. Figure 5.2 below, is a good example of a poorly correlated ignition data of 

Rimu by Quintiere and Harkleroad. All the values of q:in I q; > 0.6 were ignored. One 

can see that the data points ( q~ I q; > 0.6) are so far from the 2 linear best-fit lines. 
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Figure 5.2: Ignition data of Rimu I>lottcd by Quintiere and Harkleroad (same as Figure G3) 
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From the graphs plotted in Appendix C to H, the error bar (the difference 

between the extreme values) is very large at high levels ofirradiances. Figure 5.3 shows a 

good example of this phenomena, the rest are shown in Appendix C to H. From Figure 

5. 3, the error bar at high heat flux ( 40 kW /m2
) is large, and getting smaller and smaller as 

heat flux becomes lower. This indicates the inaccuracy of the ignition times, tig recorded. 

Although the variance of tig at high heat fluxes is small, such a small difference will 

produce a big percentage difference in terms of accuracy, especially when the tig is very 

small. However, at low levels of irradiances, this effect will not affect the results 

significantly. At low heat fluxes, ignition times are very sensitive to minor changes in 

environmental conditions such as airflow over the sample, and the development of a char 

layer at the surface. Ifthe char layer formed is too deep, ignition hardly occurred. 
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Figure 5.3: Ignition data of Beech plotted by Janssens (same as Figure D4) 
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It is surprising to see that both the 20-mm and 40-mm samples have a very similar 

intercept value of incident heat flux, (q;)int. This is clearly shown in Figure 5.3 above, 

that the 20-mm and 40-mm best-fit lines have vety close x-intercept values ( (q; )int ). This 

is also clearly shown in the graphs plotted by correlations: Mikkola and Wichman; 

Janssens; Toal et al.; Delichatsios et al.; and Spearpoint et al. 

According to all the plots, the linear regression best-fit lines drawn through the 

20-mm sample ignition data have a higher gradient than the 40-mm ones. Almost all the 

40-mm ignition data is better correlated than the 20-mm samples, especially for the 

correlations which are applicable to the thermally thick solids only, as these simple 

thermal models are derived for thermally thick solids. Although the Quintiere and 

Harkleroad correlation is only applicable to the thermally thick solids only, it plotted a 

better correlation of the 20-mm samples. This is clearly shown in Figure 5.2 above, 

where the 20-mm best-fit line is better correlated (greater R2 values) than the 40-mm line. 
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5.4) Thermally Thin or Thermally Thick Behaviour? 

From the ignition data plotted by Delichatsios et al.; Spearpoint et al.; Janssens; 

and Tewarson, all the tested wood species have relatively good thermally thick 

behaviour. The reason the Quintiere and Harkleroad (QH) method does not give a good 

correlation from the experimental data has been explained, but from Figure E3, it is 

apparent that the mdf has a very good linear relationship plotted by QH method for both 

thicknesses (R2 > 0.98). Mikkola and Wichman's method is applicable to both thermally 

thin and thick solids; they also say that all the timbers behave as thermally thick solids, as 

the data is better correlated when the power index, n = 2. Therefore, the limit for 

thermally thick wood of 15-20 mm recommended by them is reasonable. 

The correlation by Toal, Silcock and Shields is usable for thermally thin, thick 

and intermediate solids, depending on the n values. Such a correlation showed that some 

20-mm samples exhibit thermally intermediate behaviour; that is, the n is around 1.5. 

These samples include Macrocarpa (n = 1.58), Radiata Pine (n = 1.63) and Beech (n = 

1.65). Plywood and Rimu behave as thermally thick for both 40-mm and 20-mm samples 

with n = 1.9 and n = 2 respectively. The Plywood reported in Mikkola and Wichman's 

paper [llJ had a thermally thin behaviour although it was physically thick. This is because 

of the glue between laminae. Shields, Silcock and Mmray [ZJ also tested Plywood but they 

did not get similar result. This might be because of the different ways of manufacturing 

Plywood and the nature of the Plywood itself. 

Attempts to correlate the 40-mm mdf ignition data with the thermally thick 

formula ofToal, Silcock and Shields failed completely. The best correlation, found at n = 

1.2, indicates the 40-mm samples behave as thermally thin. The problem arises when the 

20-mm mdf behave vice versa, with n = 1.7. This may be related to the change of 

environmental conditions of the fume cupboard during the early stage of this research 

when the ISO ignitability apparatus was not put in a specially designed cage to avoid the 

airflow draughts affecting the occurrence of ignition. The apparatus was just set in the 

fume cupboard with the extraction fan on. Although the test environment in the fume 
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cupboard was checked before the tests, the air velocity in the cupboard was later found to 

exceed 0.02 m/s. The main contributor to this high velocity was the fan, located inside 

and on top ofthe cupboard. 

Therefore the ignition tests on the 40-mm mdf samples were redone. Figure E7, in 

Appendix E, shows the results of the repeated test. The correlation improved by using a 

thermally intermediate formula, with n = 1. 5. This is still not a satisfactory result and the 

reason for this is unknown, but such result leads to another important discovery; that is, 

how the testing environment affects the ignition result. This is discussed in section 5. 7 in 

this report in terms of repeatability and reproducibility. The calculations and results 

obtained by all the correlations for the mdf come from this repetition of the ignition test. 
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5.5) Ignition Temperature and Thermal Inertia 

The ignition temperature, Tig, for each species is shown in Tables B 1 to B 14 in 

Appendix B. As stated before, the Tig was calculated theoretically by using equation ( 4) 

and the selected convective heat transfer coefficient, he rather than measured 

experimentally. Note that from the calculated Tig, the values differ widely between the 

correlations. 

The ranges of the ignition temperature, Tig, of the wood (both the thin and thick 

samples) are shown in the following table. Tewarson's correlation does not require 

calculation of the ignition temperature. 

T1g{ deg C) range . ' 

: 

'"~"-~~-;';. .·r _ .... _ ••. ,. - ;_-

-~·'40•1llrtl 2onun . - -~ 

· .. ' 
Macrocarpa 362(MW)- 468(DPK) 36l(MW)- 466 (DPK) 

Beech 327 (MW)- 423(DPK) 335(MW)- 433(DPK) 
mdf 197(MW)- 389(QH) 202(MW)- 389(QH) 

Radiata Pine 281(MW)- 376(QH) 275(MW)- 389(QH) 
Rimu 275(MW)- 376(QH) 269(MW)- 376(QH) 

Plywood 245(MW)- 362(QH) 262(MW)- 362(QH) 
Table 5.3: The ranges of ignition temperature, T;g, of each wood 

Note: 

MW =Mikkola and Wichman 

DPK = Delichatsios, Panagiotou and Kiley 

QH = Quintiere and Harkleroad 

The above Table 5.3 shows the order of the ignition temperature from the highest 

to the lowest generally. Macrocarpa has the highest ignition temperature and Plywood 

has the lowest. Such results give a good agreement with the minimum heat flux, i/min , as 

the wood species in the above Table 5.3, are arranged in order from the highest to the 

lowest minimum heat flux. The minimum irradiance is directly proportional to the 

ignition temperature. 
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It is worth noticing that the Mikkola and Wichman technique always gives the 

lowest estimate of Tig· The reason is that the Tig is proportional to the critical heat flux, 

q;,.. Therefore, the low values of Tig are due to the low values of q;,. estimated by this 

method. The technique by Delichatsios et al. has the highest ranking of Tig for 

Macrocarpa and Beech. The reason is the same; that is, the (L obtained by this method is 

greater than other correlations. However, Quintiere and Harkleroad's correlation gives 

the greatest values of Tig for the remaining wood. This is because, unlike the other 

correlations, the estimate of Tig of this correlation is based on the minimum heat flux, 

q:U, instead of q;r (see equation (19)) and the q:U, always greater than the q:r. 

Therefore, one can conclude that Mikkola and Wichman's correlation has a tendency to 

under-predict the ignition temperature, Tig, whereas the Quintiere et al. correlation and 

Delichatsios et al. correlation have a tendency to over-predict the Tig· 

According to Tables Bl to B14, the values ofthe evaluated Tig for 20-mm and 40-

mm samples in the same correlation are very close to each other. This is also happened 

for all other values, such as q:r, iJ:OO , kpc, TRP, FTP, and b. 
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The values of thermal inertia, kpc, are also shown in Tables B 1 to B 14 in 

Appendix B of this report. In section 4.3, it has been explained that only five of the 

Ignition time!Irradiance correlations estimate the kpc. Table 5.4 below gives the same 

type of information for the thermal inertia as given by Table 5.3 above. 

' kp c (kW/m2Kis ·>j 
~; ~;;· ; ;~·(:i~;; [: '§ ·:•;"-····.-e-·c 

:c"cj'~;-·c •,•, '40 ''' ' 
•!'c"-·J-, ----' . .. nun_ " - -. c,- •'• ",2omm. 

,c, •••• -, •• ·.···,··· 

Macrocarpa 0.331(J)- 0.784, 4.435 (DPK) 0.241(J)- 0.555, 6.005(DPK) 
Beech 0.461(J)- 0.974, 2.935(DPK) 0.340(J)- 0.700, 4.060(DPK) 
mdf 0.551(DPK)- 2.550, 3.100(MW) 0.664(DPK)- 2.143, 2.652(MW) 

Radiata Pine 0.573(J)- 0.810, 2.135(DPK) 0.479(J)- 0.725, 2.386(DPK) 
Rimu 0.870(J)- 1.342, 1.436(QH) 0.670(J)- 1.016, 1.698(DPK) 

Plywood 0.938(J) - 2.271, 1.500(MW) 0.596(J)- 0.918, 1.350(DPK) 
Table 5.4: The ranges of thermal ineliia, kpc, of each wood 

Note: 

J =Janssens 

MW =Mikkola and Wichman 

DPK = Delichatsios, Panagiotou and Kiley 

QH = Quintiere and Harkleroad 

The first numbers in the columns in the above table are the ranges of the four 

lowest kpc values for each species. The second number is the single value of the greatest 

kpc. From the results, it is obvious that the values of kpc are very messy and do not 

follow any particular orderly trend. The degree of variation is very large for all the wood 

specimens. Unlike the ignition temperature, Tig, the kpc is influenced by several factors 

instead of one factor only, which is the critical heat flux in the case of Tig determination. 

The kpc depends on the gradient of the best-fit line, the hig, the Tig and so on, depending 

on the type of the model. 

Janssens always give the lowest kpc among the correlations. In estimating the 

highest values of kpc, Mikkola and Wichman's; Quintiere and Harkleroad's; and 

Delichatsios et al.' s were important. 
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The thermal inertia, kpc, of Rimu, mdf and Plywood calculated by all the 

correlations, except that of Delichatsios et al. cotrelation, have the greatest kpc values, 

whereas the thermal inertia of Macrocarpa calculated by most conelations except that 

Delichatsios et al. correlation, have the lowest values of kpc. 

From Table 5.4 above, the kpc calculated by Delichatsios et al. is always the 

highest. The main reason is that the kpc depends on the Tig and the slope of the best-fit 

line, and the Tig is dependent on the critical heat flux, q;r . This model calculated a very 

high value of q;r. Therefore, the kpc is also high, since it is linearly proportional to the 

q;r . This reason can also be used to explain why the thermal inertia, kpc, of Beech, 

Radiata Pine, Rimu and Plywood determined by this model are the highest among the 

other correlations. 

Mikkola and Wichman, as shown in Table 5.4, calculated a relatively high value 

for the kpc (mdf and Plywood) compared to the other correlations. This is because the 

kpc is inversely proportional to the Tig and the slope (see equation (11)). From Table 5.3, 

the ignition temperature, Tig, of the mdf is the smallest. This produces a very high kpc 

value. 
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5.6) Minimum Heat Flux and Critical Heat Flux 

The values of critical heat fluxes, q ;r , calculated by each method are shown in 

Table Bl to B14 in Appendix B, as well as minimum heat fluxes, q:OO,. The table below 

shows the ranges of the four smallest values of q;r and the single greatest value of q~r; 

and minimum heat fluxes for each type of wood. 

40 ~nun sample 

q"min q" CI' q"min 

(kW/m2
) (kW/m2

) (kW/m2
) 

Macrocarpa 17 13.0 (MW) ~ 17.4, 20.3 (DPK) 17 
Beech 16 10.7 (MW)- 14.1, 16.7 (DPK) 16 
mdf 15 4.5 (MW) - 7.0, 9.3 (TSS) 15 

Radiata Pine 14 8.1 (MW) -10.7, 12.7 (DPK) 15 
Rimu 14 7.8 (MW)- 10.3, 12.2 (DPK) 14 

Plywood 13 6.4 (MW)- 8.4, 10.0 (DPK) 13 .. 
Table 5.5: The ranges of m1mmum heat flux of each wood 

Note: 

MW = Mikkola and Wichman 

DPK = Delichatsios, Panagiotou and Kiley 

TSS = Toal, Silcock and Shields 

20~mm sample 

q" cr 

(kW/m2
) 

12.9 (MW) - 17.0, 20.1 (DPK) 
11.2 (MW)- 14.7, 17.5 (DPK) 

4.7 (MW) -7.4, 7.7 (TSS) 
7.8 (MW)- 11.5, 12.2 (DPK) 

7.5 (MW)- 9.9, 11.7 (DPK) 

7.2 (MW) - 9 .5, 11.3 (DPK) 

Macrocarpa has the greatest critical heat flux and minimum heat flux in both 20-

mm and 40-mm samples. This is followed by Beech, Radiata Pine, Rimu and Plywood in 

general. Moderate density fibreboard, mdf, has the lowest values of critical heat fluxes 

but not in terms of minimum heat fluxes. As a reminder, only 5 correlations by Mikkola 

and Wichman; Janssens; Toal, Silcock and Shields; Delichatsios, Panagiotou and Kiley; 

and; Spearpoint and Quintiere allow the determination of critical heat fluxes. 
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It is surprising to see both the 20-mm and 40-mm samples have the same or very 

close q;,. and iJ:OO. Such a result suggests that the values of frmn or q;r are not affected 

by the thickness of the samples for this range (20-40 mm). According to Mikkola and 

Wichman [llJ, there are two possible explanations for this. First, the chemical explanation, 

which suggests that all woods have very similar composition; that is, they contain very 

nearly the same percentages of lignin, cellulose and hemicellulose. As a result, the 

ignition temperatures, Tig, and q;r (or q::U,,) are almost the same for all woods and 

consequently the heat losses at ignition are always practically identical. 

The second physical explanation suggests that the atmosphere in all experiments 

is quiescent; the different samples all lose heat by radiation and natural convection. In a 

laboratory the value of he may not always be constant for all because of the change in 

convection heat transfer. This will change the heat loss at ignition. However, if radiation 

forms the major part of the heat loss, the problem of changes in convection character will 

not affect the results significantly. Therefore one still can get similar results for q;r or 

iJ:OO. These two explanations can also be used for the same values of q;r or q~in 

obtained from two different wood species. 

When looking at the type of correlations, Delichatsios et al.' s method, and 

Mikkola and Wichman's method always give the highest and lowest values of q;,. 

respectively. Mikkola and Wiclm1an's method gives a small q;r because the critical heat 

fluxes were found from the intercept ofthe q: without being increased by any factor, as 

Delichatsios, Panagiotou and Kiley did. Delichatsios et al. suggested the obtained 

(q~)int should be increased by a factor of 0.64. This also indicates that the increasing 

factor of0.76 recommended by Spearpoint and Quintiere will give an intermediate result, 

which is more appropriate. 
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The Toal, Silcock and Shields correlation gives the highest q;,. value of 9.3 

kW/m2 for mdf. This is related to the unexplainable results having been obtained for 40-

mm mdf, as discussed in Section 5.4 of this report. The 40-mm mdf should behave as 

thermally thick but it did not. From the ignition data obtained, it was found that the data 

fit best when n = 1.5, (see Figure E7). However, in theory, if the 40-mm mdf behaves as 

thermally thick with n = 2, one will get a flatter best-fit line, hence a smaller q;,.. 

Therefore if the value (9.3 kW/m2
) obtained by this correlation is not taken into account, 

again the correlation by Delichatsios et al. will dominate the highest value of q ;,. . Overall 

the q~ is greater than the q;,. ( q~ > q;,. ). 

From the literature, the q~:,. for Radiata Pine given by Mikkola and Wichman [llJ 

islO kW/m2 in their research. The values reported by Bluhme [19l and Janssens [18l are 13 

kW/m2 and 12.9 kW/m2
. All these fell in the range of the q;,. obtained for Radiata Pine in 

this research. The difference might be due to the different methodology used and 

different thicknesses of the tested samples. 

Toal, Silcock and Shields obtained a value of 8.3 kW/m2 for the critical heat flux 

of fibreboard. The type and thickness of fibreboard tested by them is unknown. Since 

they used the same methodology, it is worth comparing their results with the results 

obtained in this research. Their value compares well with 7.7 kW/m2 obtained for 20-mm 

mdf obtained in this research by their method. Although the accuracy of the data for 40-

mm sample is questionable, its q;,. of 9.3 kW/m2 is still comparable with the value (8.3 

kW/m2
) given by Toal et al. 

Another critical irradiance value reported for fibreboard is 4 kW/m2
. Similarly 

this value is very close to the value obtained in this research using their correlation. The 

q;,. values obtained in this research by using their method are 4.5 and 4.7 kW/m2 for 40-

mm and 20-mm samples respectively. 
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Toal, Silcock and Shields [l) found that the critical irradiance for Plywood is 10.6 

kW/m2
. Mikkola and Wichman [ll) give a value of 13 kW/m2 for Plywood. These values 

are located in the high range of the values detennined in Table 5.5 above. However, the 

value reported by Shields, Silcock and Murray [Z] for horizontal mounted Plywood with 

an ignition mode of Spark is 8.5 kW/m2
. Since the thickness of the Plywood samples 

tested by them is 12 mm, such a value (8.5 kW/m2
) is compared very well with the range 

of q;r for 20-mm Plywood (see Table 5.5). In conclusion, the data from the literature and 

this study demonstrate that there is a reasonable degree of variability in the critical heat 

fluxes of wood. 
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5. 7) Repeatability and Reproducibility 

Table J1 to Table J11 show the absolute differences (il) between the extreme 

values and the average values - that is, between maximum ignition time and average 

ignition time (Upper extreme); and between average ignition time and minimum ignition 

time (Lower extreme). Among the 5 replications at each level of irradiance, there are 

always one or two results outside the range. This outlying data will produce a very high 

value of Ll, as Ll is derived from the absolute difference between the extremes and the 

averages. Therefore, these outlying data were removed to improve the Ll. By doing this, 

the average values were not changed significantly but the Ll were. Where the outlying 

data was removed is highlighted in bold as shown in Appendix I: Raw Data, and 

Appendix J. 

According to Table 1 in Annex A BS 476, Part 13:1987 [l
4l, the limits of 

repeatability for chipboard and hardboard are 20-29% and 15-25% respectively. The 

greatest r value in Tables J1 to J11 is 29%, which is reasonable compared to those limits, 

although some of them are beyond the limits. These limits for chipboard and hardboard 

can be used only as a reference comparison, since both the thicknesses of these boards 

and the type of the wood are different from those tested in this study .. 

The average r and R calculated for mdf are 32 seconds and 40 seconds (see 

Appendix J). The limits suggested for chipboard and hardboard at each level of irradiance 

are shown in Table 5.6 below. When the calculated values and the limits are compared, 

the rand Rare within the limits. The relationship between the mean of ignition time, m, 

and rand R is shown in Figure 5.1. Obviously, the rand R curves are not linearly related 

to the m. They behave more like an exponential relationship. What is certain is that the 

higher them, the higher the rand R. The exact relationship needs to be discussed further. 
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Level (kW/m2
) ffi21ab r R r(%) R(%) flim(%) Rtim (%} 

40 67 17 25 24.8 37.0 21 1 252 41 1 342 

' ' 
30 116.6 16 17 13.8 14.8 23 1 152 

' 
331 392 

' 
20 294.9 64 77 21.8 26.2 201 192 

' 
49 1 542 

' Table 5.6: Companson between the calculated r (and R) ami the bruits 

Where, m2\ab = mean ignition time of the batches of products tested between the 
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The differences between lab 1 and lab 2 are the environmental conditions and the 

calibration scale. One can see from this, how sensitive the results of ignition time, tig, are 

to the environmental conditions. This explains why the results obtained from different 

equipment, such as Cone Calorimeter, ISO Ignitability Apparatus and so on, varied 

significantly at identical levels of irradiance. This also explains why repeatability, r is 

smaller than reproducibility, R. This is because different equipment have different 

designs, and hence different geometries that result in different environmental conditions, 

for example, the airflow pattern on the surface of the sample. In their paper, Barbrauskas 

and William J. Parker [211 compared the results obtained from different equipment. 

Since, all the calculated repeatability, r and reproducibility, R are within the limits 

recommended in Table 1 in reference [14] (also shown in Table 5.6 above), the results 

obtained in this research are acceptable and hence accurate enough to be used. 
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5.8) Which is the Best Method? 

In order to know which method is the best among the seven correlations, 

comparative plots of the measured ignition time versus the predicted are plotted. These 

plots are shown in Appendix K, Figures Kl to K12. From these figures (Kl to K12), 

notice that the results show relative good comparison at high heat fluxes; that is, at heat 

fluxes exceed 20 kW/m2 and at time to ignition less than 200 seconds. The comparison is 

very poor at low heat fluxes (less than 20 kW/m2
) when approaching minimum heat flux, 

q~. Figure 5.5 below shows a particular case for Beech. According to Figure 5.5, 

Quintiere and Harkleroad (QH), and Tewarson (T) are the worst method to be used. 

Although, in general, all the methods do not give good comparison at low heat fluxes, 

due to some reason these two methods are the worst. As said before, the reason is that 

both methods require the best-fit line to be drawn to pass through the origin. This gives a 

poor correlation at low heat fluxes. Tewarson's method also causes significant over 

prediction of time to ignition as the incident heat flux, q; , approaching minimum heat 

flux, q:in. 

Quintiere and Harkleroad is recommended to be the worst method to be used 

because of the requirement of making the judgement by the researchers when drawing the 

best-fit line through the ignition data. As said before, one has to ignore the high values of 

q:in I q; to obtain a reasonable fit line through the data. Therefore it depends on the 

decision of researcher. This can be vety subjective. The way it estimates the Tig and kpc 

based on iJ:Un obtained experimentally is not a good idea. This is because the iJ:Un always 

much greater than q;r . 
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Figure 5.5: Predicted ignition time versus Measured ignition time for Beech (same as Figure K5) 

Note: 

MW = Mikkola and Wichman TSS = Toal, Silcock and Shields 

T = Tewarson DPK = Delichatsios, Panagiotou and Kiley 

QH = Quintiere and Harkleroad SQ =Spearpoint and Quintiere 

J =Janssens 

The remaining five correlations always give a fairly good comparison between the 

predicted and measured tig· At high heat fluxes (> 20 kW/m2
) and tig < 200 s, these five 

correlations are so good in estimating the ignition time. This can be seen in Figure 5. 6, a 

closer look of Figure 5.5 at high heat fluxes. From Figure 5.6, one can see that, even at 

high heat fluxes, Tewarson (T) and Quintiere and Harkleroad (QH) method, do not give 

good comparison of the results. 
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Therefore, the decision of the best methods has to be made based on their 

pe1formances at low heat fluxes. By looking at Figures Kl to K12, MW method and DPK 

method have a better performance in comparing the measured and predicted time to 

ignition, although MW and DPK always give lowest and highest values of iir and Tig· 

The other correlations are intermediate between these selected best and worst methods. 
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CHAPTER 6: SOURCES OF ERROR 

Every experiment will have a number of errors. In tllis research, there are two 

major possible errors, which may significantly affect the ignition results. The first one, as 

discussed before, is the change of calibration scale. Two calibrations had been done on 

the apparatus, one on 5 December 2000 and one on 20 December 2000. According to 

Figure 4.1, the temperatures were dropped slightly over the period of 15 days. The 

reasons for this, has been explained above, are briefly as follows. 

• The radiator cone heater gave a poor heat distribution in terms of uniformity. As a 

result, the hlghest temperature point was found to be not at the center point of the 

cone heater and hence produced two different calibration scales. The probability 

of this is low. 

• The radiometer gave the wrong readings. This may due to the backing board used 

to hold the radiometer. 

• The difficulty in determining the centre point when calibrating the apparatus and 

checking the level of irradiance released at a certain temperature. 

The second major possible error is the absence of a quiescent environment in the 

early stage of the experiments; that is, when the 40-mm samples were tested. The air 

draught in the fume cupboard, where the apparatus is placed, exceeded 0.02 m/s. Such a 

airflow will affect the natural convective heat transfer at the surface of the sample. 

Even though the accuracy of the 40-mm samples is questionable because of the 

air draught problem, from the results of the calculated repeatability, r, and 

reproducibility, R in Section 5.7, it suggests that tllis problem does not significantly affect 

the results. This is because the r and R values lie within the limits. Therefore, the results 

of 40-mm samples tested in the early stage of this research based on calibration scale 5 

December 2000, are usable and accurate. 
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CHAPTER 7: CONCLUSION 

• There is no perfect method of estimating the ignition properties of the New 

Zealand Timbers, but one can know which methods will give a higher or lower 

results from this research. 

• Although there is no perfect method, the recommendation of the best and worst 

methods is shown in the table below: 

··Correlation 

Mikkola & Wichman and Delichatsios, Panagiotou & Kiley Best 

Toal, Silcock & Shields, Janssens and Spearpoint & Quintiere Intermediate 

Quintiere & Harkleroad and Tewarson Worst 

Table 7.1: Recommendation of Best and Worst Correlations 

• The minimum heat flux, q:m for each type ofwood, in the order of highest to the 

lowest are: Macrocarpa, Beech, moderate density fibreboard (mdf), Radiata Pine, 

Rimu and Plywood. 

• The con-elation: (1) Delichatsios et al.; and (2) Quintiere and Harkleroad 

dominate the high-ranged results of ignition temperature, Tig, of the woods. The 

correlation by Mikkola and Wichman gives a lower Tig values. Other methods 

give intermediate values between these correlations. 

• The correlation: (1) Mikkola and Wichman; (2) Quintiere and Harkleroad; and (3) 

Delichatsios et al. always gives the highest values of kpc. The correlation by 

Janssens always gives the lowest kpc. Other methods give intermediate values 

between these correlations. 
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• The correlation: (I) Delichatsios et al.; and (2) Mikkola and Wichman always 

give the highest and lowest values of q:,. respectively. Other methods give 

intermediate values between these correlations. 

• The values ofTig, q:,., and kpc for each wood are as follows: 

q" Tig kp c cr 

(kW/m2
) (deg C) (kW/m2K)2s 

Macrocarpa 13-17,20 360-470 0.25- 0.75, 6.0 
Beech 11- 15, 17 330-430 0.35- 0.95, 4.0 
mdf 5-7,8 200-390 0.55- 2.55, 3.1 

Radiata Pine 8- 11, 13 280-390 0.50- 0.80, 2.4 
Rimu 8-10,12 270-380 0.70- 1.30, 1.7 

Plywood 6-9, 11 250-360 0.60- 2.27, 1.5 .. . . Table 7.2: Values of thermalmertia, cntical heat flux and IgmtiOn temperature 

• The results Tig, q:,., q:rn, FTP, b, kpc, TRP and n, obtained for 20-mm and 40-

mm samples of the same wood species, are very close to each other. 

• The data from literature and this study demonstrate that there is a reasonable 

degree of variability in the critical heat fluxes of wood. 

• Both 20-mm and 40-mm samples behaved as thermally thick or thermally 

intermediate solids, except the medium density fiberboard, mdf, which is due to 

possible experimental error, as explained above. 
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• Repeatability, r (L~), and Reproducibility, R, from this research lie within the 

limits suggested by Table 1 in reference [14], after some ofthe outlying data has 

been removed. 

• The effect of environmental conditions during the test, especially on the surface 

of the specimen, will have a significant effect on the results. This is why different 

equipment will give different results for the same materials. (This is why the 

reproducibility, R, is usually greater than repeatability, r) 



NOMENCLATURE 

As = exposed surface area of the sample 

b = a constant related to kpc 

c = specific heat of the material 

F(t) =a function of time and thermal properties of the solid 

FTP = Flux Time Product 

he = convection heat transfer coefficient 

hig = heat transfer coefficient which incorporates both the radiative and convective 

components 

k = thermal conductivity of material 

Lo = specimen thickness 

m = mean of ignition time 

mdf = moderate density fibreboard 

m21ab = mean ignition time between the 2 labs 

ni = number of replicates per level 

P = perimeter 

p = number of laboratories 

q; = external or incident heat flux 

q:,. = critical heat flux 

(q; )int =external or incident heat flux that intercept along the x-axis (abscissa) 

q :Un = minimum heat flux 

r = repeatability 

R = reproducibility 

Si = intra-cell standard deviation 

s/ = repeatability variance 

sL2 =between-lab variance 

sR2 =reproducibility variance 

Tig = ignition temperature of surface 

Ts =surface temperature 
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T"" = ambient temperature 

Tr =hot gas temperature 

TRP = Thermal Response Parameter 

tig = ignition time 

tig min = minimum tig of the five tested specimens at cettain irradiance level 

tigmax =maximum tig of the five tested specimens at certain irradiance level 

tm = a characteristic time indicative of the time to reach thermal equilibrium 

V =volume 
Yi = any one of the results (ignition time, tig) 

yi bar = average ignition times of the n replicates 
p = density of the material 

Pd = dried density of the material 

Pavg =average dried density of the material 

e = emissivity or absorptivity of the surface 

a =Stefan Boltzmann constant (5.67 x 10-11 kW/m2K4
) 

a =thermal diffusivity (evaluated at ignition) 

v =viscosity (m2/s) 

~ur =absolute difference between maximum tig and mean tig 

~low = absolute difference between minimum tig and mean tig 

m = mean tig of the five specimens at certain irradiance level 
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SUBSCRIPT 

cr =critical 

00 = ambient (infinity) 

mm =mtmmum 

e = external or incident 

f =hot gas (fire) 

tg = at ignition 

s =surface 

c = convective heat transfer 

int =intercept 

d =dry 

avg =average 
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Appendix B: Results for each corre]ation 

Thiclrness = 40 nun 

1) Mildmla and Wichman 
q"min q" kp c cr 

(kW/m2) (kW/m2) (kW/m2K)2s 

Macrocarpa 17 13.0 0.387 

Beech 16 10.7 0.585 

mdf 15 4.5 3.1 

Radiata Pine 14 8.1 0.81 

Rinm 14 7.8 1.29 

Plywood 13 6.4 1.50 

TableB1: Results of 40-mm wood 
from Mildmla & Wichman 

2) Tewarson 
q"min TRP 

(kW/m2) kWsv2/m2 

Macrocarpa 17 196 

Beech 16 205 

mdf 15 227 

Radiata Pine 14 202 

R.inm 14 245 
Plywood 13 231 

Table B3: Results of 40-mm wood 
from Tewarson 

3) Quintiere and Hadderoad 

Thickness = 40 mm 
q" . b ~g mm 

(kW/m2) (s-112) kW/m2K 

Macrocarpa 17 0.0550 0.0432 
Beech 16 0.0479 0.0419 
mdf 15 0.0455 0.0438 

Radiata Pine 14 0.0445 0.0393 
Rimu 14 0.0370 0.0393 

Plywood 13 0.0380 0.0380 

Tig 
(deg C) 

362 

327 

197 

281 

275 

245 

tm kP. c 
(s) (kW/m2Kis 

331 0.784 
433 0.974 
506 1.014 
502 0.993 
729 1.436 
702 1.271 

Thiclmess = 20 mm 

q"min q" kpc 
(kW/m2) (kW/~12) (kW/m~is 

Macrocarpa 17 12.9 0.285 

Beech 16 11.2 0.423 

mdf 15 4.7 2.652 

Radiata Pine 15 7.8 0.725 

Rinm 14 7.5 1.016 

Plywood 13 7.2 0.902 

Table B2: Results of 20-mm wood 
from Mildmla & Wichman 

q"min TRP 
(kW/m2) kWsv2/m2 

Macrocarpa 17 165 

Beech 16 179 

mdf 15 212 

Radiata Pine 15 174 

Rinm 14 212 
Plywood 13 199 

Table B4: Results of 20-mm wood 
from Tewarson 

Tig 
(deg C) 

414 
402 
389 
376 
376 
362 

Table BS: Results of 40-mm wood from Quintiere & Harlderoad 

Thiclrness = 20 mm 
q"min b hig tm kp c Tig 

(kW/m2) (s-112) kW/m2K (s) (kW/m2Kis (deg C) 

Macrocarpa 17 0.0654 0.0432 234 0.555 414 
Beech 16 0.0565 0.0419 313 0.700 402 
mdf 15 0.0476 0.0406 437 0.927 389 

Radiata Pine 15 0.0589 0.0406 289 0.605 389 
Rimu 14 0.0444 0.0393 511 0.997 376 

Plywood 13 0.0447 0.0380 497 0.918 362 

Table B6: Results of 20-mm wood from Quintiere & Harlderoad 

89 

Tig 
(deg C) 

361 

335 

202 

275 

269 

262 



Thickness = 40 mm 

4) Janssens 
q"min q"rr hig kP. c Tig 

(kW/m2
) (kW/m2

) kW/m2K (kW/m2K/s (deg C) 

Macrocarpa 17 14.2 0.0349 0.331 

Beech 16 11.9 0.0320 0.461 

mdf 15 6.2 0.0246 1.509 

Radiata 14 9.5 0.0292 0.573 
Pine 
Rimu 14 9.3 0.0288 0.870 

Plywood 13 7.8 0.0268 0.938 

Table B7: Results of 40-mm wooll 
from Janssens 

Thiclmess = 40 mm 
5) Toal Silcock and Shields 

q"min q" FTP 
(kW/m2

) (kW/~l) (kW s/m2
} 

Macrocarpa 17 13.4 34,592 
Beech 16 10.9 42,750 

mdf 15 9.3 10,599 
Radiata 14 8.6351 41,209 

Pine 
Rimu 14 8.3 61,474 

Plywood 13 7.3 39,663 

Table B9: Results of 40-mm wood 
from Toal, Silcock & Shields 

Thiclmess = 40 mm 
6) Delichatsios Panal!iotou and Kiley 2 

q"min q" cr kpc 

n 

2.0 

2.0 

1.5 

2.0 

2.0 

1.9 

(kW/m2
) (kW/m2

) (kW/m2Kis 

Macrocarpa 17 20.3 4.435 
Beech 16 16.7 2.935 
mdf 15 7.0 0.551 

Radiata Pine 14 12.7 2.135 
Rimu 14 12.2 1.342 

Plywood 13 10.0 1.157 

Table Bll: Results of 40-mm wood 
from Delichatsios et. al. 

379 

346 

240 

307 

303 

275 

Tig 
(deg C) 

368 

331 

303 

291 

285 
265 

Tig 

(deg C) 

468 

423 

253 
363 

355 
316 

90 

Thickness = 20 mm 

q"min q" IT hig kP. c Ti8 

(kW/m2
) (kW/m2

) kW/m2K (kW/m2K)'s (deg C) 

Macrocarpa 17 13.9 0.0344 

Beech 16 12.1 0.0325 

mdf 15 6.4 0.0251 

Radiata 15 9.2 0.0286 
Pine 
Rinm 14 8.9 0.0283 

Plywood 13 8.4 0.0279 

Table BS: Results of 20-mm wood 
from Janssens 

Thiclmess = 20 mm 

q"min q" FTP cr 
(kW/m2

) (kW/m2
) (kW s/m2

) 

Macrocarpa 17 15.4 5,791 
Beech 16 13.3 9,094 

mdf 15 7.7 20,423 

Radiata 15 11.5 8,317 
Pine 
Rimu 14 8.2 45,595 

Plywood 13 8.1 27,314 

Table BlO: Results of 20-mm wood 
from Toal, Silcock & Shields 

Tbiclmess = 20 mm 

q"min q" cr kpc 

0.241 375 

0.340 349 

1.300 245 

0.479 302 

0.670 296 

0.596 287 

n Tig 

(deg C) 

1.6 394 

1.7 367 

1.7 273 

1.6 340 

2.0 283 

1.9 281 

Tig 

(kW/m2
) (kW/m2

) (kW/m2K)2s (deg C) 

Macrocarpa 17 20.1 6.005 

Beech 16 17.5 4.060 

mdf 15 7.4 0.664 

Radiata Pine 15 12.2 2.386 

Rimu 14 11.7 1.698 

Plywood 13 11.3 1.350 

Table Bl2: Results of 20-mm wood 
from Delichatsios et al. 

466 

433 

262 
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Thickness = 40 mm Thickness = 20 mm 
7) Sllearpoint and Quintiere 

q"min q" kp c Tig cr 
(kW/m2

) (kW/m2
) (kW/m2K/s (deg C) 

q" . q" kpc Tig mm cr 
(kW/m2

) (kW/m2
) (kW/m2K/s (ueg C) 

Macrocarpa 17 17.4 0.336 418 Macrocarpa 17 17.0 0.252 414 
Beech 16 14.1 0.509 378 Beech 16 14.7 0.487 385 

mdf 15 5.9 2.550 233 mdf 15 6.2 2.143 240 
Radiata 14 10.7 0.689 327 Radiata 15 10.3 0.613 321 

Pine Pine 
Rimu 14 10.3 1.090 321 Rimu 14 9.9 0.857 314 

Plywood 13 8.4 1.254 287 Plywood 13 9.5 0.758 307 

Table B13: Results of 40-mm wood Table B14: Results of 20-mm wood 
from St>eaqJoint & Quintiere from Speart>oint & Quintiere 



• ~40-mn tmX40-mn 

A min40-mn <> ~20-mn 

D tmX20-mn A min20-mn 

- Urear c~ 40-mn) ~--- Urear (~20-mn) 

The above is the legend that can be applied to all the following graphs 

(Appendix C to Appendix H) except for the graphs that have legends with them. 
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Appendix C: Macrocarpa 

Mikkola & Wichman, Delichatslos et. al. & Spearpoint et. al. 
Macrocarpa 
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Figure Cl: Ignition data of Macrocarpa plotted by Mildmla & Wichman, Delichatsios et. al. and 
Spearpoint et al. 
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Figure CS: Ignition data of 20-mm Macrocarpa plotted by Toal, Silcock & Shields 
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Appendix D: Beech 

Mikkola & Wichman, Delichatsios et. al. & Spearpoint et. al. 
Beech 
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Figure D1: Ignition data of Beech plotted by Mikkola & Wichman, Delichatsios et. al. and 
S11earpoint et. al. 
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Figure D2: Ignition data of Beech plotted by Tewarson 
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Quintiere & Harkleroad -Beech 
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Figure D3: Ignition data of Beech plotted by Quintiere and Hadderoad 
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Toal, Silcock & Shields- Beech (20 mml 
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Figure DS: Iguition data of 20-mm Beech plotted by Toal, Silcock and Shields 
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Appendix E: Medium density fibreboard (mdf) 

Mikkola & Wichman, Oelichatsios et. al. & Spearpoint et. al. 
Mdf 
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Figure El: Iguition data of mdf Illottecl by Mikkola & Wichman, Delichatsios et. al. and Silearlloint 
et. al. 
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Quintiere & Harkleroad- Mdf 
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Figure E6: 40-mm mdf plotted by Toal, Silcock and Shields, earlier done based on calibration scale 
on 5/12/2000 
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Appendix F: Radiata Pine 
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Figure Fl: Ignition data of Radiata Pine plotted by Mikkola et. al., Delichatsios et. al. & S11eat110int 

Tewarson -Radiata Pine 
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Quintiere & Harkleroad- Radiata Pine 
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Figure F3: Ignition data of Radiata Pine plotted by Quintiere and Harlderoad 

Janssens- Radiata Pine 

002 .. 
0018 

0016 .. A 

- Oo14 ,._ 
""' ~ 0012 
~ 

001 
~ q 0008 

Ol 
+Z 0006 

0004 

0002 

20mm: A 

t;g -OOS4? = 000046 q"e- 000421 <> //~ 
RL- 009585 ///~ 

,., 
A 

A //~ 
.. ~ ll!il 40mm: ~ 

/~ • ~g -Oo54? = Oo0041q"e- 0003 ll!il 

~ • RL= 009665 

~ 0 

9 

0 5 10 15 25 30 35 40 
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Appendix G: Rimu 

Mikkola & Wichman, Delichatsios et. al. & Spearpoint et. al. 
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Figure Gl: Ignition data of Rimu plotted by Mildmla & Wichman, Delichatsios et. al. and Spear11oint 
et. al. 
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Figure G3: Ignition data of Rimu }>lotted by Quintiere and Harlderoad 
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Appendix H: Plywood 

Mikkola & Wichman, Delichatisios et. al. & Spearpoint et. al. 
Plywood 
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Figure Hl: Ignition data of Plywood plotted by Mild<ola & Wichman, Delichatsios et. al. and 
Spear})oint et at 
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Appendix I: Raw Data 

Thickness = 40 mm 

Timber Type Radiata Pine Rimu 
Incident flu.x t;g (s) t;g (s) 

40 48 20 57 47 
(kW/m2

) 49 50 79 54 
46 42.6 64 60.2 

35 55 64 78 61 
(kW/m2

) 65 31 112 70 
51 53.2 74 79 

30 126 85 144 112 
(kW/m2

) 92 87 193 102 
83 94:9 175 145;2 

25 277 142 354 315 
(kW/m~) 185 197 271 185 

259 •212 370 299 
20 435 477 678 760 

(kW/m2
) 437 603 679 372 

242 Wl8$ 652 628.2 

17 NT NT NT NT 
(kW/m2

) NT NT NT NT 

NT NT NT .. NT· 
16 NT NT NT NT 

(kW/m2
) NT NT NT NT 

NT NT NT NT 

15 663 NI NI NI 
(kW/nl) NI 127 1097 558 

791 .527·· NI 827;5 

14 1048 NI Nl NI 
(kW/m~) Nl Nl Nl 1137 

Nl .'1048 NI 1137 
13 Nl Nl NI Nl 

(kW/m~) NI Nl Nl NI 

NI 'NL Nl NI 

12 
(kW/m2

) 

,3~,H•···· ,. 
Table 11: Ignition Data of 40-mm sam}Jies 

Note: 
Nl = No ignition 
NT = No tested 

previous done 

Beech Macrocarpa mdf 

t;g (s) t;g (s) t;g (s) 

66 51 57 46 78 59 
51 50 47 42 72 79 
42 52 53 . 49 -· 72 ... 72. . 
80 71 69 83 97 92 
76 59 62 86 80 82 

74 72 59 I 71~8 87 87;6. .. 
134 127 130 96 112 120 
100 114 91 115 116 126 
81 111.2 178 l22, 121 119 

311 266 440 250 211 161 
168 200 349 486 166 160 

171 223;2 431 39L2 168 173.2 

789 881 988 1009 327 266 
914 807 652 905 319 324 

781 834.4 831 877 294 306 
879 1034 NI NI NT NT 

Nl 1006 1193 Nl NT NT 

937 964 1153 1173 NT NT 
Nl NI Nl NI NT NT 

Nl Nl Nl Nl NT NT 

1102 1102 Nl Nl NT NT 

NI NI NI NI NI NI 
NI NI Nl Nl 817 Nl 

NI NI NI -Nl NI 817 

Nl NI 

Nl NI 

!·-····--·····-··· 
.. -.. -

... -:- Nl NI 

NI NI 
Nl Nl 

-

.. ···--·-··· 

NI NI. 

·_ .. 
-···-

.-.•. __ •--. 

The gray-labeled cells are the average values of the 5 recorded ignition time, tig· 

redo 

mdf 
t;g (s) 

59 63 
66 61 
61 62. 

NT NT 

NT NT 

NT NT. 

108 123 
109 114 
117 114,2, 

NT NT 

NT NT 

NT NT. 

303 306 
274 261 
275 283.8 
NT NT 

NT NT 

NT NT 

NT NT 

NT NT 

NT NT 

NI NI 
817 NI 

NI 817 ·. 

Nl Nl 
NI Nl 

NI NI 

NI NI 
NI Nl 

NI Nl 

-------·-· 

The data in bold is the values considered outside the range and were removed when calculating ll. 
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Plywood 
t;g(S) 

48 57 
51 54 

62 54.4 . 
-.... 

68 72 

61 66 

79 ;~9-~l; 

106 113 
89 121 
93 i04;1f 
157 171 
159 139 
160 157~2. 

313 464 
341 446 

339 38(),6 
NT NT 

NT NT 

NT -.NT~ 
----

NT NT 

NT NT 

NT NT•· 

NI NI 
888 1013 
991 964. 

NT NT 

NT NT 

NT .-.. mr~ 
1192 1093 
1148 913 

761 1021.4 

Nl Nl 
NI NI 

NI Nl 
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Appendix 1: Raw Data 

Thiclrness = 20 mm 
Timber Type Radiata Pine Rimu Beech Macrocarpa mdf Plywood 

Incident flux t;g(S) t;g (s) t;g (s) t;g (s) t;g (s) t;g(S) 

40 47 34 54 49 31 42 40 41 53 60 37 51 
(kW/m2

) 37 48 43 40 43 37 35 36 53 59 39 45 

31 39.4 37 44.6 50 40.6 34 -37.2 49 54.8 31 40.6 
35 54 37 88 76 42 56 57 59 74 79 59 45 

(kW/m2
) 35 39 57 54 63 40 43 50 70 81 51 50 

45 <42 52 65.4 83 56.8 47 51.2 66 74 46 50.2 

30 73 72 113 113 59 87 83 111 99 114 77 38 
(kW/m2

) 65 85 57 84 99 79 71 78 97 119 74 85 

76 7J.2 73 88 120 88.8 74 83.4 121 _flO 66 6l(' 
25 121 105 180 218 100 140 180 162 149 177 157 182 

(kW/m2
) 89 141 276 235 161 123 141 167 184 141 139 119 

109 :iJB ·, 129 207.6 203 145.4 151 1()0.2 162 .162.6 149 14<);!, 
20 628 252 842 743 386 555 899 893 299 247 246 239 

(kW/m2
) 539 275 435 484 674 512 909 889 241 249 237 223 

427 444.~ 561 613 847 594.8 664 850.8 254 25~ 299 248:8 
17 NT NT NT NT NI 1051 NI NI NT NT NT NT 

(kW/m2
) NT NT NT NT NI 1069 NI NI NT NT NT NT 

NT NT NT NT NI 1060 1162 1162 NT I NT NT Nr•-
16 NT NT NT NT NI NI NI NI NT NT NT NT 

(kW/m2
) NT NT NT NT NI 1086 NI NI NT NT NT NT 

NT Nf NT NT NI 1086 NI NI NT NT NT m•·· 
15 NI NI NI NI NI NI NI NI 867 519 565 1046 

(kW/m2
) 502 NI 653 NI NI NI NI NI 606 893 538 1168 

NI 502' NI 653 NI -NI. NI NI 803 737.6 581 779:6• 
14 NI NI NI NI NI NI NT NT 

(kW/m2
) NI NI NI NI NI NI NT NT 

NI -:Nl- 656 .656 I > -----·••· 
-' . NI NI NT Nf'l 

13 NI NI NI N1 NI N1 NI NI 
(kW/m2

) NI NI NI N1 NI NI 1050 1024 
NI '-Nl- N1 ---·NI• . ... N1 NI._ NI 1031 

12 NI NI 
(kW/m2

) NI NI 

. ·····-·-····-

._ 

NI •. NT_·-·· 
-··· ~ .... .. 

Table 12: Igmtwn Data of 20-mm samples 



Appendix J: Repeatability and Reproducibility 

Repeatability, r, ofRimu, Radiata Pine, Beech, Macrocarpa and Plywood 

A (s) = absolute clifference between single values of extremes and the mean ignition time 
m = mean of the ignition time of the five specimens at certain level of irradiance 

The highlighted numbers are the values obtained, after taking out the outlying ignition times 

40-mm sample 20-mm sample 

Rimu 
upper extreme lower extreme upper extreme lower e:x.ireme 

Level A (s) m A(% of mean) A (s) m A(% of mean) Level A (s) m A(% of mean) A (s) m A (%ofmean) 
40 15.5 64 24 9.5 64 15 40 9.4 54 17 7.6 54 14 
35 7.25 71 10 9.75 71 14 35 22.6 88 26 13.4 88 15 
30 22 171 13 27 171 16 30 25 113 22 31 113 27 
25 43 328 13 57 328 17 25 68 276 25 79 276 28 
20 68 692 10 40 692 6 20 229 842 27 178 842 21 

- -
Table J1: A of 40-mm Rimu Table J2: A of 20-mm Rimu 

Radiata Pine 
upper extreme lower e:x.ireme upper extreme lower extreme 

Level A (s) m A(% of mean) A (s) m A(% of mean) Level A (s) m A(% of mean) A (s) m A (%ofmean) 
40 1.75 48.3 4 2.25 48.3 5 40 8.6 39.4 22 8.4 39.4 21 
35 6.25 58.8 11 7.75 58.8 13 i 35 12 42 29 7 42 17 
30 5.25 86.8 6 3.75 86.8 4 30 10.8 74.2 15 9.2 74.2 12 
25 48 230 21 45 230 19 25 28 113 25 24 113 21 
20 115 488 24 53 488 11 20 97 531.3 18 104 531 20 

-

Table J3: A of 40-mm Radiata Pine Table J4: A of 20-mm Radiata Pine 
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40-mm sample 20-mm sample 

Beech 
upper extreme lower ex1reme I upper extreme lower ex1reme 

Level A (s) m A (o/oofmean) A (s) m A (% of mean) ~ Level A (s) m A(% of mean) A (s) m A(% of mean) 

40 14 52 27 10 52 19 40 9.4 40.6 23 9.6 40.6 24 

35 8 72 11 13 72 18 35 12.8 50.3 25 10.25 50.3 20 

30 23 111 21 30 111.2 27 30 23.8 96.3 25 17.25 96.3 18 

25 52 259 20 59 259 23 25 30 131 23 31 131 24 
20 80 834 10 53 834.4 6 20 94 580 16 68 580 12 
17 70 964 7 85 964 9 17 9 1060 1 9 1060 1 

~------ - -- --- -- -- --

Table JS: A of 40-mm Beech Table J6: A of 20-mm Beech 

M ~· ..._'-'li.V"'-& -

upper extreme lower extreme upper ex1reme lower extreme I 
Level A (s) m A (o/oofmean) A (s) m A(% of mean) Level A (s) m A(% of mean) A (s) m A (% of mean) I 

40 8 49 16 7 49 14 40 3.8 37.2 10 3.2 37.2 9 -, 
35 14.2 71.8 20 12.8 71.8 18 35 7.8 51.2 15 8.2 51.2 16 -1 
30 22 108 20 17 108 16 30 6.5 76.5 8 5.5 76.5 7 I 
25 60 427 14 78 426.5 18 25 20 160.2 12 19 160 12 I 
20 132 877 15 225 877 26 20 ,_58_ 850.8 7 187 851 22 J 
17 20 1173 2 20 1173 2 

Table J7: A of 40-mm Macrocarpa Table J8: A of 20-mm Macrocarpa 
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40-mm sample 20-mm sample 

Plvwood 
upper extreme lower eAireme upper eAireme lower eAireme 

Level A (s) m A(% of mean) A (s) m A(% of mean) Level A (s) m A(% of mean) A (s) m A(% of mean) 

40 7.6 54.4 14 6.4 54.4 12 40 10.4 40.6 26 9.6 40.6 24 
35 9.8 69.2 14 8.2 69.2 12 35 8.8 50.2 18 5.2 50.2 10 
30 17 104 16 15 104.4 15 30 9.5 75.5 13 9.5 75.5 13 
25 14 157 9 18 157.2 12 25 33 149.2 22 30 149 20 
20 83.4 381 22 68 380.6 18 20 50 248.8 20 26 249 10 
15 49 964 5 76 964 8 15 19.7 561.3 4 23.3 561 4 
13 171 1021 17 260 1021.4 25 13 13 1037 1 13 1037 1 

----- --- -·--- . ----- ·-

Table J9: A of 40-mm Plywood Table J10: A of 20-mm Plywood 

20-mm sample 

............. _ _. .... ____ -- ........ - ............... _.....,.., ___ --
upper extreme lower extreme 

Level A (s) m A(% of mean) A (s) m A(% of mean) 
40 5.2 54.8 9 5.8 54.8 11 
35 7 74 9 8 74 11 
30 11 110 10 13 110 12 
25 21 163 13 22 162.6 13 
20 41 258 16 17 258 7 
15 100.7 792 13 186.3 792.3 24 

Table Jll: A of 20-mm mdf 



Repeatability, rand Reproducibility, R, of mdf 

40-mm mdf 

Lab 1: redo 

based on calibration scale on 20/12/2000 

original data, Yi 
Leveli 40 

Lab 1 59 
66 
61 
63 
61 

sum 310 

Lab2 78 
72 
72 
59 
79 

sum 360 
.. 

Table J12: Ongmal data, Yi 

2 
Yi 

Leveli 

Lab 1 

sum ofl 

Lab2 

sum ofyL 

Table J13: Yi2 

40 

3481 
4356 
3721 
3969 
3721 

19248 

6084 
5184 
5184 
3481 
6241 
26174 

30 

108 
109 
117 
123 
114 
571 

112 
116 
121 
120 
126 
595 

30 

11664 
11881 
13689 
15129 
12996 

65359 

12544 
13456 
14641 
14400 
15876 
70917 

Lab 2: previous done 

based on calibration scale on 5/12/2000 

20 

303 
274 
275 
306 
261 
1419 

327 
319 
294 
266 
324 
1530 

20 

91809 
75076 
75625 
93636 
68121 

404267 

106929 
101761 
86436 
70756 
104976 
470858 
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Level 1 40 30 20 

Lab 1 19220 65208.2 402712.2 

Lab2 25920 70805 468180 

Table J14: (1/n)*(sum of Yl 

Level i 40 30 20 

Lab 1 2.646 6.140 19.715 
si"2 7 37.7 388.7 

Lab2 7.969 5.292 25.875 
si"2 63.5 28 669.5 

Total 70.5 65.7 1058.2 

Table J15: Intra-cell standard deviation, si 

cell averages, Yi bar 
Leveli 40 30 20 

Lab 1 62 114.2 283.8 

Lab2 72 119 306 

sum 134 233.2 589.8 

Table J16: Cell averages, Yi bar 

y b b ar ar 
Level i 40 30 20 

sum of (n; * y; bar) 670 1166 2949 

sumofn 10 10 10 

ybarbar 67 116.6 294.9 

Table J17: y bar bar 

n bar bar 
Level i 40 30 20 

smn of (n; 2
) 50 50 50 

smn ofn 10 10 10 

n bar bar 5 5 5 

Table J18: n bar bar 



.Level 40 30 
43 4.95 

Table J19: Between-lab variance, sL2 

Leveli Pi ffij Sr2 

40 2 67 35 
30 2 116.6 33 
20 2 294.9 529 

Table J20: Calculation of r and R values 

Average values: 
r= 32 

R= 40 

119 

20 
234 

ri SR
2 Ri 

17 78 25 
16 38 17 
64 763 77 



Appendix K: Plot of Measured tig versus Predicted tig 
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Figure Kl: Predicted ignition time versus Measured ignition time for 40-mm Radiata Pine 
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Figure K2: Predicted ignition time versus Measured ignition time for 20-mm Radiata Pine 
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Figure K3: Predicted ignition time Yersus Measured ignition time for 40-mm Rimu 
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Figure K4: Predicted ignition time Yersus Measured ignition time for 20-mm Rimu 
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Figure K7: Predicted ignition time versus Measured ignition time for 40-mm Macroca11>a 
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Figure Kll: Predicted ignition time versus Measured ignition time for 40-mm Plywood 
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