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1. Introduction 
 
This Chapter will describe how heating of a solid fuel leads to flaming ignition. The 
discussion will be centred on flaming ignition of solid fuels but will not address 
smouldering or spontaneous ignition since these subjects will be covered in Chapters 
2.09 and 2.10 respectively. Thus, the presence of a source of heat decoupled from the 
solid and fuel gasification will be assumed throughout the Chapter. 
 
The main focus of this Chapter is to assist the reader in understanding the phenomena, 
assumptions and simplifications embedded in different models and tests that attempt 
to predict ignition phenomena or to extract the parameters controlling it.  The 
methodology to be followed goes from the general to the specific. Therefore, the 
problem will be initially formulated in as general a manner as possible. A series of 
common simplifications will then be made leading to reduced formulations. These 
simplifications are introduced for many reasons that include:  

§ Simplifications where the nature of the material studied allows the 
exclusion of some specific phenomena  

§ Simplifications where some processes disappear due to the characteristics 
of the test used to assess the material  

§ Simplifications where the required precision does not warrant the inclusion 
of higher levels of complexity  

§ etc.   
To highlight the impact of simplifications, whenever possible, a comparison between 
the comprehensive description and the reduced formulation will be made to allow the 
reader to assess potential errors.  As this Chapter progresses the resulting formulations 
become simpler and of greater practical use, nevertheless the impact of the 
assumptions strengthens increasing the potential for error or misuse of the 
information. The Chapter closes with a presentation of the simplest methodologies 
that correspond to classic treatments and are mainly associated to standard tests.   
 
Most of the existing data on ignition is intimately related to the methodology used to 
extract it. Therefore, it is always conditioned by the nature of the test procedures, the 
hardware used and by the data analysis method. Given that the objective of this 
Chapter is to provide a phenomenological description of flaming ignition of solid 
fuels emphasis will be given to the different processes and not to reviewing available 
data. Throughout this Chapter the reader will be directed to other chapters and 
references where data will be presented in the context of the testing protocols used to 



obtain it.  As an example, some of the most comprehensive compilations of ignition 
data can be found in Chapter 3.04, in textbooks such as reference [1] or professional 
guidelines [2].  
 
2. The Process of Ignition 
 
When a solid material, initially at ambient temperature, is subject to an external 
source of energy the temperature of the exposed surface starts to increase. This 
moment will be defined as the onset of the ignition process, t=0. A series of physical 
and chemical phenomena are initiated as the energy reaches the surface of the 
material. This Chapter will attempt to describe these phenomena.  
 
Without loss of generality and for simplicity, the ignition process will be described in 
a one-dimensional frame of reference with a single coordinate, x. Only one surface of 
the material will be heated and the origin of the coordinate system, x=0, will be 
placed at the exposed surface of the material. This frame of reference will move with 
a velocity VR as the fuel consumes and the surface regresses. For some materials 
regression rates are very small and can be neglected, but this will not be assumed at 
this stage.  A schematic of a generic solid material undergoing heating is presented in 
Figure 1. Figure 1 also shows all the different variables that evolve through the 
heating process. These variables will be described in detail later. 
 
For simplicity, all processes involved will be divided in two groups, those associated 
with the solid phase and those with the gas phase. The solid phase treatment will lead 
to a description of the production of gas phase fuel ( ) and the gas phase analysis 
will focus on how the ensemble of gaseous fuel and oxidizer lead to a flame.  The 
solid phase will be treated first (Section 3), then the boundary conditions between 
both phases will be established, to finalize with a description of what happens in the 
gas phase (Section 4).  
 
3. The Solid Phase 
 
The temperature of the solid, initially at ambient (To), increases as the heat reaches the 
surface of the material. Highest temperatures will be achieved close to the surface, but 
energy transfer in-depth will result in an increase in temperature of a significant part 
of the solid. Therefore, the temperature will vary in-depth and in time, thus 
temperature needs to be represented as a function of both variables, T(x,t). Figure 1 
shows a generic representation of the temperature distribution at a particular instant in 
time, t. The evolution of the temperature is defined by an energy balance in control 
volumes between both surfaces of the solid (x=0 and x=L). The surfaces will define 
the heat transfer in/out of the solid fuel or mathematically, the boundary conditions. It 
is important to note, that if other dimensions were to be considered, similar boundary 
conditions will have to be established at each surface of the material. 
 
3.1 Pyrolysis Process 
 
The process by which the solid transforms into gas phase fuel is called pyrolysis and 
generally implies the breakdown of the molecules into different, most of the time 
smaller, molecules. This is an important difference between solid and liquid 
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gasification. In the case of liquids a change of phase is not necessarily accompanied 
by a chemical change (see Chapter 2.08 for details on ignition of liquids). Pyrolysis 
tends to be an endothermic process generally controlled by many chemical reactions 
(some time hundreds) which are a strong function of the temperature. Most pyrolysis 
reaction rates tend to be described by Arrhenius type functions of the temperature 
 

 (1) 
  
But could also be described by other simple expressions like polynomials such as 
 

 (2) 
 

The reaction rate is generally defined in units of inverse seconds ( ) and only 
when multiplied by the fuel density gives a gasification rate per unit volume ( , 
kg/s.m3). The constant “A” is also given in inverse seconds (1/s) and generally named 
the pre-exponential constant.  In the case of a polynomial description, “A” will be 
replaced by another constant that is here defined as “C.” These constants are a 
characteristic of each specific chemical reaction. “E” is the activation energy whose 
magnitude is also specific to each reaction and “R” has the value of 8.314 x 10-3 kJ 
mol-1K-1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
 
Figure 1 Schematic of the different processes occurring as a material undergoes 

degradation prior to ignition induced by an external source of heat. 
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The process of pyrolysis can be extremely complex and depending on the fuel and 
heating characteristics can follow distinctively different paths. These paths can be a 
compendium of numerous reactions that could be sequential or compete against each 
other. Furthermore, the chemical pathways followed can be strongly influenced by the 
presence of oxygen as indicated in equations (1) and (2). In both equations YO and YS 
are intended to be generic representations of oxygen and solid fuel mass fractions 
participating in the solid degradation and “m” and “n” are constants.  
 
It is important to note that while degradation of some fuels will show dependency on 
the oxygen concentration many others will not [3, 4]. In those cases “m” is assumed 
to be zero. 
 
The chemical pathways leading to the pyrolysis of most solid fuels of interest in fire 
are fundamentally incomplete as much as the constants associated to the equations 
that will serve to quantify the rate of each reaction step. Many studies have evaluated 
reduced chemical mechanisms for the pyrolysis of different solids [5,6,7] but there is 
still great uncertainty on the chemical pathways, the number of steps required and the 
constants associated to them [8,9]. Figure 2 shows an example of chemical kinetic 
compiled obtained for PMMA by using an expression similar to Equation (1). 
 

 

Figure 2  Kinetic parameters of the pyrolysis decomposition of PMMA as 
reported in the literature [8] 

Thermo-Gravimetric Analysis (TGA) has been used in the past to establish reduced 
chemical reaction mechanisms as well as the associated constants. The principles 
behind TGA studies and some applications to materials relevant to fire are presented 



in Chapter 1.07. As an example, a reduced kinetic mechanism for polyurethane (PU) 
can be found in reference [6]. The authors propose a four step mechanism of the form: 

 
Step i=1   

 Step i=2   

 Step i=3   

 Step i=4   

where the reaction rate for each step ( ) is presented by an expression of the form of 
Equation (1). The first two steps encompass purely thermal degradation, while the last 
two steps include oxidation. Two intermediate products are formed from the initial 
degradation of the polyurethane, b-PU and Char. While the terms Gas and Residue 
represent the gaseous and solid products of the degradation. It is important to note that 
there are sequential and competing reactions; while steps 1 and 2 are sequential, step 
3 competes with both previous steps. The authors use independent TGA data [10] to 
obtain all twelve constants thus establishing a complete model for the degradation of 
polyurethane.  
 
Figure 3 shows two curves extracted from reference [6] where the model is compared 
to experimental data for inert and air atmospheres. The figures show the sample mass 
loss rate as a function of time. The effect of oxygen and the impact of the heating rate 
are evident from the data. The results show very good agreement with the four step 
model for all conditions studied. 
 
Despite the generalized use of TGA data, there is increasing recognition that pyrolysis 
reaction pathways are sensitive to the heating rate. The basic nature of TGA studies 
requires heating rates of the order of 1 to 20 oC /minute which is generally an order of 
magnitude slower that heating rates typical of fires. Recent studies have established 
methodologies that use standard test methods and advanced optimization techniques 
to establish reduced reaction schemes and their associated constants [7,11-14]. 
Although, these procedures allow exposing the materials to heating rates typical of 
fires and obtaining comprehensive sets of constants they have only been applied to a 
reduced number of materials. Currently, these methodologies remain fundamentally 
research tools.  
 
It is important to note that the qualitative and quantitative agreement described in the 
above example is not usual for materials commonly present in fire and the problem of 
establishing the chemistry of pyrolysis is far from being solved. Therefore, when 
studying flaming ignition of solids it is common to make strong simplifications to 
handle chemical degradation as the solid fuel is heated. Such simplifications will be 
made later and their impact will be assessed. 
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Figure 3 TGA data for polyurethane extracted from reference [10] (symbols) 

superposed to the reduced kinetic model from reference [7] (lines) for 
inert atmosphere (a) and air (b). 

 
3.2 The Production of Gaseous Fuel 
 
Before flaming ignition can occur, fuel in the gas phase needs to be produced. Solid 
materials that are not susceptible to spontaneous ignition will show very little 
evidence of chemical reactions at ambient temperatures, thus can be deemed as inert. 
The reaction rates associated to pyrolysis can be considered negligible and therefore 
the material will not follow any transformation. As the temperature increases the 
reaction rates increase and the solid fuel starts changing. Given the temperature 
distribution within the material, the rates of decomposition are a function of “x,” with 
larger production of pyrolyzates close to the surface and lower production in-depth.   
 
Local production of fuel is not the only important variable. The gas phase fuel 
produced might be the result of a combination of pyrolysis and oxidation reactions, 
thus its composition might include large quantities of fully oxidized compounds such 
as carbon dioxide (CO2), partially oxidized gases such as carbon monoxide (CO) and 
other molecules that can have all levels of partial oxidation. Therefore, together with 
the reaction rates, the mass fraction of inert gases needs to be subtracted leaving the 
remaining reactive gases. As an example, Kashiwagi and Nambu [15] studied the 
degradation products of cellulosic paper showing that there is a significant presence of 
inert gases like water vapour, fully oxidized gases like CO2, partially oxidized 
products like CO and fuel like CH4 and H2.   
 
There is very little data available on the degradation products of most materials 
relevant to fire, therefore, the mass fraction of flammable gases present in the local 
products of degradation will be described here by means of a single variable, YF,s(x,t), 
which represents a global contribution of all compounds that can be further oxidized. 
Figure 1 represents YF,s(x,t) as an increasing function with a minimum at the surface 
(YF,s(0,t)). This is based on the assumption that where there is a higher presence of 
oxygen there is higher levels of oxidation.  



 
Oxygen can migrate inside a fuel resulting also in an in-depth distribution (YO(x,t)) 
that reaches ambient values at the surface (YO(0,t)). In-depth oxygen and fuel 
diffusion is controlled by the structure of the solid. Some materials are highly 
permeable and allow unrestricted transport of species in and out of the solid. For other 
materials oxidation will occur only very close to the surface and could be potentially 
neglected. The permeability of the fuel can be a function of many variables including 
the degradation and consumption of the material and has deserved very little attention 
in the fire literature. In the absence of a well defined permeability function, here, a 
simple variable associated to the fuel permeability (c(x,t)) will be introduced and 
assumed to describe in a generic manner the fraction of the fuel produced that can 
flow through the solid material.  It has to be noted that c(x,t) is not strictly a 
permeability function (as per Darcy’s law) but a combination of permeability, 
porosity and any fractures within the material. 
 
Oxygen and fuel concentrations will be controlled by the local permeability and by 
production/consumption rates, thus indirectly by the temperature distribution (T(x,t)). 
This makes necessary to treat them independently, therefore two independent 
variables emerge, eF(t) and eO(t). The former represent the region where fuel is being 
produced while the latter represents the region where oxygen is present in relevant 
quantities.   
 
If all the reactions occurring can be represented in an Arrhenius form (equation (1)) 
then the local mass production ( ) can be the summarized into a function of 
the form: 
 

 
(3) 

 
where the summation is not truly a sum of all the different “N” reaction steps but just 
some global combination of them that includes sequential and competitive reactions. 
 
To obtain the total fuel production at the surface per unit area ( ) it is 
necessary to integrate equation (3) across the entire depth including the permeability 
function described above. It is important to note that fuel produced in-depth does not 
have to come out, and in many cases pressure increases within the fuel structure can 
be observed. The effects of permeability and pressure are combined in a complex 
manner to define the flow within the porous medium. This remains an unresolved 
problem, thus the use of a simple variable such as c(x,t) is justified. Integrating 
equation (3) we obtain the following expression 
 

 
 

 
Assuming that any production of fuel is negligible for x>eF then the boundaries of 
integration can be changed to 
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(4) 

 
Where the chemical reactions are left in a generic form while recognizing that, due to 
the absence of oxygen, the reactions occurring between eO<x<eF might differ 
significantly from those occurring between 0<x<eF. 
 
To summarize, the production of fuel is controlled by the following variables: 
 

Temperature T(x,t) 
Local fuel concentration YS(x,t) 
Local oxygen concentration YO(x,t) 
Residual fuel fraction YF,s(x,t) 
Permeability function c(x,t) 
Oxygen penetration depth eO(t) 
Reactive depth eF(t) 
Kinetic constants Ai, mi, ni, Ei 

 
3.3 Charring  

 
For the purpose of ignition of a solid fuel the process of charring has an impact on 
both heat and mass transport therefore needs to be briefly addressed.   A general 
summary of the chemical processes leading to charring can be obtained in Chapter 
1.07, and more details form Cullis and Hirschler [16] for polymers and in the case of 
wood from Drysdale [17], thus will not be described here.  Instead an attempt will be 
made to explain the role of charring in ignition. 
 
For charring materials pyrolysis leads to the production of gaseous fuel (pyrolyzate) 
and a residual solid phase char. The char is mainly a carbonaceous solid that could be 
further decomposed. The secondary decomposition could be complete, leading to an 
inert ash or to a secondary char that can be further decomposed in a single or multiple 
steps.  Non-charring materials decompose leaving no residue behind. 
 
From the perspective of ignition, the exposed surface represents the boundary 
between the gas and the solid. This boundary moves as the material is completely 
removed. The rate at which the surface moves is the regression rate (VR). For charring 
and non-charring materials, this will be the boundary where complete consumption of 
the fuel is achieved. Although, regression rates can be very different between charring 
and non-charring materials, at the surface, the main difference between the two 
material types is the temperatures that can be achieved. Carbonaceous chars can reach 
much higher temperatures, leading in many cases to vigorous oxidation (surface 
glowing) that can be the catalyser for gas phase ignition. This will be part of the gas 
phase discussion. In what concerns the production of fuel, the differences appear 
mostly in-depth where temperature is controlled by heat transfer through the char and 
fuel production is affected by an overall permeability function.  The effects of 
permeability were described above and temperature effects on fuel production will be 
discussed in the context of the calculation of the temperature distributions. 
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3.5 The Thermal Depth (eT) 
 
When a heat flux is applied to one of the solid surfaces, the heat travels across the 
solid fuel. Initially only a very small area is affected, but as the thermal wave travels 
through material a larger and larger fraction of the solid is heated. The velocity of the 
thermal wave is represented in Figure 1 by VT(t). VT(t) is a function of time because it 
will decrease as the thermal wave moves away from the heating source and towards 
the cold back surface. The region that has been heated is quantified by the 
characteristic length eT(t). It is important to note that, given that temperature is a 
continuous function, eT(t) has to be arbitrarily defined simply as the end of the heated 
region. There is no exact mathematical definition for this length but physically it 
means that the temperature is approaching ambient temperature (T≈T0) or the gradient 
of the temperature is approaching zero ( ). The proximity that temperature 
or the gradient have to achieve when approaching these targets is only a matter of 
what precision is required by those making the analysis. 
 
The length scale eT(t) is extremely important because it characterizes solids into 
different groups. This breakdown enables the simplification of the energy equation 
and the generation of simple analytical expressions for the temperature distribution. 
For the purpose of ignition, solid fuels are classified in: 
 
Semi-Infinite Solid (L> eT): If the thermal wave is far from the end of the sample, the 
heat coming from the exposed surface has still not migrated to the back end.  The 
temperature at the back end is ambient (T0) and there are no heat losses through this 
surface. The thickness of the sample is no longer a relevant quantity and therefore the 
fuel can be treated as a semi-infinite solid (L→∞). Materials do not show semi-
infinite solid behaviour for ever, as time progresses the thermal wave will eventually 
reach the end of the sample. In many cases materials will behave as semi-infinite 
solids for the period of interest, in which case the assumption of L→∞ is valid.  The 
boundary condition for the energy equation becomes: 
 

x=L→∞  (5) 
  

T=T0 
 

 
Thermally-Thick and Thermally-Thin Solid ( ): The thermal wave has reached 
the end of the sample and therefore heat losses at the back end need to be quantified. 
The thickness of the sample, L, becomes a relevant dimension of the problem and a 
boundary condition for x=L needs to be defined. This group can be sub-divided into 
two different cases, thermally thick and thermally thin. A solid can be defined as 
thermally thick if a significant thermal gradient exists within the solid through the 
period of ignition. In contrast, in a thermally thin solid the gradient is negligible for 
most of the time before ignition. A simple criterion based on the Biot number (Bi) is 
generally used for the purpose of establishing if a material is thermally thin or thick. 
The Biot number is defined as Bi=hL/k, where “h” is a global heat transfer coefficient 
(W/m2K) and “k” is the thermal conductivity (W/mK). If Bi<<1 then temperature 
gradients inside the solid are negligible, while if the Biot number is not much smaller 
than unity then temperature gradients need to be considered. While this is an 
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important distinction for the energy equation, it does not have an effect on the 
boundary condition at x=L, so if  then the boundary condition is defined as: 
 

x=L  (6) 
 

 
 

 
where  will be left as a generic heat loss term at the back end of the solid 
fuel. 
 
3.6 The Pyrolysis (eP) and Charring Depths (eCH) 
 
Within the region where the temperature has increased above ambient significant 
chemical activity can occur. The chemical activity leads to the production of fuel at a 
rate specified by equations of the type of (1) or (2). The depth at which the chemistry 
can be assumed to be significant is commonly defined as a pyrolysis depth (eP) which 
propagates at a velocity VP. As with the thermal depth, there is no mathematical 
function that describes the location of the pyrolysis front, x=eP because the reaction 
equations are also continuous functions. Nevertheless, if the assumption is made that 
pyrolysis reactions have high activation energy then the transition between the zones 
of significant and negligible reactivity can be considered as being abrupt [18]. This 
permits the definition of critical parameters that can be considered to define the onset 
of pyrolysis. The most common parameter is a pyrolysis temperature, TP, below 
which the solid fuel can be considered inert. It is important to note that the pyrolysis 
temperature is not a true physical parameter but a simple way to track the onset of 
high activation chemical reactions. 
 
As described above, for x>eP the solid can be considered inert, thus thermal properties 
can be defined as those of the original solid fuel. The thermal properties relevant to 
ignition are  
 

Density r(x,t) Kg/m3 
Thermal conductivity k(x,t) W/m.K 
Specific heat C(x,t) J/kg.K 

 
which are all functions of temperature. Since the temperature varies in-depth they are 
also functions of “x.” The evolution of these properties with temperature for common 
materials can be found in most heat transfer book [19], nevertheless, for materials 
typically present in fires (wood, complex plastics, composites, etc.) these properties 
are in many cases unknown [20,21]. 
 
For x>eP the chemical reactions have initiated the decomposition of the material. The 
relevant properties remain the same, nevertheless pyrolysis introduces further changes 
to the properties. The gasification of the fuel and its transport towards the surface will 
strongly affect the density, while any potential voids will force to redefine thermal 
conductivity and specific heat to account for the existence of at least two phases.  
 
The process of pyrolysis can lead directly to gasification with no residue (non-
charring) or to a carbonaceous residue (charring). Figure 1 shows the case of a 
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charring material where a second front for charring (x=eCH) is formed behind the 
pyrolysis front. The charring front will propagate at a velocity VCH and will leave 
behind a residue that will have a new set of properties that are potentially very 
different to those of the fuel. The properties are still the permeability, the density, 
thermal conductivity and specific heat but precise values are mostly unknown for 
most chars issued of materials relevant to fires. 
 
It is common to see in the char region large voids and cracks that compromise the 
one-dimensional treatment provided here. These have been considered when 
addressing materials such as wood but will not be described here.  
 
3.7 Melting and the Evaporation of Water 
 
Melting or water evaporation have not been considered in the description of the 
ignition until this point. These two processes are endothermic phase changes that can 
have a significant effect on the temperature distribution in the solid. Numerous 
models have been built in the past to describe the heat sinks associated to melting and 
several studies have attempted to quantify the impact of melting on practical 
situations such as dripping.  
 
Phase changes are generally incorporated to the energy equation as heat sinks where 
some rate function is created to describe the conversion from one phase to the other. 
The simplest procedure is to assign a critical temperature to the phase change (i.e. 
100oC for water) and a heat of melting or evaporation (DHM). Once the fuel or water 
reaches this temperature it is converted to the high temperature phase. The phase 
change process is assumed to be infinitely fast and therefore the rate is defined by the 
available energy reaching the location where the phase change is occurring. All the 
energy is then used for the phase change and the thermal wave can only proceed once 
the transition has been completed. This approach is inappropriate if the available 
energy is very low, in this case thermodynamic equilibrium equations will define the 
rate of vaporization or melting. Other more complex models that include processes 
such as re-condensation can be found in the literature but will not be discussed here.  
 
The consequences of melting or water evaporation are various. Phase changes can 
affect the thermal properties of the fuel significantly and can result in motion of the 
molten fuel or water vapour. This leads to convective flow of energy or mass transfer. 
 
Understanding the physical processes behind phase change does not represent a great 
challenge. Furthermore, the potential impact of phase change on ignition is clear. 
Thus it is evident that any predictive tool for ignition should attempt to quantify the 
impact of phase change on ignition.  Nevertheless, the formulation of a model that can 
describe these processes in a comprehensive manner is extremely complex and the 
measurements that could serve for its validation are mostly non-existent.   
 
Given that, phase change is fundamentally an additional heat sink that will have to be 
incorporated to the energy equation in an arbitrary manner, it is justifiable to exclude 
the treatment of this subject from the present analysis. Nevertheless, this is done with 
the clear warning that its exclusion will have a significant impact on any quantitative 
assessment of the ignition process.  
 



Other processes that deserve to be addressed are softening or glass transition. Many 
materials such as thermoplastics will undergo gradual or drastic property changes 
with temperature. These property changes are not endothermic but will affect the 
progression of heat through the sample and could lead to dripping. Softening or glass 
transition will be directly incorporated in the analysis through the variable properties 
described in Section 3.6. An example of how these properties change with 
temperature is shown in Figure 4. Figure 4 presents the evolution of the product of all 
three thermal properties (krC) for PMMA as a function of temperature, indicating the 
abrupt change occurring at the glass transition temperature. 
 

 
Figure 4  Evolution of the product of the thermal conductivity, density and specific 

heat (krC) for PMMA as a function of temperature. 
 
 
3.8 The Temperature Distribution 
 
As explained in Section 3.2, to determine the fuel production it is necessary to define 
the evolution of the temperature inside the solid fuel. This can be achieved by 
defining a comprehensive energy equation. Figure 4 represents a typical control 
volume for x<eP where all the main heat transfer mechanisms are incorporated. 
 
For the purposes of this description the coordinate system will be anchored to the 
regressing surface, thus “x” will move with a velocity VR. A mass flow of fuel will 
therefore cross the control volume presented in Figure 5 carrying energy in and out (

). The gaseous products of pyrolysis and oxygen diffusion will also carry energy in 
and out of the control volume ( ,  respectively) and the generic expression for the 
mass flow of these gases ( , ) incorporates the regression rate.   Heat is 
conducted in and out of the control volume ( ) and for generality in-depth 
radiative absorption is allowed ( ). Since for x<eP the temperature is sufficiently 
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high to allow for chemical reactions all heat sources and sinks associated to all 
chemistry need to be included. Table 1 summarizes all terms incorporated in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Typical control volume for x<eP showing the main heat transfer 

mechanisms. 
 
Estimation of the net heat transfer will lead to a change in the energy accumulated 
within the control volume. The following expression summarizes the energy balance: 
 

 

 

 
where , which after appropriate substitutions results 
in the general energy equation for the control volume.  
 

 

(7) 
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Description In Out Formulation 
Energy transported 
by gaseous fuel 
traversing the 
control volume 

   
   

Energy transported 
by oxygen 
traversing the 
control volume 

   
   

Energy transported 
by solid fuel 
traversing the 
control volume 

   
   

Heat conduction   
 

 
 

 

Radiative 
absorption 

 
  

Chemical energy 
(generation/sink) 

   

 
Table 1  Summary of all energy transport within a generic control volume for 

x<eP.  is the net heat resulting from each individual chemical 
reaction. The net heat will be endothermic for most pyrolysis 
processes and exothermic for oxidative reactions. The summation is 
not truly a summation, but as explained earlier, is the overall set of 
chemical reactions where some could be sequential and others 
competing. 

 
Given the differential nature of the equation all variables are assumed to be functions 
of “x” and “t” so these dependencies are no longer indicated. Many of the terms are 
left in a generic form and not quantified. Their quantification is complex, thus a more 
detailed discussion will be provided later in those cases where it is necessary. 
 
The solution to equation (7) will provide the evolution of the temperature distribution 
along the sample and as a function of time (T(x,t)). This solution can then be 
incorporated in Equation (4) to establish the fuel production rate. It is important to 
note that thermal equilibrium between phases has not been assumed, thus there are 
three different temperatures in equation (7), T, TP and TO. Expressions similar to 
Equation (7) can be defined for each phase and will have to be solved in a 
simultaneous manner. The boundary condition will be the exchange of heat between 
phases, this is generally done using empirical correlations for heat transfer in porous 
media [22]. The alternative approach is to demonstrate thermal equilibrium between 
the phases (heat transfer is much faster than mass transfer within the pores), in which 
case all temperatures will be the same and only Equation (7) will have to be solved.  
 
To summarize, and in addition to the variables established in Sections 3.2 and 3.6, the 
temperature distribution is controlled by the following variables: 
 

)t,x(qP
+¢¢! )t,x(T)t,x(C)t,x(m PP,Pp

+++¢¢!

)t,x(qP¢¢! )t,x(T)t,x(C)t,x(m PP,Pp¢¢!

)t,x(qO
+¢¢! )t,x(T)t,x(C)t,x(m OO,PO

+++¢¢!

)t,x(qO¢¢! )t,x(T)t,x(C)t,x(m OO,PO¢¢!

)t,x(qS
+¢¢! )t,x(T)t,x(C)t(V)t,x( SRS

+++r

)t,x(qS¢¢! )t,x(T)t,x(C)t(V)t,x( SRSr

)t,x(qCND¢¢!

xx
S dx
dTk

=

-

)t,x(qCND
+¢¢!

+=

-
xx

S dx
dTk

dx).t,x(qRAD¢¢¢! dx).t,x(qRAD¢¢¢!

dx).t,x(qg¢¢¢! [ ])t,x(RT/En
F

m
Oi

Ni

1i
Si,P

iii e)t,x(Y)t,x(YA)t,x(H -
=

=
å rD

i,PHD



Thermal conductivity kS(x,t) 
Specific heat CS(x,t) 

CP,P(x,t) 
CP,O(x,t) 

Density of the solid r(x,t) 
Regression rate VR(t) 
Mass flow  

 
Temperature of the gas phase TP 

TO 
Radiative properties of the 
solid (absorptivity, aS(x,t)) 

aS (x,t) 

Heat of reaction DHP,i 
 
 
3.9 The Surface Boundary Conditions (x=0 and x=L) 
 
Figure 1 shows all the different modes of heat transfer through the surface control 
volumes. In theory, control volumes at x=0 and x=L could be represented in a generic 
manner that makes them identical.  In practise this is generally not the case because 
materials tend to have an exposed face and one that is in contact with some backing. 
The backing will define a conductive boundary condition while the open face a 
convective/radiative one.   For illustration purposes, this distinction will be made here 
and the exposed face will be defined as an open boundary, thus will include 
convection and radiation, while the back-face, , will be attached to a 
substrate, thus will be defined as an impermeable conductive boundary condition.  It 
needs to be emphasized that this is an arbitrary simplification that is only done to 
illustrate two different types of boundary conditions because they are mutually 
exclusive. In many cases a material might be sandwiched between two solids or 
exposed at both ends. The appropriate choice of boundary conditions needs to be 
made but the processes to be described will not be different. 
 
Figure 6 shows the open boundary condition (x=0) at a specific point in time. The 
different components are mainly those described in Table 1 leading to a very similar 
expression for the energy balance as that presented in Section 3.8. So at the x=0 
surface 
 

 

 

 
where the terms that remain undefined are described in Table 2. Radiation absorption 
within the surface control volume is represented as  to 
remain consistent with the notation of the previous section. 
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Figure 6  Boundary control volume for x=0 showing the main heat transfer 

mechanisms.  
   
 
For the boundary control volume the characteristic thickness e→0, which eliminates 
all energy transported by mass flow, radiation absorption and energy generation. The 
final expression for the exposed boundary condition is then: 
 

 
(8) 

 
A similar treatment can be followed with the back end boundary condition (x=L). In 
this case the back surface is assumed to be in direct contact with another solid. Mass 
transfer, convection and radiative losses to the environment are therefore precluded. 
The boundary condition will only include conductive terms and can be described as: 
 
 

 
(9) 

 
where kB is a global thermal conductivity of the backing material that could include 
the thermal resistance between the two solids. In most cases the contact between both 
solids is not perfect, leaving air gaps or requiring adhesives, in these cases it is 
important to define the thermal conductivity in a manner that includes the contact 
resistance. The variable TB is the temperature of the backing solid, these temperature 
will come out of a solution to an additional energy balance of the form of Equation 
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(7). Note that if kB is very small the backing can be assumed as an insulator and the 
boundary condition can be summarized to no losses at the back. This eliminates the 
need to solve a second energy equation for TB. 
 
 

Description In Out Formulation 
Radiation from the 
exposed surface to 
the environment 

   

Convective losses 
from the surface 

   

External radiative 
heat-flux 

   

 
Table 2  Summary of all energy transport within the surface control volume. 

Only terms not presented in Table 1 are described here. The Stefan-
Boltzmann Constant is: s=5.670 x 10-8 W/m2K4, eS(0,t) is the surface 
emissivity and hCv is the convective heat transfer coefficient. Only for 
illustration purposes two different approaches are used to describe 
radiation, absorption is allowed to happen in-depth while emission is 
treated as a surface process. The spectral emissivity and absorptivity of 
the material will define the most appropriate treatment for each 
specific case. 

 
To summarize, and in addition to the variables established in Sections 3.2, 3.6 and 
3.8, the temperature distribution is controlled by the following variables: 
 
 

Global thermal conductivity of 
the backing material 

kB(x,t) 

Temperature of the backing 
material 

TB(x,t) 

Emissivity of the solid eS(x,t) 
Convective heat transfer 
coefficient 

hCv(t) 

Ambient temperature T0 
 
 
4. The Gas Phase 
 
The sequence of events leading to the ignition of a gas phase flame will be described 
in this section.  It will be assumed that gaseous fuel emerges from the solid following 
the description provided in Section 3.  
 
After the onset of pyrolysis gas begins to emerge from the fuel surface, initially in 
very small quantities, but as eF and T(x,t) increase equation (4) shows that the fuel 
mass flux will increase. The emerging fuel will encounter the ambient oxidizer and 
eventually produce a flammable mixture. Given that fuel is migrating into the oxidizer 
flow, the definition of a flammable mixture is not a simple one. In standard test 
methods the ambient flow is well defined, mixed convection generated by a horizontal 
heated surface and the extraction system in the cone calorimeter [23], natural 
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convection resulting from a vertical heated surface in the LIFT apparatus [24] and 
forced convection over the fuel surface (horizontal or vertical) in the FM Global Fire 
Propagation Apparatus [25]. In real fires, flow fields are defined by the flames 
themselves and by the geometry of the environment (obstacles, fuel geometry, etc.) 
with the possibility of complex flow patterns. The only mechanisms to establish the 
fuel distribution within the gas phase are detailed measurements or modelling [26-28].  
Nevertheless, from a phenomenological perspective, to achieve ignition, what is 
required is to achieve a flammable condition in at least one location in the gas phase. 
 
The definition of a flammable mixture is for the fuel concentration to be found 
between the Lower or Lean Flammability Limit (LFL) and the Upper or Rich 
Flammability Limit (UFL). Although the LFL and UFL are apparatus dependent 
measurements, it is clear that the precision required for flaming ignition of solids does 
not require a more universal description of flammability. For a more detailed 
discussion on flammability limits and their limitations the reader is referred to 
Chapter 1.09. 
 
4.1. Auto-Ignition 
 
Once a flammable mixture has been attained, this mixture needs to increase in 
temperature until a combustion reaction can occur. This process is described in great 
detail by Torero [29] and by Fernandez-Pello [30, 31], who cites a series of 
experiments by Niioka [32] where ignition is studied using a stagnation point flow 
over a solid fuel surface. In these experiments the heat to initiate the combustion 
reaction is provided by a hot flow impinging on a fuel surface that acts as a heat sink. 
Niioka [32] identifies an induction time and a pyrolysis time. The pyrolysis time 
corresponds to the time required to attain a flammable mixture while the induction 
time is the time for the mixture to reach a temperature at which ignition can occur. 
Given the specific configuration, the pyrolysis time decreases with the flow velocity 
(enhanced heat transfer to the fuel surface) while the induction time increases 
(reduced residence time in the gas phase). Although these observations are not 
universally applicable, they serve to illustrate the process of auto-ignition. Fernandez-
Pello [30, 31] describes Niioka’s conclusions graphically by means of the schematic, 
this schematic is simplified and presented in Figure 7. Figure 7 shows how the 
summation of the pyrolysis and induction times leads to an ignition time.  
 
In auto-ignition there is no hot spot that will serve as an initiation point for the 
reaction, thus the mixture has to absorb enough energy to reach ignition. The exact 
amount of energy required for ignition can be associated to a Damköhler number [18]. 
The Damköhler number corresponds to the ratio between a local residence and 
chemical time. The chemical time represents the necessary time for the reaction 
chemistry to occur and is expressed as the inverse of the reaction rate. Combustion 
reactions can be described by expressions like that presented in Equation (1) thus the 
chemical time is directly affected by the temperature of the reactants. The higher the 
temperature, the greater the reaction rates and the shorter the chemical time.  The 
residence time is a measure of the strain (or dissipation rates) or the time the reactants 
remain together at a specific location thus it is directly related to the velocity field. 
The faster the flow or the velocity gradients, the shorter the residence time. If the 
chemical times are shorter than the residence times the reaction has enough time to 
proceed and a flame can exist. A critical Damköhler number for ignition can then be 



established, above which a combustion reaction can proceed [18]. In the schematic 
presented in Figure 7, critical Damköhler numbers will be attained at both sides of the 
ignition curve preventing ignition. This is probably the most precise way to describe 
ignition but it requires the full resolution of the flow and temperature fields as well as 
comprehensive knowledge of the kinetic constants associated to the combustion 
reaction. While the flow field can be resolved by means of Computational Fluid 
Dynamics (CFD) the chemistry of most fire related fuels still remains uncertain. 
Qualitative assessment of the Damköhler number for ignition has only been achieved 
for a few very well defined experimental conditions such as stagnation flows [6, 32, 
33] or boundary layers [34].  Other alternative representations of the ignition 
conditions that rest on the same fundamental approach have been discussed by 
Quintiere [35] and by Gray and Lee [36].    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7  Schematic of the characteristic times involved in the ignition of a flat 

plate subject to a hot stagnation point flow. This schematic is based on the 
work by Niioka [32] and adapted from Fernandez-Pello [30, 31]. 

 
An important aspect of the ignition process that remains to some extent unresolved is 
the origin of the heat that is necessary for the gaseous fuel to reach the critical 
Damköhler number. If the air flow is hot, like in Niioka’s experiments [32], then the 
energy will come from the oxidizer and the problem is immensely simplified. If the 
oxidizer is cold and there is an external radiative heat source, then solid and gas will 
heat at different rates. The solid will absorb heat and its surface temperature will 
change following Equation (7) while the gas will absorb heat based on its absorptivity 
and dissipate it in a manner governed by the flow field.  The absorptivity of the gas is 
a strong function of the fuel type and concentration, thus also requires detailed 
knowledge of the flow field. The two possible outcomes are that the gas phase heats 
faster than the solid phase or the opposite. In the former case ignition will occur away 
from the fuel surface, since the fuel will act as a heat sink for the gas. In the latter 
case, ignition will occur closer to the fuel surface since the fuel acts as a heat source. 

Time 

Flow Velocity 

Ignition 
Time 

Pyrolysis 
Time 

Induction 
Time 



This latter scenario is common with charring materials where oxidation of the char 
contributes to increase the surface temperature [37]. 
 
It is clear that auto-ignition is a complex process that fully involves interactions of the 
solid and gas phases. Therefore, to characterize auto-ignition of solid fuels it is 
necessary to established well defined experimental conditions and simplifications to 
the analysis. Data obtained from different experimental conditions and with a specific 
analysis will generally not be compatible with other data that was obtained from a 
different experiment or deduced by means of an alternative analysis. Thus, scatter in 
the reported data is common for auto ignition.  
 
Data on auto-ignition is generally reported as Auto-Ignition Temperatures (AIT) 
which corresponds to a recorded temperature at the moment where ignition of a flame 
is first observed. A summary of much of the data available is presented in Chapter 14 
of reference [1] together with a series of references to relevant papers and textbooks 
[38, 39]. Given the complexity of the processes leading to auto-ignition, these values 
can only be taken as reference values that are a direct function of the specific test 
conditions. Generally, significant discrepancy is found in the literature where reported 
Auto-Ignition Temperatures can vary in more than 150oC  for the same material. The 
greatest discrepancies tend to be found when the orientation of the solid fuel is varied 
and the fluid mechanics and heat transfer are significantly altered [1]. Auto-Ignition 
Temperatures are most consistent for gaseous mixtures (Chapter 1.09*) and liquid 
fuels (Chapter 2.08) where tests are conducted in enclosed vessels where the fuel has 
been fully evaporated. 
 
4.2. Piloted Ignition 
 
As discussed in the previous section, the process of auto-ignition is extremely difficult 
to describe in a quantitative manner, even under simple experimental configurations. 
Therefore, as an example, it is not practical to rely on auto-ignition to describe the 
susceptibility of solid materials to ignite. A mechanism to simplify the process is to 
include a pilot flame or a hot spot. This is a practical experimental simplification that 
has a basis on reality, since in most ignition scenarios there will be a region of high 
temperature. The presence of a pilot strongly simplifies the gas phase processes and 
reduces the influence of environmental variables. While characterization of the flow 
field is still required to establish the presence of a flammable mixture, it is no longer 
necessary to resolve heat transfer between phases or to define the absorption of 
energy by the gas. In the presence of a pilot, ignition can be assumed at the moment 
where a flammable mixture (LFL) is attained at the location of the pilot. 
 
Currently, all standard test methods that attempt the description of the ignitability of 
solids use some form of a pilot. In some cases, the pilot is a large flame [24] while in 
others is either a small pilot flame [25] or a high energy spark [23]. Both methods 
have their advantages and disadvantages, sparks produce only local heating thus have 
a weaker tendency to influence the solid phase by acting as a heat source. 
Nevertheless, given their small volume, ignition is strongly influenced by the spark 
location. The flow field has to establish a flammable mixture at exactly the location of 
the pilot. In contrast, large pilot flames have a tendency to supply heat to the fuel 
surface, but cover a large volume, therefore are less sensitive to the flow field.  



Because of its practical relevance, all subsequent discussion will concern piloted 
ignition.  
 
To attain the LFL at the pilot location it is necessary to resolve the momentum and 
mass transport equations simultaneously with the surface boundary conditions 
explained above. Figure 1 shows an arbitrary distribution of the fuel concentration 
external to the sample, YF,g. A similar representation could be made for the oxygen 
concentration (YO,g). The characteristic equation that describes the flow field is as 
follows: 
 

 
(10) 

 
Where  is the velocity field, r0 the density of the air, P the pressure field,  the 
gravity vector and µ0 the viscosity of the air. Temperature dependencies of the 
properties have been omitted for simplification assuming that air is the main 
constituent and it will remain close to ambient temperature. Conservation of fuel and 
oxygen concentrations can then be defined by: 
 

 
(11) 

 
(12) 

 
where species transport is assumed to be non-reactive, thus the source/sink has been 
omitted. This is an adequate assumption for pure mixing. To obtain the solution of 
Equations (10), (11) and (12) it is necessary to add the following variables to those 
established in Sections 3.2, 3.6, 3.8 and 3.9: 
 

Density of air r0 
Velocity field  
Pressure field P 
Viscosity of air µ0 
Diffusivity of fuel in air DF,0 
Pilot location  

 
At this point, there is no need to specify a critical Damköhler number for ignition 
because of the presence of the pilot, although in absolute rigour, this assumes that the 
flow conditions are such that blow-off of the flame kernel does not occur, thus the 
pilot will allow the establishment of a flame across the flammable mixture. 
 
4.3. “Flash Point” and “Fire Point” 
 
Once ignition has been achieved a flame can propagate through the regions where a 
flammable mixture is present consuming the reactants. Independent of the flow field, 
it is most likely that a flammable mixture will be established close to the solid fuel 
surface. The pyrolysis rates at the moment when the flame is established will 
determine if a flame can continue to exist or if the combustion reaction will cease 
after the gas phase mixture is consumed. The feedback from the flame will enhance 
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pyrolysis, but usually, the relatively large thermal inertia of the solid will result in a 
slow response, therefore it will be necessary for pyrolysis rates to be sufficient even in 
the absence of the flame heat feedback. If pyrolysis rates are not sufficient, the flame 
will extinguish and continuous pyrolysis will lead once again to the formation of a 
flammable mixture and subsequent ignition. This manifests itself as a sequence of 
flashes that precede the establishment of a flame over the combustible solid. This 
process is identical to the “flash point” generally associated to liquid fuels (Chapter 
2.08) and for solid fuels has been described in detail by Atreya [37].  
 
The transition between the “flash point” ignition and the established flame, which 
could also be named the “fire point” in an analogy with liquid fuels, deserves especial 
attention. The characteristics of the diffusion flame established on a solid fuel surface 
are defined by the flow field and the supply of fuel. The rate at which both reactants 
reach the flame zone defines the flame temperature and thus the characteristic 
chemical time. If the amount of fuel reaching the flame is small, then the flame 
temperature will be low and the chemical time will be long. As described above, the 
flow field defines the residence time. A second critical Damköhler number appears, 
but this time is one of extinction. This concept has been described many times 
explicitly in the combustion literature [18] but only implicitly in the fire literature. 
There are only few studies where a critical extinction Damköhler number has been 
presented to describe the “fire point” but in all cases they concern idealized flow 
fields that allow establishing a direct correlation between fuel production and flame 
temperature [33, 34]. In most discussions simplifications have been assumed leading 
to simpler parameters that can serve as surrogates for the Damköhler number. 
Williams [40] discusses a critical gas phase temperature below which extinction will 
occur. If the residence time remains unchanged, then extinction is only associated to 
the chemical time, thus can be directly linked to a critical gas phase temperature. It 
can be further argued that extinction is much more sensitive to temperature than to 
flow, thus only radical changes in the residence time need to be addressed making this 
criterion a robust one. A more practical surrogate to the Damköhler number is a 
critical fuel mass flux criterion. Under specific testing conditions the flow field will 
remain invariable. In this case the attainment of a critical mass flux of fuel will be the 
single parameter defining the flame temperature and thus the Damköhler number [41, 
42]. Furthermore, under more restrictive conditions the critical mass flux can be 
associated to a critical solid phase temperature [43]. Drysdale [17] and Beyler [44] 
provide a detail description of the classic approaches to this subject while Quintiere 
and Rangwala address some of the more current studies [45].  
 
The sequence of events relating “flash” and “fire” points is not trivial because they 
represent distinctively different processes. For piloted ignition, the “flash point” only 
requires a flammable mixture while for the “fire point” the rate of fuel supply has to 
be enough to achieve a chemical time shorter than the residence time. Thus a number 
of different scenarios can be observed that in many cases can affect the consistency of 
different ignition studies. A simple example will be used to illustrate this. For 
example; if the pilot is very close to the fuel surface then a flammable mixture will be 
achieved at the pilot location soon after the onset of pyrolysis. In this case fuel supply 
will be far from that required to sustain a flame. A significant delay will exist between 
flash and fire points where several flashes will be observed. If the pilot is distanced 
from the fuel surface it will take longer to attain a flammable mixture and therefore at 
the moment of the first flash the fuel supply would have increased and a smaller 



number of flashes will be observed before the flame is fully established. Greater 
separation of the pilot from the fuel surface might result in the flammable mixture 
being attained at the pilot location at the same time as the fuel supply is sufficient to 
sustain a flame. In this case the fire point will correspond with the first flash. A 
further increase in the distance between pilot and fuel will not change the physical 
manifestation but will continue to delay ignition. In this case ignition will occur when 
a flammable mixture is attained at the pilot but will not be related to the flash or fire 
points.  This example has been presented to illustrate the sensitivity of ignition studies 
to different variables and the importance of detailed observations to the validity of 
conclusions and comparisons.  In this case pilot location was used as the example, but 
a similar analysis could be made with the heat flux, the oxygen concentration, the 
flow field [31, 46] or the ambient pressure [47]. 
 
The only added variable required to model the “fire point” will be the critical 
Damköhler number for extinction (Dae,cr) or any equivalent way to represent the 
extinction condition. As mentioned above, other criteria can be used to establish the 
extinction condition and that are partially equivalent to the critical Damköhler 
number. Such criteria are a critical mass transfer numbers (Bcr) [34, 48], critical mass 
fluxes [11, 28, 30, 42] or critical temperatures (Tcr) [17, 35, 40, 43, 45]. 
  
 
5. Simplifications and Standardization 
 
To predict flaming ignition of a solid fuel is necessary to solve Equations (1) to (12). 
A number of authors have attempted the solution to these equations for a number of 
materials. Furthermore, they have in some cases added further complexity by 
including phenomena such as intumescent behaviour [49] or bubbling [50]. Extensive 
reviews of these modelling efforts can be found in references [4, 51-54] and some of 
the more recent modelling exercises have achieved significant success [55-59]. In 
most cases some simplifications have been necessary and in general the critical 
limitation of these models is associated to the inadequate definition of many of the 
relevant variables and parameters listed in the previous sections. As mentioned 
before, the current trend is to optimise parameters by fitting complex models to 
specific experimental results by means of sophisticated optimization techniques. The 
optimization process results in ranges of possible values for all parameters stipulated. 
The results have then been extrapolated to other experimental conditions. While 
success has been reported [6, 7], these optimization processes are only as good as the 
models whose parameters they optimize. It is therefore important to note that even in 
the most complex models some simplifying assumptions have been made. Currently, 
the use of such models remains a research subject with increasing applicability to the 
modelling of flaming ignition of solid fuels. 
 
This section will take the equations presented in previous sections and suggest 
simplifications that will lead to models commonly used in the analysis of standard test 
methods evaluating the flaming ignition of solid fuels.  
 
5.1. The Inert Solid Assumption 
 
The assumption that the solid remain inert until ignition is probably the most far 
reaching of all proposed simplifications. As a result of this assumption the energy 



equation is dramatically simplified. Despite the far reaching implications of assuming 
that the solid remains inert until ignition there is very limited work that assesses the 
validity of this assumption. 
 
To the knowledge of the author, the only explicit studies that discuss the importance 
of assuming that the material is inert are those by Cordova et al. [42], Dakka et al. 
[60] and Beaulieu and Dembsey [61].  In the first two studies transparent Poly(methyl 
methacrylate) (PMMA) was used while on the latter work the detailed analysis is 
done with black PMMA but a number of other materials serve to confirm the 
conclusions. Despite the bias towards PMMA, the discussion is appropriate here to 
illustrate the potential errors associated to this simplification.  
 
Figure 8 presents characteristic ignition delay times (tig) and pyrolysis dely times (tP) 
for PMMA. The ignition delay time was recorded as the first flash while the pyrolysis 
delay time as the moment when the fuel initiates its endothermic degradation. The 
onset of pyrolysis was characterized by means of mass loss measurements, flow 
visualization and IR-Thermography. These results show that for these particular 
experiments there is a significant difference between the “flash point” and the onset of 
pyrolysis (could be up to 100%) therefore the assumption that the fuel remains inert 
until ignition might not be justified.  
 
The breakdown of the inert solid heating assumption is further discussed by Beaulieu 
and Dembsey [61] who show that an analysis following this approximation will lead 
to shorter ignition delay times for realistic heat fluxes. The biggest errors were 
observed at the higher heat fluxes. Their tests were done for a comprehensive array of 
materials and with heat fluxes up to 200 kW/m2.  
 
Despite these experimental results, this assumption still remains the backbone of all 
standard test method analyses for ignition [23-25]. If this approach is followed and the 
regression rate is assumed to be negligible, VR≈0, Equation (7) is reduced to 
 

 
(13) 

 
And the boundary conditions to 
 

x=0       
(14) 

 
 

x=L      
(15) 
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Figure 8  Characteristic ignition delay times (tig) and times to the onset of pyrolysis 

(tP) for PMMA and a wide range of external heat fluxes extracted from 
reference [60].  Onset of pyrolysis or ignition did not occur below 11 
kW/m2. 

 
5.2. Absorption of Radiation and Global Properties 
 
The next major simplifications that are commonly accepted are to assume that most of 
the incident heat flux is absorbed at the surface (a(t)≈1) and that the thermal 
properties of the solid can be considered invariant (rS(x,t)≈ , CS(x,t) ≈ , and 
kS(x,t) ≈ ).  These assumptions further simplify Equation (13) because it allows 
neglecting in-depth radiative absorption. The thermal properties can then be extracted 
from the differential terms and external radiation now appears in the exposed 
boundary condition: 
 

 
(16) 

 

x=0       
(17) 

 

x=L      
(18) 

 
There is little true justification in the literature to support these assumptions, 
nevertheless they are of practical use since for many fire related materials the 
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absorptivity (or emissivity) will approach unity [62], or in the case of testing the 
material surface can be treated with a coating that has these properties [25]. 
 
A series of recent studies have explored the absorptivity [63] of PMMA and the 
interaction between the heat source and PMMA [64, 65]. Figure 9 shows that when 
using an electrical resistance (cone heater [23]) the transmissivity of PMMA can be 
neglected and the absorption can be assumed to occur at the surface. Instead, when 
using tungsten lamps (from the Fire Propagation Apparatus [25]) in-depth absorption 
cannot be neglected. This information allowed explaining significant differences in 
the piloted ignition delay times obtained with both tests but mostly emphasize the 
potential importance of assuming an absorptivity of unity. 
 

 

Figure 9  Transmitted to incident heat flux ratio for clear PMMA samples (Lucite 
and Plexiglass) exposed to a radiative source (conical resistance and 
tungsten lamp) providing 10 and 20 kW/m2 for thicknesses ranging 
between 0.375 and 51 mm [65]. 

 
Furthermore, thermal properties vary with temperature, but a global set of properties 
can be established to provide a good fit to ignition data. An example of a 
comprehensive assessment of the impact of variable thermal properties is provided by 
Steinhaus [66]. 
 
5.2. The Boundary Conditions 
 
To standardize the ignition process it is important to provide a controlled 
environment, so that test results can be consistent between laboratories and different 
users of the standard. Therefore, standard test methods provide clear definition of the 
environmental conditions, thermal characteristics of the backing material and pilot 



location [23-25]. Equations (10), (11) and (12) do not have to be solved to obtain the 
fuel concentration at the pilot location. Instead the impact of the gas phase on the 
results is ignored. This is done on the basis that flow conditions are the same between 
tests thus their impact on the transport of fuel and oxidizer to the pilot is the same. 
 
Standardization of the flow conditions has a deep effect on the meaning of the results. 
The thermal properties associated to the analysis are no longer true thermal properties 
of the material but global properties that are a combination of the solid and the 
standardized gas phase conditions. This is of critical importance, because, as a 
product of standardization, test results can be compared among themselves (if the 
same method is used), nevertheless can not be extrapolated to conditions different to 
those of the test. This applies to other standard tests or to real fire conditions. Cordova 
et al. [46] provides a graphical assessment of the effect of varying the flow conditions 
on the resulting thermal properties showing that small variations in the flow field can 
result in drastic variations of the resultant thermal properties. 
 
It is common to apply ignition data from standard tests to fire models and is only 
recently that CFD models such as the Fire Dynamics Simulator (Version 5 and above) 
allow realistic representations of the solid phase that include true thermal properties 
[67]. It is important to note that extrapolation is not necessarily incorrect. 
Nevertheless, it has to be done with great care to guarantee that the effect of the 
environment on the thermal properties can either be neglected or an appropriate 
correction is provided.  
 
Different test methods will use different flow fields therefore values for the 
convective heat transfer coefficient vary with the authors. A commonly cited value is 
15 W/m2K.  Furthermore, it is common to linearize surface radiation to define a single 
total heat transfer coefficient (hT≈ 45 W/m2K). More precise values and models are 
present in the literature [26-28, 31] but they correspond to very specific scenarios and 
therefore are hard to generalize.  
 
Most test methods define the backing material as a good insulator ( ) 
neglecting heat losses through the back end of the sample. Finally, characteristic 
ignition delay times can be considered much shorter than the time required for the 
thermal wave to travel through the sample therefore L> eT and the solid is generally 
assumed as semi-infinite.  
 
These last set of simplifications are truly not necessary because a simple numerical 
solution can be obtained without linearizing surface radiation or assuming a semi-
infinite solid.  Many studies have attempted to establish the impact of these 
simplifications by means of numerical solutions that relax these assumptions, the most 
recent of these papers is by Mowrer [68].  If surface radiation is described by means 
of constant heat transfer coefficient, then a correction is necessary to account for the 
growth of this coefficient as the surface temperature increases. Mowrer [68] showed 
that a correction to the global thermal properties could be made to account for this 
effect. The back end boundary condition is a more difficult problem. For low heat 
fluxes the thermal wave reaches the end of the sample, L< eT, before ignition occurs 
and heat is exchanged between the sample and the insulating material. Quantification 
of this heat exchange can be done numerically, as indicated in Section 3.9, but this is 
not a simple process because it needs to properly describe the different components 

0kB ®



associated to the way the sample is arranged during tests.  The alternative solution of 
providing a well defined insulating boundary and neglecting back end losses has been 
preferred and detailed analyses have been conducted to characterize the physical 
arrangements of sample and insulating material. Among the most comprehensive of 
these studies is presented in reference [69].    
 
If all these assumptions are made, Equations (16), (17) and (18) can be reduced to: 
 

 
(19) 

 

x=0       
(20) 

 

x→∞      
(21) 

 
5.3. The Ignition Condition 
 
If the solid is assumed to be inert until ignition and the gas phase can be summarized 
into a single total heat transfer coefficient (hT) this amounts to the assumption that 
ignition will occur at the onset of pyrolysis and that these process can be simply 
characterized by the attainment of a characteristic surface temperature that is 
commonly labelled the ignition temperature, Tig. If the sample is suddenly exposed to 
an external heat flux, then the time delay between exposure and ignition is named the 
ignition delay time, tig.  These two parameters represent then the entire process of 
ignition. 
 
A final link can be made to establish a critical ignition condition. If the ignition delay 
time is infinitely long, then there will be no gradients of temperature within the solid 
and surface heat losses will be equivalent to the heat input. This represents the 
minimum heat flux required to achieve Tig, and thus flaming ignition of the solid fuel. 
This heat flux is named the minimum heat flux for ignition, . Since surface 
temperatures are more difficult to measure than heat fluxes, the minimum heat flux 
for ignition can be used to establish the ignition temperature. Equation (20) can then 
be re-written to  
 

 
(22) 

 
Equation (22) is an idealized expression that assumes that no temperature gradients 
exist in the solid, this can lead to errors in the calculation of Tig. To establish a 
relationship between external heat fluxes and surface temperature that includes in-
depth heat transfer a sample can be allowed to reach thermal equilibrium and the 
surface temperature recorded. The obtained relationship represents a more accurate 
representation of equation (22) and can be used to extract ignition temperatures from 
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measured heat fluxes. A graphic representation of this relationship can be found in 
reference [34].  
 
Again, both minimum heat flux for ignition and ignition temperature are not material 
properties but a combination of the material and the specific environmental conditions 
associated to the test [46]. Extrapolation to realistic scenarios and fire models has to 
be done with significant care.  
 
5.3. The Solution 
 
Imposing a constant external heat flux ( =constant) and using all the above 
assumptions allows for an analytical solution to equation (19). This solution 
establishes the evolution of the solid temperature as a function of time. This solution 
can be found in any heat transfer book [19] but was first postulated for the flaming 
ignition of a solid fuel by Quintiere [70] and incorporated in ASTM E-1321 [24]. 
Alternate solutions have been postulated for other test methods and will be briefly 
discussed in Chapters 3.03 and 3.04. More detailed discussion of methodologies and 
nomenclature can be found in the description of the standard tests [23, 25].   
 
The solution for T(x,t) is given by 
 

 

 
(23) 

 
Where =kS/rSCS is the global thermal diffusivity and “erfc” is the complement to 
the error function. To obtain the surface temperature (Ts), x is set equal to 0 and T = 
T(0,t) = Ts. Therefore equation (23) simplifies to: 
 
 

 

 

 
 

(24) 

 
from equation (24), 
 

 
 

(25) 
 

 
can be defined as a characteristic temperature and,  
 

 
 

(26) 
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is defined as a characteristic time. Equation (24) is the general solution to the surface 
temperature at all levels of incident heat flux.  To obtain the ignition delay time (tig) 
the surface temperature (Ts) is substituted by Tig and equation (24) can be rewritten 
as: 
 

 
 
 

(27) 

 
 
To avoid the complex form of the error function simplified solutions have been 
proposed in the literature [70, 71].  In order to solve for the ignition delay time (tig) a 
first order Taylor series expansion of equation (27) is conducted.  The range of 
validity of this expansion is limited, thus cannot be used over a large range of incident 
heat fluxes.  Thus, the domain has to be divided at least in two. 
 
The first domain corresponds to high incident heat fluxes where the ignition 
temperature (Tig) is attained very fast, thus tig << tc.  Application of the first order 
Taylor Series Expansion to equation (27) around  yields the following 
formulation for the ignition delay time ( ): 

 

 
 

(28) 
 

 
As can be seen from equation (28), the short time solution for the ignition delay time (

) is independent of the total heat transfer coefficient term (hT).  Thus the ignition 
delay time (tig) is only a function of the external heat flux ( ) and the global 
properties ( , , ) of the solid fuel and the ignition temperature (Tig).  
 
For low incident heat fluxes tig  tc, the Taylor series expansion is made around

, where the first order approximation yields: 
 

 
 

(29) 

 
 
Equations (28) and (29) establish the relationship between ignition delay time and 
external heat flux. It is convenient to express the ignition delay time data presented in 
Figure 7 as  where Tig is obtained from the experimental minimum heat flux 
for ignition and Equation (22).  Such a plot is presented in Figure 8. Substituting Tig 
in Equation (28) allows extracting the product of the three thermal properties (

) as a single experimental parameter representing the global material 
properties controlling flaming ignition of solid fuels that can be considered semi-
infinite. Quintiere terms this product the thermal inertia [70]. 
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Figure 10 Ignition delay time (1/tig-0.5) for different external heat fluxes using 

PMMA as a solid fuel. Data extracted from reference [60]. 
 

When describing ignition propensity of solid fuels is customary to summarize the 
description of the materials on the basis of only two parameters, the ignition 
temperature, Tig, and the thermal inertia, . Several tables have been produced 
in the past with comprehensive lists of materials typical of fires. As an example, Table 
3 presents the data as compiled by Quintiere [70]. A comprehensive list is not 
presented here because a comprehensive compilation of data is provided in Chapter 
3.04 or in references [1] and [2]. 
 

 
Material 

 
Tig 

[oC] 

 
 

[(kW/m2K)2.s] 
 

Wood fiber board 355 0.46 
Wood hardboard 365 0.88 
Plywood 390 0.54 
PMMA 380 1.00 
Flexible Foam Plastic 390 0.32 
Rigid Foam Plastic 435 0.03 
Acrylic Carpet 300 0.42 
Wallpaper on Plasterboard 412 0.57 
Asphalt Shingle 378 0.70 
Glass Reinforced plastic 390 0.32 
   

 
Table 3  Ignition Data from ASTM E-1321 per Quintiere [72].   
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5.3. Thermally Thin Materials 
 
A very similar analysis can be conducted for thermally thin materials where in the 
absence of thermal gradients and after all relevant simplifications Equation (19), (20) 
and (21) can be combined into a single energy equation and a boundary condition 
 

 
(30) 

 
x=L      (31) 
 
when the external heat flux is much larger than the losses this equation can be 
integrated to deliver equation (32) [73].  
 

 
(32) 

This is once again not a necessary assumption but has the practical advantage of 
leaving the product  as a single experimental parameter that can be extracted 
from the slope of a simple plot presenting 1/tig vs . represents then the global 
material properties controlling flaming ignition of thermally thin solid fuels. A 
comprehensive data review of this product is provided in references [1] and [2]. 
 
6. Summary 
 
A review of flaming ignition of solid fuels has been presented. Emphasis has been 
given to a comprehensive description of all processes involved. Some minor 
simplifications have been made to the original formulation leading to approximately 
thirty variables and parameters controlling flaming ignition of a solid fuel.  
 
A section follows where the common simplifications associated to the methodologies 
of interpretation of standard test methods are applied. Analytical solutions are 
obtained showing that the description of the ignition process can be summarized to 
two material related parameters and two specified environmental conditions (T0, ). 
The material related parameters are as follows:  
 

Thermally thin materials Tig  
Thermally thick materials Tig  

 
It is important to insist that these parameters are a function of the material and the 
environmental conditions at which they were obtained. They can be directly applied 
for comparison between materials (flammability assessment) but extrapolation to 
conditions beyond the tests where they were obtained is not always possible and if 
performed, has to be done with great care. 
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