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2 Fundamentals of Fire and 
Combustion 

In this module, we will learn more about the essential elements of fire. 
We will discuss the fire tetrahedron in more detail and find out how the 
four essential elements relate to concepts such as heat of combustion 
and combustion efficiency. 
We will learn how different interactions between the elements of the fire 
tetrahedron can lead to different types of flames and also how these 
four elements play a role in determining the structure of fire plumes and 
how fires might spread. 

Learning Outcomes 
1.   Define fire. 
2.   Distinguish between endothermic and exothermic reactions. 
3.      Differentiate between energy, work and power. 
4.   Distinguish between potential and kinetic energy. 
5.   Define units of energy measure. 
6.   Differentiate between heat and temperature. 
7.   Define specific heat. 
8.   Calculate energy to change temperature. 
9.   Differentiate between states of matter. 
10. Define heat of fusion and heat of vaporization. 
11. Discuss the fire triangle and tetrahedron. 
12. Define fuel. 
13. Define pyrolysis, vaporization and sublimation. 
14. Discuss fuel classifications. 
15. Define heat of combustion. 
16. Define heat release rate. 
17. Discuss the impact of oxygen on combustion. 
18. Discuss the role of heat in the fire tetrahedron. 
19. Discuss the chemical chain reaction. 
20. Discuss ignition. 
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2.1 Fire & Combustion 
2.1.1 What is fire? 
The term “fire” refers to how something burns.   

Fire: A rapid oxidation process, which is a chemical reaction 
resulting in the evolution of light and heat in varying 
intensities.i 

The structure of the fire will change depending on how the process of 
combustion takes place. 

Combustion is a chemical process of oxidation that occurs 
at a rate fast enough to produce heat and usually light in 
the form of either a glow or flame.ii 

2.1.1.1 Endothermic and Exothermic Reactions 
Chemical reactions can be divided into two main categories depending 
on whether they absorb or release energy as they occur.  

Endothermic: a reaction that absorbs heat energy.  

Exothermic: a reaction that releases heat energy.   

2.1.1.2 Energy, Work and Power 
The concepts of heat as energy, of temperature and of heat release rate 
are very important concepts to understand when discussing fire 
behaviour. Knowledge of the differences between these terms is 
particularly critical when assessing the ‘heat’ that is being generated in 
a fire and understanding how it transfers to the surrounding 
environment.  

Energy: The capacity to do work. 

Work: The transfer of energy from one place to another, or 
from one form to another. 

Power: The rate of doing work, or how fast work is done. 
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Think about it this way… 

Imagine there are two cars of the same weight at the 
bottom of a large hill. The energy that will be used to drive 
the cars up the hill will come from the gasoline; moving the 
cars to the top of the hill will be the work; and how quickly 
the cars make it to the top of the hill will be the power.   

If two identical cars were driven up a hill, one in 60 seconds 
and the other in 30 seconds, both would have done the 
same amount of work; however, the car that drove up the 
hill in 30 seconds would have required twice the power. 

2.1.1.3 Potential and Kinetic Energy 
It is sometimes easier to understand energy by considering the many 
forms of energy that exist, including: 

• Chemical 
• Thermal 
• Mechanical 
• Electric 
• Magnetic 
• Nuclear 

Energy can be then further categorized into two broader categories; 
kinetic and potential energy.  

Kinetic Energy: The energy of motion.   

Potential Energy: The stored energy of an object.   

Figure 1: Potential to kinetic energy conversion 

2.1.1.4 Units of Energy 
As discussed previously, work is done when a force is applied on an 
object to push or pull it through some distance. For work to be done, 
the object’s energy must change. In Figure 2, when the object is moved 
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from a higher to a lower position, work is done and the potential energy 
in the object is changed (because of the change in height from a 
reference point). 
Kinetic energy is added to increase the speed 
of an object, and thermal (heat) or chemical 
energy must be added to increase the 
temperature or to induce a phase change 
from liquid to gas. Thermal and chemical 
energy absorption and production can be 
related to heat energy as well.  
The amount of energy in a system is 
measured using either Joules (J) or calories 
(cal). A J, measured in Newton-meters, is the 
work done by one Newton (N) of force 
through 1 m of motion and is therefore 
related directly to mechanical work. In Figure 2, it takes a force of about 
1 N (0.981 N to be exact) to lift an object that weighs 100 grams (g), 
and therefore approximately 1 J of energy to move a 100-g object 
upwards by 1 m. 
Another unit of energy is the cal. One cal is equal to about 4 J of energy 
(specifically 1 cal = 4.184 J). Both cal and J are used to measure heat 
energy. One cal is the amount of energy needed to raise the 
temperature of 1 gram of water by 1°C when the water starts at a 
temperature of about 14.5°C. The unit of measure of heat energy is 
related to the mass, material and starting temperature of the material 
being heated.   

2.1.2 Heat and Temperature 
It is very important to understand the difference between the heat and 
temperature involved in a fire situation. Thermal (or “internal”) energy, 
relates to the average energy that is stored or contained in the 
molecules of a material (at the molecular level it relates to the kinetic 
energy of the atoms, molecules and ions in the material). 
Temperature is a measure of the average kinetic energy of the particles 
in an object; a hotter material contains more internal energy than a 
colder one. Temperature is measured in degrees Celsius, Kelvin or 
Fahrenheit. A thermometer contains a fluid that expands as it heats, 
and contracts as it cools. With water, for example, as the temperature 
of the surrounding liquid increases, the liquid within a tube moves up 
the scale and the increase in temperature is measured by the amount of 
movement of the top surface of the liquid. Another way to look at 

Figure 2: Potential energy 
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temperature is as a measure of the degree of heat of a body or a 
substance. 
In contrast, heat is the amount of energy, measured in J, that is 
involved in heating the water to a higher temperature. It does this 
through the process of heat transfer. Heat is the amount of thermal 
energy that is transferred from one object to another due to a difference 
in temperature between the two objects. This is why it is important to 
estimate how much heat there is in a fire, as well as how this heat 
energy can be transferred to its surroundings. 
2.1.2.1 Specific Heat 

The specific heat capacity (cP) of a material is related to the amount of 
energy (heat) required to increase the temperature of a unit mass of 
material by 1°C in temperature. It takes different amounts of energy to 
raise the temperature of 1 g of water by 1°C than it does to raise the 
temperature of 1 g of other materials. The specific heat capacity of all 
materials is different, so 1 cal of heat energy will raise the temperature 
of 1 g of water by 1°C, but that same 1 cal of heat energy will raise the 
temperature of 1 g of aluminum by 4.5°C and 1 g of copper by 11°C. 
This example demonstrates the distinction between heat and 
temperature. 

 
Figure 3: Heat capacity of common materials 

2.1.2.2 Energy to Change Temperature 
Equation 1 indicates that the amount of energy needed to change the 
temperature of a material depends on the specific heat and mass of the 
material, as well as how much the temperature actually changes. 

Equation 1: Heat Transfer Q = m cp(∆T), 
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where m is the mass of the material [kg], cp is the specific heat capacity 
[J/g�°C], and ∆T is the temperature change (Tf - Ti) [°C] with Tf being 
the final temperature and Ti being the initial temperature of a material. 
As an example, heating 1 L of water from a room temperature of 20°C 
to 100°C to make it boil takes 1000 g�4.186J/g�°C�(100—20)°C = 
313,680 J, or 313.7 kJ of energy. If the water temperature is initially 
cooler than room temperature, it will take even more energy to heat the 
litre of water to the boiling point (greater temperature difference from 
start to finish).  
This is the first reason why water is so good at cooling a hot fire 
environment. For each litre of water that is applied to the fire 
environment, 313.7 kJ of energy will be absorbed from the environment 
as the water heats up to boiling point. Since this energy is taken out of 
the hot fire environment, the environment will cool down. After the 
water has reached a temperature of 100°C, even more energy will be 
removed from the environment to evaporate the water to steam. The 
amount of energy needed for this is equal to the latent heat of 
vaporization of the water times the mass of the water. Therefore, it will 
take an additional 2260 kJ of energy for the 1000 g (1 L) of water to 
evaporate since the latent heat of vaporization of water is 2,260 kJ/kg. 
A very large amount of energy is absorbed when water is added to a hot 
fire environment! 
In summary, heat energy is involved in changing the temperature, 
phase and chemical nature of materials during fires and suppression 
activities (for example, to evaporate water to steam).  

2.1.3 States of Matter 
There are three states of matter: solid, liquid and gas. A solid will keep 
its shape with or without a container and has a fixed volume. A liquid 
has a fixed volume but will assume the shape of its container. A gas will 
expand and disperse over time; thus it does not have a fixed volume or 
shape without a container. 
2.1.3.1 Heat of Fusion and Heat of Vaporization 
As solid or liquid fuels are exposed to heat, they absorb energy. The 
molecules increase in temperature depending on the specific heat 
capacity of the material, and can absorb enough energy from a fire to 
turn into vapour before they mix with air and burn. 
When a solid heats and reaches its melting point, it absorbs additional 
energy, known as the “latent heat of fusion,” until the solid material 
turns into a liquid. With additional heating, the temperature of the liquid 
increases in temperature until it reaches its boiling temperature, the 
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highest temperature at which it can exist in liquid form at a particular 
atmospheric pressure. How much heat is required to increase the 
temperature of a unit mass of liquid (or any other material) by one 
degree in temperature is determined by the specific heat capacity of 
that material and designated as cP. 

 
Figure 4: Phase changes 

At the boiling point, the liquid undergoes a phase change from liquid to 
gas in a process called evaporation. During the phase change, the liquid 
will not increase in temperature, because all of the heat that is added is 
used (absorbed) to overcome the latent heat of vaporization (energy 
added into the liquid to change the phase of the material from a liquid 
to a gas). 
The higher the specific heat capacity and/or latent heat of vaporization 
of a material, the more energy must be absorbed by a given mass of 
material for it to increase in temperature and become a gas. This is also 
a key part of why water is such an effective cooling agent when applied 
correctly to a heated fire environment. Water has a very high heat 
capacity as well as a relatively high latent heat of vaporization value. 
This means that water at ambient temperature first has to absorb heat 
to get to its boiling temperature (100°C). It then absorbs more heat 
from the environment as it evaporates and turns into steam. 
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Knowledge Check 
1. True or False: Is fire a chemical reaction? 
2. Is fire an endothermic or exothermic reaction? 
3. What are the two broad categories of energy? 
4. What is a Joule? What is a calorie? 
5. Are heat and temperature the same thing? 
6. What is specific heat capacity? 
7. What is the heat of fusion? 
8. What is the heat of vaporization? 

2.1.4 Fire Triangle 
The fire triangle best represents non-flaming combustion. It is 
comprised of three elements represented as sides of the triangle: 

• Reducing agent (fuel); 
• Oxidizing Agent (usually oxygen); and 
• Energy (in the form of heat). 

All three must be present for combustion to occur. For flaming 
combustion, there must also be a sustained chemical chain reaction. 

 
Figure 5: The fire triangle 

2.1.4.1 Non-Flaming Combustion 
When oxidation reactions occur, either flaming or non-flaming 
combustion processes can take place. 
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Non-flaming (or “smouldering”) 
combustion occurs when solid 
fuels, particularly those that are 
porous or can char, undergo 
exothermic oxidation reactions 
at their surface. The oxidizer is 
a gas, but the fuel is primarily 
still the solid.  
The heat released by the 
reactions results in pyrolysis 
(which will be discussed in more 
detail later) of fuel near the 
reacting zone, which in turn 
chars and sustains the process of surface oxidation. Typically, the 
temperatures in non-flaming combustion are low, the supply of oxidizer 
to the reaction zone is limited and the products of combustion are quite 
different than those that occur during flaming combustion.  
If the conditions change appropriately, non-flaming combustion 
processes can undergo a transition to flaming combustion with 
subsequent development of an open flaming fire. Figure 6, shows the 
opposite occurrence: the surface oxidation of a popsicle stick that was 
initially flaming.  In this case, flaming combustion has died out, and 
non-flaming combustion is occurring through continued oxidation of the 
remaining surfaces as the stick curls around and eventually burns 
through. 
The processes and chemistry involved in non-flaming combustion are 
not nearly as well understood as those of flaming combustion. This 
sometimes makes it hard to predict when this situation might occur. 

2.1.5 Fire Tetrahedron 
Since fire is an oxidation reaction, the fire 
tetrahedron is an important way to think 
about what is happening. The four 
components required for a fire are: 

• Fuel; 
• Oxidizing Agent; 
• Heat; and 
• Uninhibited Chemical Chain Reaction. 

For the fire to continue burning, all four 
sides of the tetrahedron must be present in 
the right combinations. In other words, 

Figure 6: Non-flaming combustion 

Figure 7: The fire tetrahedron 
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removing any one of the four sides of the tetrahedron will extinguish the 
fire. Knowing this enables us to begin to explain many different aspects 
of fires. 
2.1.5.1 Flaming Combustion 
Flames are the visible, luminous indication of where oxidation 
(combustion) reactions are taking place. Both the oxidizer and fuel are 
gases. The reaction and heat release occur in the gas phase. 

Flame: A visible, luminous body where the oxidation 
reaction is occurring.iii 

Flaming combustion is the process occurring when the flames and plume 
of a fire are visible. In flaming combustion, the fuel and air are both 
gases. The reactions and heat release occur in the gas adjacent to the 
liquid or solid surface. There are two ways in which flaming combustion 
can take place depending upon how the fuel and oxidizer mix before 
entering into the combustion reaction. The flame can burn either as a 
premixed or as a diffusion flame. 
Premixed flames occur when the fuel and 
oxidizer are well mixed before they 
ignite and begin to combust. Flaming 
combustion in fires over liquid and solid 
fuels usually involves diffusion flames, 
which the most commonly encountered 
flames by fire safety professionals. In 
diffusion flames, the oxidation reactions 
occur in regions where the gaseous fuel 
(fuel vapours) and oxidizer locally mix 
by diffusion processes (the boundary 
between fuel and oxidizer). Combustion 
occurs where oxygen is drawn from the 
surrounding area and diffused into the 
fuel vapour. The flame must generate 
enough heat so that new fuel vapour is continually generated to feed 
the reaction. The rate of burning of a diffusion flame is therefore tightly 
linked to how much vapour can be produced from the fuel. 
2.1.5.2 Fire Tetrahedron – Fuel 

Fuel: Any substance that can undergo combustioniv 

Fuels can be classified in various ways. One method is to classify them 
by their physical properties.  Based on this, fuels can either be: 

Figure 8: Flaming combustion 
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• Solids: Materials that have a definite shape and volume. 
• Liquids: Materials that have a definite volume but will take the 

shape of the container that holds them. 
• Gases: Materials that have no natural shape or volume and will 

thus spread out evenly to take both the shape and volume of the 
container or space that holds them. 

 
Figure 9: Different fuel types 

Chemical Nature of Fuels 
Another way to classify fuels is by their chemical nature. The majority of 
fuels that we see are organic, meaning they are made up of carbon-
based compounds. They are often hydrocarbons, which are materials 
containing molecules made largely of carbon and hydrogen atoms. 

 
Figure 10: Products of combustion 

Under the right conditions, these fuels will produce CO, CO2 and 
water when they burn. Depending on the availability of fuel vapour 
and air, other organic compounds (unburned fuel) and soot can also 
be found in the gases emitted from the fire plume. Organic fuels 
include woods and other natural fibres, plastics and hydrocarbon 
liquids such as gasoline. Inorganic fuels include metals such as 
magnesium or sodium. 

Pyrolysis, Vaporization and Sublimation 
As solid fuels are exposed to heat, they absorb energy and the 
temperature of the molecules increases. A certain amount of energy is 
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necessary to produce a flammable vapour from a fuel that is at ambient 
temperature. This energy is called the heat of gasificationv. Of two 
fuels that release approximately the same amount of energy when they 
burn, the one with the lower heat of gasification will burn faster (as long 
as there is enough available oxygen). This is because it takes less 
energy from the oxidation reactions to vaporize fuel to feed the fire. 
As different types of solids (different materials) heat up, they will 
behave in different ways. There are also many other variables that may 
determine how a solid will react to heat. Some solids first change into a 
liquid (melt) before they form fuel vapour and burn. Other solids form 
vapour directly upon heating. This vapour is often composed of 
decomposed parts of the molecules that were in the original solid 
because the molecules break down (decompose) as their temperature 
increases. 

Pyrolysis: A process by which a material is decomposed, or 
broken down, into simpler molecular compounds by the 
effects of heat alone.vi 

Pyrolysis typically starts between 100°C and 250°C. Fuel pyrolysis 
vapours are the fuel vapours that burn in a fire. If pyrolysis happens in 
the presence of oxygen, which is commonly the case in fires, it is called 
oxidative pyrolysis. The vapours will be composed of different materials 
than those occurring when only thermal pyrolysis takes place. 
In addition to the formation of flammable vapours, some materials will 
also char.  

Char is defined as a carbonaceous material that has been 
burned or pyrolyzed and has blackened appearancevii. 

It is this char that reacts directly with oxygen on the surface during 
non-flaming combustion. Both vaporization and sublimation are 
endothermic processes. Vaporization is the phase change from liquid 
to vapour state, which is what occurs in a boiling pot of water. 
Sublimation is a phase transition of a substance directly from the solid 
to the gas phase without passing through the intermediate liquid phase. 
An example of this would be dry ice. 
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Figure 11: Changes to wood exposed to heat 

Solid Evaporation Pathways 
Since fire is a chemical process, it is important to learn about the 
chemistry of fire. This relates to changes of state of different materials, 
decomposition of materials by pyrolysis when they are heated, the heat 
released and products of the combustion reaction. How the fire will 
develop depends on the details of the combustion reactions that are 
taking place. Given the complexity of the chemical reaction, we instead 
look for key indicators that will tell us what state the fire is in, what 
hazards the fire might pose and what the fire might do next. 
As liquid and solid fuels are heated, they can take many different routes 
to become vapours. Solids can sublimate directly into gases, or they can 
decompose (pyrolyze) and then evaporate. Solids can melt into liquids, 
retaining their original chemical composition, or they can melt and 
decompose at the same time. Similarly, liquids can evaporate and retain 
their chemical composition, or they can decompose and evaporate. 
Prior to ignition, a fuel can be a solid, liquid or vapour. Fuels can 
undergo various chemical changes or changes of state before they 
become involved in a fire. For example, liquid fuels must vaporize by 
boiling or evaporating before they can burn, such as water turning to 
steam. Evaporation of water into steam is also critical in the 
understanding of the role water plays in suppression activities. Solid fuel 
may melt and then evaporate (similar to the foam shown in the centre 
image of Figure 13), or decompose chemically into other substances 
through pyrolysis. 
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Figure 12: Generation of fuel vapours 

  
a) Boiling b) Melting and 

decomposition 
c) Sublimation 

Figure 13: Fuel and its response to heat 

Fuel Classifications 
Fuels can also be classified by the recommended methods to extinguish 
a given class of fire. In North America, there are five main fuel 
classifications. It is important to note that there are differences in the 
classifications of fuels and suppression agents in different countries.  
Since this system is not universal, it is an important consideration to 
make when using this method to teach fire dynamics. The different 
classifications are shown in Table 1. 
. 
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Table 1: Extinguisher classifications 

Description 
Ordinary 

Solid 
Combustibles 

Flammable 
Liquids 

Flammable 
Gasses 

Energized 
Electrical 

Equipment 

Combustible 
Metals 

Cooking 
Oils & Fats 

NFPA Class 
     

     

European 
Class A B C Not 

Classified D F 

Australian 
Class A B C E D F 

Suitable 
Suppression 

Water 

Foam 
Dry Chem 

Foam 

CO2 

Dry Chem 

CO2 

Dry Chem 
Class D 
Powder 

Foam 

CO2 

Heat of Combustion 
The amount of energy that can be generated from a certain fuel under 
ideal conditions is termed the heat of combustion.  

Heat of combustion: The total energy released as heat 
when a substance undergoes complete combustion with 
oxygen under standard conditions. 

 
Figure 14: Heat of combustion of common materials 
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Heat Release Rate (HRR) 
The heat energy in a fire is produced through exothermic oxidation 
reactions between fuel and air. To understand fire development, it is 
important to take this concept one step further and recall that heat 
(energy) can be absorbed or released over time. The rate at which 
energy changes over time is power; therefore, the rate of heat release, 
or heat release rate (HRR) of a fire, driven by the ongoing chemical 
reactions, is the power of the fire. Power is measured in Watts, which 
are equal to J�s. One Watt (W) is equal to 1 J of energy being released 
per second. 
Fire HRRs are usually quite large, so they are given in units of kilowatts, 
which is 1000 W, or in megawatts, which is 1 million Watts. As this 
energy is released and transferred through the environment, it 
increases the temperature of the smoke plume and vaporizes more fuel, 
keeping the fire burning.  
Once the fire is established and begins to grow, it is important to 
understand the HRR from the burning fuel. This determines how much 
energy the fire will be able to exchange with the surroundings and also 
relates to the rate of growth of a fire. It is also closely related to how 
the energy released from a burning item would change the thermal 
conditions in a fire room or how it might ignite other nearby fuels via 
heat transfer. Therefore, having an appreciation of the HRR expected 
from different types of fuels helps to determine the possible impact of a 
fire on people, structures and the environment.   
The HRR of the fire is controlled by many parameters. Some of the most 
important are the chemical and physical properties of the fuel, the 
geometry of fuel, the level of fuel containment, the ventilation patterns 
and whether there are surrounding fuels. 

Table 2: Energy released by different common fuelsviii 

Fuel 
Energy Released/kg of O2 

(MJ/kg) 
Organic liquids and gas fuels 12.72 

Synthetic polymers 13.03 
Natural fibers (cotton, 

cardboard, newspaper, etc.) 13.21 

Cellulose (in well-ventilated and 
under-ventilated conditions) 13.37 – 13.59 

Polypropylene, polyacrylonitrile, 
polytetrafluoroethylene 10.76 – 13.91 
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Standard tests (called cone calorimeter tests) are conducted to 
determine the HRR of different materials and objects under well-
ventilated burning conditions and thereby to rank the HRR that can be 
expected from different fuels and objects when they are involved in a 
fire. 
When looking at published values of HRR for a given material or object, 
it should always be remembered that these values come from laboratory 
tests. The HRR from that same fuel in real fire situations can vary 
significantly from the published value. 

Knowledge Check 
1. What are the sides of the fire tetrahedron? 
2. In what state is fuel during flaming combustion? 
3. Define fuel. 
4. What are pyrolysis, vaporization and sublimation? 
5. What is the heat of combustion and what are the units of 
measure? 
6. What is the heat release rate and what are the units of 
measure? 

2.1.5.3 Fire Tetrahedron – Oxygen 
Oxidizing Agent 
In most fire situations, the oxidizing agent is usually the oxygen in the 
air. The air contains approximately 21% oxygen at sea level. Under 
certain conditions there is also oxygen mixed in with fire gases. This can 
provide the oxidizing agent in some cases and can result in rapid and 
unexpected fire spread situations. 

  

Figure 15: Fertilizer fire in West Texas 
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Some fires also involve other chemical oxidizers. Some common ones 
are ammonium nitrate fertilizer (NH4NO3), potassium nitrate (KNO3), as 
well as various perchlorate materials or hydrogen peroxide (H2O2). The 
molecules in these types of compounds can rapidly break down and 
recombine with other molecules, resulting in rapid burning rates and 
flame propagation as well as explosions, as shown in Figure 15. 
Effect of Oxygen on Flame 
The amount of oxygen in the ambient environment will affect the 
intensity, growth and size of the flame: 
Oxygen-Enriched 

• Combustion intensity may increase. 
• Fire spread may be accelerated, 

particularly when new oxygen is added to 
an oxygen-depleted fire environment. 

Oxygen-Depleted 
• Often the case in real fires. 
• Fire spread is decelerated. 
• Can undergo transition to smouldering 

combustion. 
Oxygen is a key element in determining the 
dynamics of fires. Increasing the amount of 
available oxygen will accelerate combustion 
(for example, an oxygen respirator), while 
limiting the oxidizer will result in smoldering, or 
non-flaming combustion. The lower limit of oxygen concentration that 
will support combustion is called the Limiting Oxygen Index (LOI).  

Limiting Oxygen Index (LOI): The lowest oxygen 
concentration in nitrogen that will support flaming 
combustionix 

Typical values of LOI at room temperature are 10%–14% by volume for 
many materials. If the fire uses up the available oxygen in a 
compartment and the overall oxygen concentration falls below these 
levels, then the fire will become poorly ventilated and may even 
extinguish. 
Thornton’s Rule 
In 1917, W.M. Thornton discovered that there is a relatively constant 
13.1 MJ of energy released for every 1 kg of oxygen used in the 
combustion of most organic materials, regardless of the material. This 
conclusion, known as Thornton’s Rule, has since been verified using 

Figure 16: Effect of 
oxygen on flames 
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oxygen consumption calorimetry. It indicates that the heat released by 
organic combustibles is dependent upon the amount of oxygen 
consumed in the process and can therefore be calculated if we know 
how much oxygen is consumed. If we assume that air contains 
approximately 21% oxygen, we can further calculate that for every 1 kg 
of air consumed, approximately 2.75 MJ of energy are released. If 1 m3 

of air has a mass of 1.2 kg, for every 1 m3 of air consumed, 
approximately 3.3 MJ of energy are released. 
This is critical to understanding how a structure fire might develop. 
Thornton’s rule states that high HRR fuels (which we find in modern 
furnishings and building materials) will consume large quantities of 
oxygen rapidly when they burn. This can result in oxygen being 
consumed faster than it can be replaced in a compartment or room, 
contributing to the onset of ventilation-controlled fires. When a fire 
becomes ventilation controlled, the HRR will decrease again, but the 
material certainly may be hot enough to continue emitting fuel vapours. 
Then, if oxygen is re-introduced to the fire compartment or is 
introduced at a greater rate (i.e., when the compartment is ventilated), 
extremely high rates of heat release can rapidly develop. This can lead 
to very dangerous situations such as flashover or backdraft. These 
concepts are discussed in detail later in the curriculum.  
To reiterate, what this means is that in an enclosure fire, the HRR of the 
fire cannot exceed what the available oxygen can support, and so 
controlling that oxygen availability becomes paramount. It is this 
understanding that supports how ventilation without extinguishment can 
impact any enclosure fire, and how the introduction of air directly 
influences the potentially rapid increase in HRR of that fire when 
any ventilation, either planned or unplanned, occurs. 
2.1.5.4 Fire Tetrahedron – Heat 
Heat plays several key roles in the fire tetrahedron, both by vaporizing 
and pyrolyzing liquid and solid fuels as well as providing the ignition 
energy to initiate and maintain the chemical reaction. 
The heat component of the tetrahedron indicates that for a fire, we need 
heat energy above the minimum level necessary to release fuel 
vapours.x 
Fuel vapours from a solid or liquid fuel are produced through changing 
the state of the fuel, with or without pyrolysis. The initial heat energy 
can be provided through outside sources such as a pilot flame, flame 
radiation, vibration, friction, light, electricity or compression. These may 
initiate vaporization and pyrolysis of a material and often provide 
enough energy to ignite the vapours produced. 
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Chemical Chain Reaction 
The heat side of the triangle is also closely linked to the uninhibited 
chain reaction, the last side of the tetrahedron. Heat provides energy to 
initiate and sustain the chemical reaction: once the chain reactions have 
started, they must continue uninhibited. For this, the exothermic 
chemical chain reaction between the fuel and air must release enough 
energy to sustain combustion. A self-sustained reaction occurs when 
sufficient excess heat from an exothermic reaction radiates back to fuel 
to produce vapours, which then mix with air and ignite in the absence of 
the original ignition source.xi  
There are many ways the chemical chain reaction can be interrupted.  
One important way is by the introduction of suppression agents such as 
halons where the chlorine, fluorine and/or bromine atoms interrupt the 
exothermic reactions taking place. Some fire retardants also work to 
slow down the chain reactions so that they are no longer vigorous 
enough to supply the energy needed to maintain combustion. 
Ignition 
Ignition is the process of initiating self-sustained combustion.  The form, 
mechanism and energy required for ignition vary with the form of the 
fuel (gas, liquid, solid), the chemical properties, geometry of the fuel, as 
well as the form and intensity of heat input into the fuel to initiate the 
process. 
Independent of how ignition takes place, there is a minimum amount of 
energy that must be transferred to a substance for it to ignite under 
specific test conditions. Energy is needed to heat up (specific heat) and 
vaporize the fuel (latent heat of vaporization). Additional energy is also 
required to account for any energy lost during the process, as well as to 
keep the oxidation reactions going after they have started. Ignition, 
then, is very dependent on the original state of the fuel in a given 
situation as well as how the energy is applied.   
Fuels are tested to determine their minimum ignition energy, listed in 
units of energy intensity (Watts/m2) or total amount of energy (Watt or 
Joule). However, the ease of ignition and the energy required for 
ignition are also dependent on many other factors. 
It is important to realize that ignition temperatures are not the same as 
ignition energy. There are values for critical temperature for ignition in 
the literature, but the value for a certain fuel is NOT a property of a fuel 
and can vary from a listed value for various reasons. A measured 
(reported) value of ignition temperature is determined by a specific test 



26 | P a g e  
 
 

method and may not reflect the actual temperature that a material has 
to heat up to in order to ignite. 
If fuels are already producing sufficient vapours for the flammable limit 
to be reached without applying an external heat source, they will require 
only small amounts of energy input to ignite and burn. For other liquid 
and solid fuels, there must be enough energy in the ignition source to 
locally heat the fuel so that the fuel begins to pyrolyze, and for enough 
pyrolysis vapours to form and mix with air to form a flammable volume.  
Once this has occurred, an additional amount of energy is still needed to 
initiate the chain reactions that will sustain flaming combustion over the 
fuel, as long as enough fuel vapour and air are still available to react. 
There are three main modes of ignition that can initiate the burning of a 
fuel, thus potentially leading to a fire. These are termed piloted ignition, 
auto-ignition and spontaneous ignition.   
Piloted Ignition 
In piloted ignition, a flammable 
mixture is formed above the bulk 
fuel.  An external source, direct 
input, of energy (i.e., flame or 
spark) then ignites the mixture. The 
energy needed to ignite the material 
may come in the form of radiant 
energy, convective energy or a 
combination of both.  
In Figure 17, we see that as the 
flame from the barbeque lighter is 
brought near the pool of liquid fuel, 
it ignites a vapour-air mixture near the edge of the pool. The flame then 
propagates around and across the surface of the liquid fuel (anywhere 
there is a flammable mixture) and finally grows large enough to 
establish a burning fire plume above the entire container of fuel. This is 
an example of how fires ignite locally and the energy produced by the 
initial reactions is enough for the flame to grow and spread across the 
available fuel surface. 
Auto-Ignition 
In contrast to piloted ignition, auto-ignition is the process in which fuel 
vapour is formed and mixes with oxygen and then is raised to a 
temperature high enough that it will ignite without the presence of a 
flame, spark or other external (piloted) source of ignition.   

Figure 17: Piloted ignition of a pool fire 
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In Figure 18, a block of wood is exposed to heat radiated from an 
electrical heating element, which increases the surface temperature of 
the sample. Initially, pyrolysis vapours are formed and rise from the 
sample as the wood begins to decompose. Once the surface of the wood 
reaches its auto-ignition temperature, the lowest temperature at which 
a gas-air mixture can ignite and continue to burnxii, the block ignites 
without the presence of an additional source of energy.  

Figure 18: Auto-ignition of composite wood 

Spontaneous Ignition 
Spontaneous ignition is a complex process that begins as an exothermic 
chemical reaction in which a material self-heats. It most often occurs in 
organic materials including animal and vegetable fats and oils, which 
react with oxygen (non-flaming combustion) to emit heat. Sometimes 
referred to as biological activity, such as that found in haystacks, 
decomposition oxidation can also result in self-heating. Spontaneous 
ignition requires the self-heating process to proceed to what is known as 
thermal runaway, the point at which a material is generating more heat 
than it is losing. There is a significant increase in the rate of 
temperature rise, and temperatures increase to a point where ignition 
can occur. There are four main processes that can lead to spontaneous 
ignition: microbiological heating; oxidative heating; moisture induced 
heating; and, in certain cases, other chemical processes. Examples of 
materials that may spontaneously ignite due to these processes are 
shown in Table 3. 
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Table 3: Spontaneous combustion materials 

Microbiological 
Heating 

Oxidative 
Heating 

Moisture 
Induced Heating 

Other Chemical 
Processes 

Bagasse (Sugar 
Cane Residue) 

Activated 
Carbon 

Chlorinated 
Oxidizers Monomers 

Compost Coal Calcium Oxide Nitrocellulose 
Grains Cotton Cotton Bales Peroxides 

Hay (moist) Foam Rubber Dry Paper Rolls  

Mulch (moist) Metal Filings & 
Powder Insulating Boards  

Pecans Particleboard Potassium 
Phosphide  

Sewage Sludge Peat Wool Bales  
Soy Beans Sawdust   

Walnut Wood Chips   

Factors in Ignition 
Many variables influence spontaneous ignition, including the ambient 
temperature, humidity, and the availability of oxygen to sustain the 
reactions. In addition, whether or not a material can spontaneously 
ignite is influenced by the other more general factors that influence 
ignition and early flame spread. These include fuel geometry, fuel 
density, thermal inertia, critical mass, surface area, and irradiance, as 
shown in Figure 19. 

Spontaneous ignition is very rare because it can be prevented by any 
one of the following: 

1. Insufficient surface area    
2. Insufficient oxygen    
3. Ambient temperature is too low    
4. Insufficient insulation - heat radiated away    
5. Insufficient critical mass of fuel (e.g., material)  

Many of these same factors, such as the material properties and 
configuration of the fuel, are critical in piloted ignition and auto-ignition 
as well. Some rules of thumb are as follows: thin materials ignite more 
easily than thicker ones; low-density materials ignite more easily than 
high-density materials; and it is easier to ignite something on its edge 
than near its centre.   
As a final note on ignition and initiation of a fire, there can often be a 
time delay between the application of an ignition source to a fuel and 
the time at which open flaming combustion starts. This can be due to 
the type of material or also because there is a non-flaming 
(smouldering) fire for a period of time after ignition. 
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Figure 19: Conditions required for spontaneous combustion 

In real fire situations, it is important to remember that the time 
between the start of smouldering and flaming combustion is 
unpredictable. If a material smoulders for a long period of time, 
pyrolysis gases build up and when conditions are right (fuel, air and 
energy), a fire can grow quickly. This will be discussed in more detail 
when the different HRR profiles from fires are reviewed later in the 
curriculum. 

Knowledge Check 
1. How does oxygen concentration affect combustion? 
2. What are the implications of Thornton’s Rule? 
3. What role does heat play in the fire tetrahedron? 
4. Name three types of ignition. 
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2.2 Heat Transfer 

Learning Outcomes 
1. Define the concept of heat transfer. 
2. Explain conduction, convection and radiative heat transfer. 
3. Describe how convection and radiation affect the spread of a 

freely burning fire. 

2.2.1 Modes of Heat Transfer 
Heat can be transferred from one object or material to another by three 
different processes: conduction, convection and radiation (also referred 
to as the three ‘modes’ of heat transfer). This section will distinguish 
between the three modes of heat transfer and describe how they can 
affect the growth and spread of a fire. 
One of the main differences between the modes of heat transfer is that 
both conductive and convective heat transfer require an intervening 
medium, whereas radiative heat transfer does not.xiii 

 
Figure 20: Demonstration of heat transfer in a doll house 

Heat energy transferred to an object from the fire increases the 
temperature of the object so that pyrolysis, charring and/or ignition may 
occur. At the same time, heat transfer from hot smoke to cooler 
surfaces or from a hotter object to a colder one results in a decrease in 
temperature of the hotter material. Heat is always transferred from the 
hotter object or fluid to the colder object or fluid. 
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2.2.2 Conduction 

Conduction: Heat transfer to another body or within a body 
by direct contact.xiv 

Energy transfer through a material (solid, liquid, or gas) happens 
because faster/hotter moving molecules collide with slower/cooler 
moving molecules and transfer some of their energy. When the pipes in 
Figure 21 are exposed to a flame, heat is conducted towards the 
temperature sensors at each end. After 7 minutes, the copper sensor 
(left) reads a temperature of 96°C (204.8°F) while the steel sensor 
(right) reads 30.6°C (87.1F). The difference is due to the conductivity of 
the respective materials. 

 
Figure 21: Conduction through copper vs. steel 

Heat can transfer by conduction through walls and along copper pipes. 
Hot heating ducts in contact with nearby materials can cause pyrolysis 
of the materials (chimney fires) and, if left unchecked for long enough, 
can potentially lead to ignition and combustion. 

2.2.3 Thermal Conductivity 

 
Figure 22: Thermal conductivity of common materials 

How well a material passes thermal kinetic (heat) energy through itself 
is a property known as thermal conductivity. For example, copper has a 
thermal conductivity rating of 387 W/m�K. Copper will conduct heat 
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better than steel, which has a thermal conductivity rating of 45.8 
W/m�K, and polyurethane foam at 0.034 W/m�K. Therefore, copper is 
the best thermal conductor of the three, and polyurethane foam is the 
worst conductor as well as the best insulator of the three. 

2.2.4 Conductivity – Heat Flux 
The amount of heat flux (heat energy/unit area) that will flow through a 
conductor depends on a number of things: 

• Temperature difference: the greater the temperature difference, 
the greater the rate of thermal transfer (high heat flux). 

• Distance conducted: the shorter the distance through which the 
conduction is taking place, the higher the rate of thermal 
transfer/unit area (greater heat flux). The longer the distance, the 
lower the rate of thermal transfer/unit area (lower heat flux). 

• Thermal conductivity of the material: the higher the thermal 
conductivity, the higher the rate of thermal transfer/unit area 
(greater the heat flux). 

2.2.5 Thermal Inertia 
The thermal inertia of a material is related to three key properties of 
that material. These are thermal conductivity, k, density, ρ, and heat 
capacity, cp.xv 
The thermal inertia of a material characterizes the rate at which the 
surface temperature of that material will rise when it is exposed to heat. 
It governs how much heat energy will be transferred through the 
material to the back side in one case, or alternatively, if heat cannot 
transfer through the material, it indicates how quickly the surface 
temperature of the material might rise to a critical temperature for 
pyrolysis and/or ignition. 
Materials such as brick and insulation have low thermal inertia; metals 
have high values. Wood can store a lot of heat but will transfer it slowly 
within itself. To see if a wooden door is hot, you would need to feel near 
the top of the door where there is more chance that heat might have 
transferred through the wood to the backside. If the wooden door has a 
metal handle or the door is metal, then you would expect this to be hot 
if there was a fire. This is because metal will not store as much heat 
near the surface and will more readily transfer it within itself. 
Thermal inertia is very closely related to the concept of thermally thick 
and thermally thin solids. 
“Thermally thin” does not necessarily relate to the thickness of the solid, 
but rather the time it takes to transfer heat from one side of a solid to 
another. When a thermally thin material is exposed to heat, the 



33 | P a g e  
 
 

temperatures on the back and front sides of the object will increase in 
temperature due to the rapid transfer of heat through the material. 

 
Figure 23: Comparison of thermally thick and thermally thin solids 

 “Thermally thick” refers to a solid that absorbs heat energy more 
readily near the surface and does not transfer it as quickly through the 
material to the opposite side. Thermally thick materials, when exposed 
to a heat flux, will experience a substantial increase in temperature on 
the side facing the imposed heat flux, and the temperature on the back 
side will rise more slowly. 

2.2.6 Convection 
It is important to realize that convection is the primary mode of heat 
transfer early in the growth of a compartment fire,xvi and also plays a 
role in heat transfer at any location where hot smoke travels. 

Convection: Heat transfer by circulation within a medium 
such as a gas or a liquid.xvii 

The most familiar example of convection is the movement of the water 
in a boiling pot. In Figure 24, the pot is heated by conduction from the 
hot stove element, therefore heating the water near the bottom of the 
pot. The heated fluid rises, and cooler water sinks down to replace it. In 
a fire, convection heat transfer takes place between the rising hot gases 
from the fire and the surfaces they flow past. The higher the velocity of 
the gas, the greater the rate of convective heat transfer.xviii 
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Convective heat transfer can occur 
in two ways: by natural or forced 
convection. In natural convection, 
the velocity of the gas flowing over 
the material is the result of flows 
generated by buoyancy as a result 
of a temperature difference between 
the surface and the gas. This is the 
case for the hot gases coming from 
the flaming combustion zone in a 
fire plume. In forced convection, the 
velocity of the gas flowing over the 
material is externally imposedxix 
(e.g., by a fan, as in a convection 
oven). This is a critical factor with 
wind-driven fires, and will be 
discussed later in the curriculum.  

2.2.7 Radiation 

Radiation: Heat transfer by way of electromagnetic energy.xx 

It is this radiative 
heat transfer that 
prompts people to 
move back when they 
are standing too close 
to a fire or other 
source of heat.   

The fire fighter in 
Figure 25 will feel 
higher levels of heat 

transfer by radiation 
as he approaches the 
fire. Radiative heat transfer does not require an intervening medium 
such as a solid, liquid or gas; however, radiative heat transfer requires 
that there is a line of sight between the target and the radiator. Heat is 
radiated in all directions from the combustion zone as well as from any 
hot smoke (above ambient temperature) in the fire plume. The heat 
from the fire plume, combined with that from the upper hot gas layers 
during a compartment fire, is one of the major causes for flashover, the 
rapid ignition of all combustibles within view of the lower layer.xxi  

Figure 24: Convection in a boiling pot 
of water 

Figure 25: Radiation 
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The equation for the radiative heat transfer from an emitter is:  

Equation 2: Radiative heat transfer  Q= εσT4, 

where ε is the emissivity of the emitter, σ is the Stephan-Boltzmann 
constant, and T is the temperature of the emitter in Kelvin. The 
emissivity of an element is a measure of how well it will absorb 
radiation. Objects that are darker and less polished will have a higher 
emissivity and will both be better emitters and absorbers of thermal 
radiation. The radiant energy emitted is proportional to the fourth power 
of the emitter’s absolute temperature, therefore, as the temperature of 
a material increases, the radiated heat increases significantly.  

Think about it this way… 
If a baking tray’s temperature is doubled from room 
temperature to 327°C (600K), about the temperature of an 
oven, it will emit 24 = 16 times more radiant heat than the 
same object at just above room temperature (27°C or 
300K). If the same baking tray was heated instead to 927°C 
(1200K), the radiant heat emitted would be 44 = 256 times 
more radiant heat. 

All solids, liquids and gases emit and absorb radiant energy. An object 
will be an emitter if it is hotter than its environment and will be an 
absorber if it is cooler. The amount of radiant heat transferred between 
an emitter and an absorber therefore depends on their relative 
temperatures, their size, shape and orientation, as well as the distance 
between them. As the distance between the emitter and absorber 
increases, the amount of radiation hitting the target decreases 
considerably. Figure 25 highlights that the temperature and size of the 
fire, as well as the distance between the fire and the firefighter, are 
important in determining appropriate separation distance for firefighting 
operations. A small fraction of radiation is emitted as visible light if the 
temperature of an object is high enough. In the case of a fire, the main 
source of yellow-orange radiation is the hot soot particles in the fire 
plume. Visible radiation increases in intensity and changes in colour as 
the temperature increases. As the fire burns hotter, the soot also 
becomes hotter and the overall colour changes from a deep orange to a 
lighter yellowish-orange colour.xxii 

2.2.8 Radiative Heat Flux 
The amount of heat transfer that takes place can be expressed as the 
heat flux. The heat flux is the rate at which heat transfers to a surface 
or is transferred through a material. It is measured in units of heat 
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energy per area of surface, in Watts per cm2, or for fires, often in 
kW/m2. Table 4 shows a range of values of heat flux due to radiation. 
Typical levels of radiant heat flux from the sun on a sunny day are quite 
low, about 1 kW/m2, but exposure to the sun can still cause a burn if 
bare skin is exposed for a long enough time. Typical values of heat flux 
for piloted ignition of common materials are 10 to >20 kW/m2, as 
measured using standard test equipment. Auto-ignition will require 
higher levels of heat flux and will vary for different materials, but the 
value of 29 kW/m2 is included in this chart for wood.  

 Table 4: Typical heat-flux values 

Effect 
Heat Flux 
(kW/m2) 

Solar radiation (sunny day) 1 
Skin pain (5 sec), scorching 10 
Piloted ignition of wood 12.5 
Flashover (measured at the floor) 20 
Auto-ignition of wood 29 
Auto-ignition of fibreboard 52 
Personal protective clothing max. 80 
Post-flashover, rapid combustion 120–170 

The level of heat flux from a post flashover fire, measured to be around 
170 kW/m2, can be around 10 times larger than what is needed for 
piloted ignition.  
The heat flux by radiation from the hot ceiling gases is a very important 
factor in determining fire development. It can play a major role in 
determining whether and when a compartment fire will transition 
through flashover to become a fully developed fire. It is possible to 
estimate a value of heat flux from smoke layers at different 
temperatures. Typical values may range from 1 through to 20 kW/m² 
within a temperature range of 200–500°C. The hotter the smoke layer, 
the more heat transfer there is back into the room during the fire. At 
the same time, it is important to recognize that the actual heat flux to 
an object will also depend on the geometry of the room and the 
orientation between the fire and the object, amongst other factors. 

  



37 | P a g e  
 
 

2.3 Gaseous Combustion 

Learning Outcomes 
1. Discuss flammable range. 
2. Discuss flame types. 
3. Define vapour density. 
4. Discuss pressurized gases. 
5. Discuss boiling liquid expanding vapour explosions (BLEVE). 
6. Discuss gas explosions. 

2.3.1 Flammable Limit 
In a fire, oxygen must chemically react with a combustible fuel in a 
rapid oxidation process. For flaming combustion to begin and continue, 
the concentration of fuel vapour in the burning mixture (air and fuel) 
must be between the upper and lower flammability limits for that fuel. 
Figure 26 shows the flammability ranges for natural gas (methane) and 
acetylene. The flammability range of a gaseous fuel provides a general 
idea of the ratio of fuel to air required for ignition and continued 
burning. 

 
Figure 26: The flammability range of a gaseous fuel 

When the concentration of fuel in air lies between the lower flammability 
limit (LFL) and the upper flammability (UFL) limit, there is a danger of 
the fuel igniting if a flame or another energy source is present.  
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Lower Flammability Limit (LFL): The lowest 
concentration by volume of flammable gas in air that will 
support flame propagation.xxiii 

Upper Flammability Limit (UFL): The highest 
concentration by volume of flammable gas in air that will 
support flame propagation.xxiv 

Mixtures that lie between the LFL and UFL will support flame 
propagation and are said to lie within the flammability range. 

 Flammability Range: The range of gas to air mixtures in 
which combustion can occur.xxv 

Mixtures that are below the LFL 
have too little fuel to support 
combustion. With the addition 
of energy, combustion can 
occur, but will not sustain 
itself. The same will occur in a 
mixture that is above its UFL. 
The peak burn ratio represents 
the ideal mixture of gaseous 
fuel in air; the concentration of 
fuel in air where complete 
combustion occurs and 
combustion efficiency is 
highest, as shown in Figure 26. 
Therefore, if two gases require 
similar amounts of oxygen for 
all the carbon in the fuel to 
oxidize to CO2 and all the 
hydrogen to react to H2O, they 
will have similar peak burn 
ratios. 
The highest flame 
temperatures, flame speeds, 
and flame spread rates occur at 
concentrations that are slightly 
on the rich (too much fuel) side of the ideal mixture concentration.  

Figure 27: A mixture below its LFL 

Figure 28: A mixture above its UFL 
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2.3.2 Thermal Ballast 
Thermal ballast refers to a situation where there are additional 
molecules of air or other inert molecules in the mixture, which act as a 
heat sink (soaking up energy without producing any in the reaction), 
thereby reducing the temperature of the flaming zones and hot product 
gases as the lower flammability limit is approached, as shown in Figure 
27. If there is enough thermal ballast, the mixture can no longer 
support flame propagation. 
When there is extra fuel in the mixture, as shown in Figure 28, a certain 
amount of the fuel will react with the oxygen that is available to produce 
energy, but two other things happen as well. As above, the energy 
produced by the reaction has to heat up the products as well as the 
extra fuel, so in this case the extra fuel acts as thermal ballast and 
absorbs heat from the reaction. 
Since there is not enough air 
available to react the fuel to CO2 
and H2O (as would happen in 
the ideal mixture situation 
shown in Figure 29), there is 
also less energy produced by 
the fuel-air reaction in the first 
place. In fuel-rich burning, 
these two effects combine and 
the temperature of the flaming 
zones decrease as the upper 
flammability limit is approached. 
The result is the same and the 
mixture again cannot support 
flame propagation. 
Even if the right concentrations 
of fuel and air are present, but are not well mixed locally, the 
combustion reactions cannot take place. This is one part of the 
explanation for the many different possible conditions that might be 
seen in a given fire situation. 
The combined concepts of energy availability from the reaction and 
thermal ballast also explain why flame temperature, speed and spread 
are highest near the ideal mixture, and why pre-mixed and diffusion 
flames differ. When the concentrations of fuel and air are ideal and the 
components are well-mixed, all of the molecules are able to react to 
produce the maximum amount of reaction energy and there is less 

Figure 29: Combustion of an ideal mixture 
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thermal ballast to absorb the energy released by those combustion 
reactions. 
A similar concept is that of inerting a flammable atmosphere through 
the addition of water droplets or water vapour. The use of water in 
suppression activities will be explored later in the curriculum, but should 
be considered here as it relates to thermal ballast. When water is added 
to a heated environment, as shown in Figure 30, it absorbs heat energy, 
reducing the mixture’s store of thermal energy, as well as adding 
thermal ballast to the mixture as the water changes phase and forms 
steam. The resulting mixture can then be considered to be less 
flammable, and therefore more inert. 
The above concepts can also be 
used to deduce why 
flammability limits are 
dependent on pressure, 
temperature and local oxygen 
concentration, as well as other 
factors. Flammability limits 
widen with increased pressure 
because increasing the pressure 
of a mixture increases the 
energy in the mixture, so it 
requires less additional energy 
for combustion to occur. 
However, since it requires a very large change in pressure to change the 
flammability limits, and many fires occur at atmospheric pressure, this 
is seldom a factor. Flammability limits also widen with increased 
temperature. When the fuel-air temperatures are increased, there is 
more heat energy in the fuel-air mixture (higher temperature) so less 
additional heat energy needs to be added to raise the mixture to its 
ignition temperature. This is an important factor in assessing fire 
situations. 
As the concentration of oxygen in the surroundings increases above the 
21% normally found in air, the flammable range also widens. In this 
case, there is more oxygen available to initiate and sustain the oxidation 
reactions that keep the fire going. More oxygen in the air also means 
less nitrogen, which doesn’t participate in combustion, and therefore the 
mixture has less thermal ballast. However, in a real fire, the oxygen 
concentration is often less than the 21% normally in air; thus, values of 
flammability limits in air would be good estimates. 

Figure 30: Inerting of an atmosphere using 
water 
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2.3.3 Factors Influencing Flammability 
The air and fuel mixture that is available where the reaction is taking 
place drives the combustion efficiency. For the mixture to ignite, the 
concentration of fuel vapour in the mixture must be between the upper 
and lower flammability limits for that mixture. If the mixture is close to 
the ideal ratio of fuel vapour and air, very little energy will be required 
to ignite the mixture and it will burn with high combustion efficiency. 
There is an ideal mixture of fuel and air for complete (most efficient) 
combustion, and to reach ideal efficiency, the air and fuel must be well 
mixed before the flame reaches them. 
Since an ideal mixture is rarely available in real fires; the combustion 
efficiency is lower than ideal in most fire situations. When there is not 
enough oxygen available or there is too much fuel available, combustion 
is incomplete, leading to different reaction products. These include 
smoke, liquid aerosols and many other organic substances, as well as 
carbon dioxide, carbon monoxide, water, light and heat. Depending on 
which products are being produced, the colour of the flames and the 
amount of heat given off can vary as well. 

 
Figure 31: Combustion efficiency 

When there is not enough air to mix with the fuel vapour—even local to 
the flaming regions—the fire does not burn very efficiently. 
Temperatures will therefore be lower and significant amounts of CO, fuel 
vapours, soot and fuel fragments may be produced. 
Since the oxygen concentration in poorly ventilated (oxygen starved) 
compartment fire experiments can be as low as 10–15% (sometimes 
even lower), fuel vapour may also be mixing with hot combustion 
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products that contain partially reacted chemicals and have very low 
oxygen concentrations as well. This further reduces the efficiency of 
combustion and temperatures of the fire gases. 

2.3.4 Flame Types 
2.3.4.1 Diffusion and Premixed Flames 
Diffusion flames are not as efficient as premixed flames. The fuel and 
oxidiser are not well mixed when they react, so oxidation reactions are 
incomplete and lead to the formation of CO and soot, both primary 
components of smoke. 
Heated soot particles emit energy as visible light, giving diffusion flames 
their characteristic orange-yellow colour. 
Different combustion 
efficiencies in the two 
pool fires shown in 
Figure 32 lead to 
different flame plumes 
and burning 
characteristics. On the 
left is a methanol-fuelled 
fire and on the right is 
an acetone-fuelled one; 

both are in the same size 
of dish. The methanol 
flame is an example of a pre-mixed flame where the fuel and air are 
able to mix prior to combustion. The acetone flame is an example of a 
diffusion flame where flaming occurs as the fuel and oxygen mix in the 
flame plume. The pale blue flame of the methanol fire indicates better 
combustion efficiency when 
compared to the taller, 
brighter, yellow-orange 
acetone flame. 
2.3.4.2 Laminar and 

Turbulent Flames 

Turbulent flames or flowing 
gases appear rough and 
crinkled around the edges 
and appear to be made up 
of many smaller cells. 

Considerable mixing 

Figure 32: Pool fires 

Figure 33: Laminar and turbulent flames 
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between the fuel vapour and air takes place within and along the edges 
of turbulent flames, both where the flame is observed and where no 
flame is present. 

2.3.5 Flammability Limits and Fire 
The real fire situations shown in the photos of Figure 34 give an 
indication of when: 

• There is too little fuel (“too lean”): there is light-coloured smoke, 
which is sometimes indicative of gases from fuel pyrolysis. 

• Approximately the right amount of fuel and air are combining 
(“just right”): there is a yellowish-orange flame issuing from the 
structure. 

• There is too much fuel (“too rich”): the fire presents with some 
flaming combustion and a lot of thick black smoke. 

 
Too Lean     Just Right      Too Rich 

Figure 34: Flammability limits and fire situations 

Most often we have a mix of these conditions in different places within a 
structure as well as within the fire plume. To best appreciate the 
situations that can arise, it is useful to remember that fire is an 
exothermic reaction that requires energy to start and continue. At the 
very beginning of a fire when the gas mixture is cool, the energy can be 
provided by an ignition source such as a spark. However, once a fire has 
been burning, any remaining flammable mixture (fuel vapour-air or 
smoke-air mixtures) may be near or above its auto-ignition 
temperature, the temperature at which the mixture itself contains 
enough energy to ignite. In this case, much of the energy needed to 
start or sustain the exothermic combustion reaction is already available 
as thermal energy within the mixture. It then takes very little additional 
energy (potentially supplied by heat/radiation from surrounding gases 
that are burning) to reach the point where more energy is released by 
the combustion reactions than is required to heat the surrounding 
preheated mixture to its reaction temperature. At this point, flames will 
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propagate through any heated mixture that has concentrations of fuel-
air that lie within their flammability limits. 
If there is either too much fuel (too rich) or too much air (too lean), the 
extra molecules of fuel or air do not take part in the energy producing 
combustion reactions, altering the efficiency of combustion and resulting 
in a decrease in mixture temperatures. For example, when there is extra 
air in the mixture, in order for the overall temperature in the mixture to 
increase, the energy produced by the combustion reactions has to heat 
up both the products as well as the extra air. In this case, the overall 
temperatures will be lower than when there is no extra air in the 
mixture. This leads us to the concept of thermal ballast. 

2.3.6 Vapour Density 
As previously discussed with flaming combustion, a fuel can only ignite 
when it is in the gaseous or vapour state; therefore, an understanding 
of gaseous combustion is essential to predicting how fires will start and 
spread, no matter what fuel is involved. If the fuel starts as a gas, the 
fire may burn with either premixed or diffusion flames. When a fire 
interacts with liquid or solid fuels, the vapours most often burn as 
diffusion flames since there is little time for mixing of fuel and air before 
the reaction starts. 
Gaseous combustion depends on the concentration of fuel in the air, 
how the fuel is contained in a space, and the type of fuel that is present. 
The vapour density of a gas refers to its density compared to air. Gases 
that have a vapour density of around 1 will mix evenly with the air. A 
gas with a vapour density greater than 1 is heavier than air. It will sink 
and can collect in low areas such as drains and trenches, filling a 
compartment from the floor upwards. Gases that have vapour densities 
less than 1 are lighter than air and will rise to the top of a compartment, 
possibly collecting in attic and overhead areas.  
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Figure 35: Vapour density 

When we are dealing with the presence of gases during a fire event, we 
have to be able to identify what types of gases we might be dealing with 
and then determine where they might collect and what possible dangers 
they present. 

2.3.7 Pressurized Gases 
2.3.7.1 Boiling Liquid Expanding Vapour Explosion (BLEVE) 
The initiating event for a Boiling Liquid Expanding Vapour Explosion 
(BLEVE) is related to the properties of liquids and the containers in 
which liquids are stored. However, BLEVEs result in the formation of a 
cloud of vapour, which can mix with air, and if within the flammability 
limits for the material, can ignite and burn in a large vapour cloud. The 
ensuing gaseous fire in a BLEVE situation can lead to significant 
additional damage. 
Characteristics of the stored liquid, as well as the storage container, are 
important in determining whether there is potential for a BLEVE to 
occur. Four key concepts to consider are: 

1. When a liquid is heated above its boiling temperature, it will 
vaporize, causing an increase in pressure in the container. 

2. If the boiling liquid is in a sealed, rigid container, the pressure in 
the container will increase as more liquid boils. 

3. If the container is vented, the extra pressure will be released to 
equilibrate the pressure. If the container is not vented, or if the 
relief vent cannot release the building pressure fast enough, the 
pressure inside the storage container will increase. 
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4. The boiling temperature of a liquid is dependent on pressure, so 
as the pressure within a sealed container rises, the boiling point of 
that liquid will rise as well. 

A BLEVE occurs when (1) the liquid in a pressurized vessel is at or 
heated to a temperature that exceeds its boiling point and (2) the 
container ruptures, either due to excessive build-up in pressure, or due 
to other mechanical or thermal damage. When the rupture is 
catastrophic, the contents of the vessel are no longer held under the 
higher pressure of the vessel, and since the liquid is well above its 
boiling temperature at ambient pressure, much of the liquid will boil 
almost immediately on release, causing a rapidly expanding vapour 
cloud. Depending on the temperature, pressure and type of liquid 
involved, this expansion may be so rapid that it can be classified as an 
explosion and can cause significant damage to its surroundings. If the 
liquid involved is flammable, the expanding vapour cloud might also be 
flammable and combust, creating a fire and the potential for a further 
explosion. 
Many substances, such as propane, are stored as liquids. At 
atmospheric pressure, these liquids have boiling temperatures that are 
far below room temperature. An equilibrium situation is reached inside 
the storage container such that the pressure in the tank rises to a point 
where the boiling temperature of the liquid is the same as the 
temperature of the vessel. The vessel is then built to withstand the 
elevated pressure at ambient temperature and is normally fitted with a 
pressure relief valve to accommodate some increase in pressure due to 
changes in ambient temperature. If the vessel is damaged, however, or 
if the ambient temperature is raised (e.g., due to exposure to fire), the 
vessel can fail and a BLEVE may result. 
2.3.7.2 Gas Explosions 
Figure 36 shows a rural farmhouse that had a leak of natural gas 
(largely methane (CH4)) into the basement. Natural gas has a vapour 
density of 0.55, so it filled the basement and migrated upstairs, and a 
flammable mixture was present in the basement near the site where 
ignition took place. Since the flames would have travelled through the 
near ideal mixture in the basement and up the stairs into the upper part 
of the house (where there was little or no additional fuel), the flaming 
mixtures exiting from the structure in the image are likely nearer to the 
lower flammability limit for natural gas in air. After the flames travelled 
through the available gas mixture, the fire extinguished—but not before 
the house collapsed in ruins due to the force of the gas explosion. 



47 | P a g e  
 
 

 
Figure 36: Fuel gas explosion 
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2.4 Liquid Fuelled Combustion 

Learning Outcomes 
1. Discuss flash point. 
2. Differentiate between flammable and combustible liquids. 
3. Define fire point. 
4. Define vapour pressure. 
5. Discuss the relationship between flash point and vapour pressure. 
6. Discuss ignition of flammable liquids. 
7. Discuss liquid pool fires. 

2.4.1 Flammability of Liquids 
As discussed previously, for 
gaseous fuels to burn, they 
must mix with air such that the 
concentration of fuel is within 
the flammable range. A fuel 
with a higher vapour pressure 
generates more fuel vapour 
that can mix with air and 
potentially form a flammable 
volume. The vapour pressure 
of a given liquid also increases 
with temperature, which 
means that as fuels heat up in 
a fire, it can become easier for 
fuel vapour to form and for the 
fire to spread. 
If heat is added to a mixture, once the fuel concentration is within the 
flammable range, it is possible for it to ignite. A fire may then begin to 
grow and spread wherever a flammable mixture is present. 

2.4.2 Flash point 

Flash point: The lowest temperature of a liquid, as 
determined by specific lab tests, at which that liquid gives 
off vapours at a sufficient rate to support a momentary 
flame across its surface.xxvi 

The flash point is determined through a standard test that uses a 
heating element and small quantity of test liquid in a cup. There are two 
test methods that can be used to determine the flash point of ignitable 
liquids: the closed cup and the open cup methods. The two methods will 

Figure 37: Flammability range 
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give slightly different values for the flash point temperature, because in 
the closed cup test the cup has a lid, whereas the open cup method is 
conducted in the open air. At the flash point temperature, a liquid fuel 
will not sustain a flame. 

2.4.3 Flammable Liquids 
For transportation and handling safety, liquid fuels are classified 
according to their fire hazard characteristics. The classifications are 
based on the flash point of the liquid. Depending on the measured value 
of the flash point, liquids are grouped as to whether they are highly 
flammable, flammable or combustible liquids. 

• A flammable liquid is a liquid that has a flash point <37.8°C 
(100°F). When the flash point drops below 32°C, it is classified as 
highly flammable.xxvii 

• A combustible liquid is a liquid that has a flash point ≥37.8°C 
(100°F).xxviii 

• There are also two categories of highly flammable liquids. These 
are separated by whether a given liquid has a boiling point above 
or below 37.8°C (100°F), as shown in Figure 38. 

 
Figure 38: Classification of liquid fuels 

Flash points for some common liquids are shown in Figure 39. The lower 
the flash point, the easier it is for the liquid to form vapour at room 
temperature and ambient pressure. If vapour forms above the liquid 
surface, then it can mix with air and form a mixture within the 
flammability range. If heat is added (ignition source), the mixture will 
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ignite. Since liquids with lower flash points need less energy added to 
them to form vapour in the first place, once they are burning they also 
need less heat input from the fire to keep them burning. 

 
Figure 39: Flash points for some common liquids 

2.4.4 Fire point 

Fire point is the lowest temperature at which a liquid will 
ignite and achieve sustained burning when exposed to a test 
flame in accordance with a standard test method.xxix 

Sometimes, at the flash point temperature, the heat of combustion from 
the flash is sufficient to raise the temperature of a liquid to its fire point. 
For some liquids, the flash point and fire point are the same.xxx In 
others, the fire point is several degrees higher than the open cup flash 
point temperaturexxxi. If the fire point is higher than the flash point, the 
vapours burn faster than new ones evaporate, and the fire self-
extinguishes. 

2.4.5 Vapour Pressure 
Another important property of an ignitable liquid is the vapour pressure. 
For example, the vapour pressure of a liquid is an indicator of how 
easily a liquid fuel will evaporate at given temperature and pressure 
conditions. Every fuel has a different vapour pressure. The higher the 
value, the more fuel vapour will form above the liquid. 
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Figure 40: Vapour pressure 

2.4.6 Ignition of Liquids 
As previously discussed, there are several ways in which fuel vapours 
can ignite: piloted ignition, auto-ignition or spontaneous ignition. 
In Figure 41, the first image shows a cutting torch, which is the 
independent source of energy to which heat is added to ignite the fuel 
vapours by piloted ignition. Sometimes fuel-air mixtures will ignite 
through a process called auto-ignition, as is demonstrated in the second 
image in Figure 41. In this case, there is no direct contact between the 
flammable fuel mixture and the ignition source. Instead, the fuel-air 
mixture is heated indirectly and reaches a temperature at which it will 
ignite without the presence of an external source. 

 
Figure 41: Ignition of liquids 

The final way a fuel-air mixture can ignite is through spontaneous 
ignition, as shown in the final image in Figure 41. Some fuels will begin 
to undergo exothermic reactions all by themselves, often through 
decomposition. The energy given off during these decomposition 
reactions will raise the temperatures in the local area and the reactions 
will increase in intensity. Gradually, enough fuel vapour is released, it 
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mixes with air, and the mixture is raised to its auto-ignition 
temperature. When turpentine has soaked into a pile of rags, as is 
shown in the image on the right, the rags can trap the heat that is 
released naturally as the turpentine oxidizes. The rags can eventually 
become hot enough (this can take hours or even days) that enough 
flammable vapours are released, mixed with air and heated above the 
auto-ignition temperature, causing them to spontaneously ignite and 
burn. 

2.4.7 Liquid Fuelled Fires 
There are several modes in which liquid fuels can burn. The differences 
between how liquids burn in these different modes lends itself to better 
understand of how fuel orientation, configuration and decomposition, 
surface area-to-mass ratio and mixing will affect fire growth and 
development. 

 
Figure 42: Liquid fuel burning 

Fires may be established: in a pool fire with a fire plume rising directly 
above the surface of the liquid; in a melt pool from a solid fuel; through 
capillary action with melted fuel drawn up a wick as in a candle; or in a 
spray flame driven by atomized fuel droplets, as seen in Figure 42. The 
spray is an especially interesting fire because flame propagation 
depends on the surface area-to-mass ratio of the droplets. As this ratio 
increases (or in other words, the surface area increases and mass 
decreases), the fuel droplets become smaller, making the material 
easier to vaporize and ignite. The flame will then propagate more easily 
through the fuel mass. 
This is the principle behind why atomized liquids can ignite when the 
same pool of that liquid cannot. It also explains why spray flames often 
burn with a higher efficiency of combustion and can release energy 
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more quickly than a pool fire involving similar quantities of the same 
fuel. 

2.4.8 Liquid Pool Fires 
Liquid fuel spills can occur due to aircraft or vehicle crashes, as well as 
in other industrial and even residential settings. The fire established 
over a liquid fuel spill burns as a pool fire, which will usually have a 
fairly well defined flame plume. These fires have a fuel-rich vapour core 
and burn as diffusion flames. Due to their practical importance, pool 
fires have been widely studied. There are therefore many theories and 
simplified correlations with which to predict the flame height, radiation, 
HRR and burning time of pool fires. Foam is used to extinguish pool fires 
as it creates a barrier between the gaseous fumes and the air, 
preventing the mixing of fuel and oxygen. This barrier interrupts 
combustion and extinguishes the fire. 

 
Figure 43: Foam use 
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2.5 Solid Combustion 

Learning Outcomes 
1. Discuss common fuels. 
2. List key factors about fuels that impact flame spread. 
3. Discuss the impact of fuel orientation on flame spread. 
4. Discuss the impact of fuel geometry on flame spread. 
5. Discuss the impact of fuel surface area-to-mass ratio on flame 

spread. 
6. Discuss the impact of fuel moisture content on flame spread. 
7. Define thermal inertia. 
8. Discuss the impact of fire retardants on flame spread. 

2.5.1 Phase Change Requires Heat 
2.5.1.1 Solid to Liquid to Gas 
As solid fuels are exposed to heat, they absorb energy and the 
molecules increase in temperature depending on the specific heat 
capacity of the material. As different types of solids (different materials) 
heat up, they will behave in different ways. In this section, the 
important concept of phase change is introduced. There are also other 
factors that determine how a solid will react to heat. Later in this 
module, some of those other variables, as well as some additional 
factors that can change fire growth in a solid-fuelled fire, will be 
discussed. 

 
Figure 44: Phase change - solid to gas 

A certain amount of energy is necessary to form a flammable vapour 
from a solid fuel that is initially at ambient temperature. For two fuels 
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that release approximately the same amount of energy when they burn, 
the one with the lower heat of gasification will burn faster (as long as 
there is enough oxygen available). This is because it takes less energy 
from the oxidation reactions to vaporize new fuel to feed the fire. 
Some solids first change into a liquid (melt) before they form fuel 
vapour and burn, as shown in Figure 44 with the slab of furniture foam. 
The foam first absorbs enough heat to form a pool of liquid, and the 
liquid then evaporates and burns as it mixes with sufficient air. The fire 
looks very much like a liquid pool fire because the melted liquid is held 
in a ‘bowl’ of foam here. It is also important to note that the melted 
foam and fuel vapours are both made of decomposed parts of the 
molecules that were in the original foam because these molecules break 
down (pyrolyze) as their temperature increases. 
2.5.1.2 Solid to Gas 
As other solid fuels, such as wood, are exposed to heat, they absorb 
energy and the molecules increase in temperature but do not melt.  
Instead the wood gradually breaks down (pyrolyzes) and gives off 
vapour directly upon heating. The fuel vapour is again comprised of 
decomposed parts of the molecules that were in the original solid 
because those molecules also break down (decompose) as their 
temperature increases. 

 
Figure 45: Solid to gas with decomposition 
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2.5.2 Common Fuels 
There are four main categories of solid fuels. These can be made of 
organic materials (containing C, H, O and N), including cellulose and 
several types of polymers, or of inorganic materials (combustible 
metals). 

Figure 46: Categories of common fuels 

1. Cellulosic materials: include wood, paper and cotton, which are 
examples of common ordinary combustibles that could be involved 
in a fire. These materials will undergo pyrolysis when heated.  The 
moisture content is also a key factor in how they will burn. 

2. Polymer fuels: many new (not legacy) materials are made of high-
molecular weight materials, polymers that have different burning 
characteristics. These fuels are broken down into three types:  
thermoset plastics, thermoplastics and elastomers. 

Thermoset Plastics: plastic materials that are hardened 
into a permanent shape in the manufacturing process and 
are not commonly subject to softening when heated, and 
typically form char in a fire.xxxii 

Thermoplastic: plastic materials that soften and melt 
under exposure to heat and can reach a flowable state.xxxiii 

Elastomers: plastic materials that have very high elasticity 
at room temperature and will typically harden upon heating. 

3. Upholstered furniture: is built of a combination of different solid 
materials (fuels) that will react and burn depending on what they 
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are and how they are put together. Depending on the materials 
and construction of the furniture, the fire dynamics and 
environment developed in a compartment can be quite different. 
Polyurethane foam that is often used for padding in furniture 
melts and can drip during a fire. Flowing melted material can often 
lead to faster fire growth than expected in situations where the 
fuel cannot spread. 

4. Combustible metals: a large solid mass of metal will be difficult, if 
not impossible to ignite. However, some metals can ignite when 
they are in the form of dust, fine particles or thin shavings. These 
metals will also burn hotter than normal combustibles. Metal dusts 
are therefore extremely dangerous and, if suspended, can result 
in large explosions, highlighting the importance of surface area-
to-mass ratio. Since some metals react violently with water, 
special methods and materials are often required to suppress 
metal fires. Pyrophorics are chemicals that may combust 
spontaneously on contact with air (and are therefore very 
dangerous), and that have an auto-ignition temperature in air 
below 54.5°C (130°F)xxxiv. 

Knowledge Check 
1. What are the four main types of common fuels? 
2. What types of materials are utilized in the construction 
of upholstered furniture? 
3. Polymer fuels can be broken down into what three 
types? 
4. Ordinary combustibles such as wood are what type of 
fuel? 
5. Name two combustible metals. 

2.5.3 Key Factors in Fires 
Many other factors also influence how materials will ignite and burn. For 
solids, these include: 

• Fuel orientation and geometry 
• Surface area-to-mass ratio 
• Moisture content 
• Fire retardants 

2.5.3.1 Fuel Orientation 
The fuel orientation and ignition location (for example, whether a 
vertical fuel is ignited from the top or bottom) both have a significant 
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impact on flame spread and HRR. In a real fire, the surface of a solid 
fuel can be in any orientation: vertical, horizontal or at any other angle. 

 
Figure 47: Fuel orientation and its effect on flame spread 

Figure 47 shows the effect of orientation on flame spread. The most 
dramatic difference is shown in the upper and lower right quadrants. In 
the upper frame, the flame spreads more quickly because the hot gases 
from the flame directly contact and preheat the solid in their path. This 
leads to the formation of more fuel vapour and more vigorous burning. 
The air travelling to the burning regions is also travelling in a direction 
parallel to the hot gases, again helping to increase the rate at which the 
flame spreads up the stick. 
In the middle, downward flame spread can be several times slower 
because the hot gases from the burning zone move upwards and away 
from the unburned fuel, making it much harder for the flame to continue 
burning. The flow of air into the combustion region is also travelling in 
the opposite direction to the spreading flame (flame spread is counter-
current). 
When a flame spreads horizontally across a surface, as in the image on 
the right, there is some preheating of the fuel by radiation from the 
flames. The flow of air entrained into the combustion reaction is also 
moving in the opposite direction of the spreading flame. Horizontal 
flame spread is therefore much slower due to the limited heat transfer 
imposed back to the virgin fuel. This results in an intermediate rate of 
flame spread. 
Any orientation of fuel between horizontal and vertical is called inclined. 
The angle of inclination will also influence the flame spread. It has been 
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reported that a shift from counter-flow flame spread to concurrent flame 
spread will occur when the angle of the incline is increased past 25o. 
The shape of the fuel surface will also affect the heat transfer into the 
fuel. Flat and concave surfaces reflect much more energy than do 
convex surfaces. Convex surfaces therefore absorb heat into the fuel 
much more easily, resulting in easier ignition and higher rates of flame 
spread. 
2.5.3.2 Surface Area-to-Mass Ratio 
As the surface area-to-mass ratio of a fuel increases (surface area 
increases and mass decreases), the fuel particles become smaller or 
more finely divided. This makes the material easier to ignite. As 
previously mentioned, this is the principle behind why atomized liquids 
can ignite when the same pool of that liquid cannot, or why sawdust can 
ignite while a wood log may not. 

 
Figure 48: Surface area-to-mass ratio in dust explosions 

Once ignited, a larger surface area-to-mass ratio allows the fuel to 
absorb heat and vaporize faster. Therefore, the rate at which the fire 
can grow and spread, as well as the HRR of the fire, will increase—as 
long as enough oxygen is available—even though temperatures will 
remain the same. For example, take a wooden log and apply a match. 
Now cut or sand the log, collect the wood shavings and fine particles, 
and light them with a match. The shavings will ignite faster, and burn 
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quicker. The same principle applies when trying to ignite the bulk 
surface of a material versus igniting a material at the edge. 
Materials that are generally considered benign can be explosive when 
they are finely divided and suspended before ignition or during flame 
propagation. This is because the surface area-to-mass ratio has an 
impact on flame spread and HRR. When there is less material behind or 
beneath the surface of a fuel, the flame and heat move through it more 
quickly. This is why it is easier to burn a single sheet than a thick stack 
of paper. In Figure 48, dust, which has minimal mass behind its surface 
area, reacts quickly when ignited. The same concept applies in fire 
suppression by water mist or finely divided water droplets from a hose 
stream compared to large droplets from a sprinkler. With the larger 
surface area-to-mass ratio of the water droplets in a water mist system 
(or finely divided hose stream), the droplets absorb heat, vaporize, 
expand and cool a hot fire environment very quickly, whereas a larger 
unbroken stream will not cool the environment as effectively. 
2.5.3.3 Fuel Moisture Content 
The amount of moisture in a fuel is another factor that is critical to both 
the rate of burning and flame spread characteristics of solids. Moisture 
changes the burning characteristics because water trapped within the 
fuel has to evaporate and form steam as the fuel heats. Since water 
absorbs a lot of energy when it is evaporating, fuels with a higher 
moisture content will take longer to reach their peak burning modes 
(lower burning rate)—at least until the moisture is driven out of the fuel. 
There is also a chance they may self-extinguish. 

 
Figure 49: The effect of moisture content on fire development 
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2.5.3.4 Fire Retardants 
Figure 50 shows two sofas at the same time after ignition. The sofa on 
the left was built without fire-retardant additives, while the one on the 
right contains fire retardants. The difference in burning characteristics 
between these sofas is obvious, but it is important to note that if 
different quantities of fire retardant or strategies for fire retarding the 
sofa were used, the sofa with additives might still burn. It is also 
important to be aware that the definitions and methods for ‘fire 
retarding’ materials and products differ significantly by jurisdiction. 
The fire-retardant chemicals in the sofa on the right quickly interfere 
with the chemical chain reaction taking place in the fire. This cools down 
the reaction so that not enough energy is produced by the oxidation 
reactions. The fire is unable to sustain itself and burns out. The fire on 
the left, however, continues to release more and more heat as it grows, 
generating more flammable fuel vapours which mix with air, and the fire 
spreads up the back of the sofa. Without the retardant to slow its 
progress, the fire rapidly spreads to involve the entire sofa, reaching 
peak HRR.  

 
Figure 50: Comparison of furniture burn with and without fire retardant 

As was shown in Figure 47, if fuel that is oriented vertically (as in the 
back of the couch in Figure 51) is ignited at the bottom, its virgin fuel 
heated by the flowing heated gases through convective and conductive 
heat transfer. In addition to this, there is a much greater radiant heat 
factor associated with the parallel fuel and flame source. The fire plume 
also entrains air easily, as the entrained air moves in the same direction 
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as the heated gases as it enters the fire plume. This is termed 
“concurrent flame spread.” 

 
Figure 51: Effect of fuel orientation on fire development 

As expected, the flame spreads up the back of the seat faster than it 
spreads across the flat seat cushion due to fuel orientation and flame 
spread. 
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Module Review 
This module discussed many very important terms and concepts that 
can be used to assist in understanding the complex challenges 
firefighters face when dealing with different fire situations. 
By having a thorough understanding of the types and characteristics of 
fuels that firefighters might encounter, it is easier to predict how a fire 
might behave, allowing for more informed decisions on how to 
effectively and efficiently control and/or extinguish different fires. 
Fire is a chemical chain reaction between fuel and an oxidizer in the 
presence of heat. The fire tetrahedron is a useful tool for understanding 
how a given fire might evolve, and the flames are useful in predicting 
where a fire will travel. The different materials that fuel a fire will have a 
direct impact on how the fire ignites as well as how it will initially grow 
and then behave over time. 

Review of Learning Objectives 
The key concepts you will be expected to know are summarized in the 
Learning Objectives for each section of this module: 
Module 2.0: Fire 

1.  Define fire. 
2.   Distinguish between endothermic and exothermic reactions. 
3.  Differentiate between energy, work and power. 
4.   Distinguish between potential and kinetic energy. 
5.   Define units of energy measure. 
6.   Differentiate between heat and temperature. 
7.   Define specific heat. 
8.   Calculate energy to change temperature. 
9.   Differentiate between states of matter. 
10. Define heat of fusion and heat of vaporization. 
11. Discuss the fire triangle and tetrahedron. 
12. Define fuel. 
13. Define pyrolysis, vaporization and sublimation. 
14. Discuss fuel classifications. 
15. Define heat of combustion. 
16. Define heat release rate. 
17. Discuss the impact of oxygen on combustion. 
18. Discuss the role of heat in the fire tetrahedron. 
19. Discuss the chemical chain reaction. 
20. Discuss ignition. 

Module 2.1: Heat Transfer 
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1. Define the concept of heat transfer. 
2. Explain conduction, convection and radiative heat transfer. 
3. Describe how convection and radiation affect the spread of a 

freely burning fire. 
Module 2.2:  Gaseous Fuels 

1. Discuss flammable range. 
2. Discuss flame types. 
3. Define vapour density. 
4. Discuss pressurized gases. 
5. Discuss boiling liquid expanding vapour explosions (BLEVEs). 
6. Discuss gas explosions. 

Module 2.3: Liquid Fuel Combustion 
1. Discuss flash point. 
2. Differentiate between flammable and combustible liquids. 
3. Define fire point. 
4. Define vapour pressure. 
5. Discuss relationship between flash point and vapour pressure. 
6. Discuss ignition of flammable liquids. 
7. Discuss liquid pool fires. 

Module 2.4: Solid Fuels 
1. Discuss common fuels. 
2. List key factors about fuels that impact flame spread. 
3. Discuss the impact of fuel orientation on flame spread. 
4. Discuss the impact of fuel geometry on flame spread 
5. Discuss the impact of fuel surface area-to-mass ratio on flame 

spread. 
6. Discuss the impact of fuel moisture content on flame spread. 
7. Define thermal inertia. 
8. Discuss the impact of fire retardants on flame spread. 
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