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Chapter 3
Fire Behavior
Lesson Goal
After completing this lesson, the student shall be able to summarize physical and chemical changes and reactions that occur with fire and the factors involved in fire development.
Objectives

Upon successful completion of this lesson, the student shall be able to:


1.
Describe physical and chemical changes of matter related to fire. (NFPA® 1001, 5.3.11)

2.
Discuss modes of combustion, the fire triangle, and the fire tetrahedron. (NFPA® 1001, 5.3.11)

3.
Explain the difference between heat and temperature. (NFPA® 1001, 5.3.11)

4.
Describe sources of heat energy. (NFPA® 1001, 5.3.11)

5.
Discuss the transmission of heat. (NFPA® 1001, 5.3.12)

6.
Explain how the physical states of fuel affect the combustion process. (NFPA® 1001, 5.3.11)

7.
Explain how oxygen concentration affects the combustion process. (NFPA® 1001, 5.3.11)

8.
Discuss the self-sustained chemical reaction involved in the combustion process. (NFPA® 1001, 5.3.11)

9.
Describe common products of combustion. (NFPA® 1001, 5.3.11)

10.
Distinguish among classifications of fires. (NFPA® 1001, 5.3.16)

11.
Describe the stages of fire development within a compartment. (NFPA® 1001, 5.3.11)

12.
Summarize factors that affect fire development within a compartment. (NFPA® 1001, 5.3.11)

13.
Describe methods used to control and extinguish fire. (NFPA® 1001, 5.3.8)
Instructor Information

This is the lesson covering fire behavior for the Firefighter I course. The purpose of this lesson is to provide the student with an overview of fire behavior and the physical and chemical changes that occur with fire. This lesson also provides information on classifications of fires and the stages of fire development. Fire behavior can be a complex topic, but the information presented in this lesson provides a basis from which students can begin to understand the issues involved in fire behavior.
Important instructor information is provided in shaded boxes throughout the lesson plan. Carefully review the instructor information before presenting the lesson. Use this lesson to initiate discussion on fire behavior and why it is important for firefighters to have an understanding of fire behavior. The PowerPoint® presentation includes video clips showing fire behavior.
Methodology

This lesson uses lecture and discussion. The level of learning is comprehension.
Estimated Total Time: 4 hours 25 minutes
Classroom teaching/written evaluation:
4 hours 25 minutes

	Time
	Section/Activity
	Pages

	10 min.
	Section I: Introduction to Chapter 3
	

	60 min.
	Section II: Principles of Fire Behavior
	87-96

	45 min.
	Section III: The Combustion Process
	96-110

	15 min.
	Section IV: Classifications of Fires
	110-112

	60 min.
	Section V: Fire Development
	112-130

	15 min.
	Section VI: Methods to Control and 
Extinguish Fire 
	130-132

	15 min.
	Section VII: Summary and Review 
	

	15 min.
	Chapter 3 Quiz
	

	60 min.
	Chapter 3 Test
	


Audiovisuals

· Visuals 3.1 to 3.90 (PowerPoint® Presentation)
Evaluation

· Chapter 3 Quiz 
· Chapter 3 Test
Section I:
Introduction to Chapter 3
10 min.
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INTRODUCTION TO CHAPTER 3
A. Lesson Goal
Instructor Note: Briefly review the lesson goal. Emphasize that the purpose of the unit is to provide the students with an overview of fire behavior.
1. [image: image2.png]Chapter 3 Lesson Goal

o After completing this lesson, the
student shall be able to summarize
physical and chemical changes and
reactions that occur with fire and the
factors involved in fire development.

Frefighter 1 %
£



Chapter 3 lesson goal — After completing this lesson, the student shall be able to summarize physical and chemical changes and reactions that occur with fire and the factors involved in fire development.
B. Objectives
1. [image: image3.png]Specific Objectives

I
1. Describe physical and chemical
changes of matter related to fire.

2. Discuss modes of combustion, the fire
triangle, and the fire tetrahedron.

3. Explain the difference between heat
and temperature.

(Continuec)

Frefighter 1 %
X



Describe physical and chemical changes of matter related to fire.
2. Discuss modes of combustion, the fire triangle, and the fire tetrahedron.
3. Explain the difference between heat and temperature.
4. [image: image4.png]Specific Objectives
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4. Describe sources of heat energy.
5. Discuss the transmission of heat.

6. Explain how the physical states of fuel
affect the combustion process.

7. Explain how oxygen concentration
affects the combustion process.
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Describe sources of heat energy.
5. Discuss the transmission of heat.
6. Explain how the physical states of fuel affect the combustion process.
7. Explain how oxygen concentration affects the combustion process.
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Discuss the self-sustained chemical reaction involved in the combustion process.
9. Describe common products of combustion.
10. Distinguish among classifications of fires.
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Describe the stages of fire development within a compartment.
12. Summarize factors that affect fire development within a compartment.
13. Describe methods used to control and extinguish fire.
Section II: Principles of Fire Behavior
60 min.
II. Principles of fire behavior
Instructor Note:
The purpose of this section is to introduce students to the basic principles of fire behavior and how they relate to the fire service. 
p. 87
Objective 1 — Describe physical and chemical changes of matter related to fire.
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Definition of matter — Anything that occupies space and has mass (weight)
B. Physical change — Occurs when a substance remains chemically the same but changes in size, shape, or appearance
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Water freezing (liquid to solid)
2. Water boiling (liquid to gas)
C. Chemical reaction — Occurs when a substance changes from one type of matter into another
1. Change often involves the reaction of two or more substances to form other types of compounds.
2. Oxidation is a chemical reaction involving the combination of oxygen (or similar types of substances) with other materials.
a. Oxidation can be slow such as the combination of oxygen with iron to form rust.
b. Oxidation can be rapid as in combustion of methane (natural gas).
c. Our atmosphere is composed of 21 percent oxygen which is one of the more common elements on earth and reacts with many other elements.
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Chemical and physical changes

1. Changes almost always involve an exchange of energy.
2. A fuel’s potential energy is released during combustion and converted to kinetic energy.
3. Exothermic reactions 

a. Exothermic reactions give off energy as they occur.  

b. Fire is an exothermic chemical reaction called combustion that releases energy in the form of heat and sometimes light.

4. Endothermic reactions

a. Endothermic reactions absorb energy as they occur.
b. Converting water from a liquid to a gas (steam) requires the input of energy and is an endothermic reaction.
Ask Students: What are some examples of physical and chemical changes of matter?

Briefly discuss the answers with the students. Discuss how chemical reactions are important during hazardous materials incidents. Some chemicals can react violently when they come into contact with oxygen. 
pp. 87-88
Objective 2 — Discuss modes of combustion, the fire triangle, and the fire tetradedron.
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Combustion — A rapid and self-sustaining chemical process that yields heat and usually light; fire is a form of combustion
1. Modes of combustion — Are differentiated based on where the reaction is occurring

2. Flaming combustion
a. Oxidation involves fuel in the gas phase.
b. Flaming combustion requires liquid or solid fuels to be converted to the gas phase or vaporized.
c. When heated, both liquid and solid fuels will give off vapors that mix with oxygen and can burn, producing flames.

3. Nonflaming or smoldering combustion

a. Some solid fuels, particularly those that are porous and can char, can undergo oxidation at the surface of the fuel.

b. Examples include burning charcoal or smoldering fabric and upholstery.
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Fire triangle 
1. For many years, firefighters were taught that three components were needed for a fire to occur: oxygen, fuel, and heat.

2. Remove any one of the three components and a fire cannot start; if burning, fire will be extinguished.

3. While the fire triangle model is useful, it does not always provide a complete picture.
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Fire tetradedron 
1. This model more accurately explains flaming combustion
2. It is composed of the following four elements:
a. Oxygen

b. Fuel

c. Heat

d. A self-sustained chemical chain reaction
3. Each component must be in place for flaming combustion to occur.
a. If heat, fuel, or oxygen is removed from a fire, it will be extinguished (fire triangle).
b. Flaming combustion will cease if the self-sustained chemical reaction of flaming combustion is inhibited or interrupted (fire tetrahedron).
c. Fire may continue to smolder depending on the characteristics of the fuel.
pp. 88-91
Objective 3 — Explain the difference between heat and temperature.

H. [image: image13.png]Heat as Energy

I
© Heat is a form of energy.

 Potential energy — Energy possessed by
an object that may be released in the
future

 Kinetic energy — Energy possessed by a
moving object

Frefighter 1 %
ks



Heat — A form of energy; energy exists in two states:
1. Potential energy — The energy possessed by an object that may be released in the future

2. Kinetic energy — The energy possessed by a moving object

a. Heat is kinetic energy associated with the movement of the atoms and molecules that compose matter.
b. Before ignition, a fuel has potential chemical energy.
c. When that fuel burns, the chemical energy is converted to kinetic energy in the form of heat and light.
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Temperature — A measurement of kinetic energy 

1. Heat energy will move from objects of higher temperature to those of lower temperature.
2. Understanding this movement is important in fire development and fire control tactics.
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Measuring energy
1. It is not possible to measure energy directly, it is necessary to measure the work that it does.
2. In the case of heat, work means increasing temperature.
3. The measure for heat energy is joules in the International System of Units (SI) or metric system.
4. In the customary system, the unit of measure for heat is the British thermal unit (Btu).
a. The Btu is the amount of heat required to raise the temperature of 1 pound of water 1 degree Fahrenheit.
b. Btu is still frequently used in the fire service but not in scientific and engineering texts.
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Scales used to measure temperature

1. Celsius — Used in the metric system

2. Fahrenheit — Used in the customary system
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Conversion of energy into heat

1. Heat is the energy component of the fire tetrahedron.
2. When a fuel is heated, its temperature increases; applying additional heat causes:

a. Pyrolysis in solid fuels (the chemical decomposition of a substance through the action of heat)

b. Vaporization of liquid fuels, releasing ignitable vapors or gases

3. Starting ignition

a. A spark or other external source can cause ignition.
b. Fuel can be heated until it ignites without a spark or other source.
c. Once ignited, the process continues the production and ignition of fuel vapors or gases so that the combustion reaction is sustained.
4. Forms of ignition

a. Piloted ignition — Occurs when a mixture of fuel and oxygen encounter an external heat source with sufficient heat energy to start the combustion reaction
Example: Striking a match to light a burner

b. Autoignition — Occurs without any external flame or spark to ignite the fuel gases or vapors

i. The fuel surface is chemically heated to the point at which the combustion reaction occurs.
ii. Autoignition temperature is the temperature to which the surface of a substance must be heated for ignition and self-sustained combustion to occur.
iii. Autoignition temperature of a substance is always higher than its piloted ignition temperature.
c. Both piloted ignition and autoignition occur under fire conditions, but piloted ignition is the most common.
pp. 91-93
Objective 4 — Describe sources of heat energy.
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Chemical heat energy
1. Chemical heat energy is the most common source of heat in combustion reactions.
2. When any combustible is in contact with oxygen, oxidation occurs. This process almost always results in the production of heat.
3. Self-heating (spontaneous heating) 
a. Self-heating is a form of chemical heat energy that occurs when a material increases in temperature without the addition of external heat.
b. Normally, heat is produced slowly by oxidation and is lost to the surroundings; the process can be initiated or accelerated by an external heat source such as sunshine.
c. For self-heating to progress to spontaneous ignition, the material must be heated to its autoignition temperature.
d. For spontaneous ignition to occur, the following factors are required:

i. Insulation properties of the material immediately surrounding the fuel must be such that the heat cannot dissipate as fast as it is being generated.

ii. Rate of heat production must be great enough to raise the temperature of the material to its ignition temperature.

iii. Available air supply (ventilation) in and around the material being heated must be adequate to support combustion.
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Electrical heat energy
1. Can generate temperatures high enough to ignite any combustible materials near the heated area
2. Can occur in the following ways:
a. Resistance heating — When electric current flows through a conductor, heat is produced. 

i. Some electrical appliances, such as incandescent lamps, ranges, ovens, or portable heaters, are designed to make use of resistance heating.

ii. Other electrical equipment is designed to limit resistance heating under normal operating conditions.
b. Overcurrent or overload — When the current flowing through a conductor exceeds its design limits, it may overheat and present an ignition hazard. Overcurrent or overload is unintended resistance heating.
c. Arcing — In general, an arc is a high-temperature luminous electric discharge across a gap or through a medium such as charred insulation. Arcs may be generated when a conductor is separated or by high voltage, static electricity, or lightning.

d. Sparking — When an electric arc occurs, luminous (glowing) particles can be formed and spatter away from the point of arcing. Sparking refers to this spatter, while an arc is the luminous electric discharge.
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Mechanical heat energy
1. Mechanical heat energy is generated by friction or compression.
2. Movement of two surfaces against each other creates heat of friction.
3. Movement results in heat and/or sparks being generated.
4. Heat of compression is generated when a gas is compressed.
Ask Students: What are some examples of chemical, electrical, and mechanical sources of heat energy? Have some examples in the classroom to show the students.
Briefly discuss the answers with students.  

pp. 93-96
Objective 5 — Discuss the transmission of heat.
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Transfer of heat
1. Heat transfer is basic to the study of fire behavior.
2. Heat transfer affects the growth of any fire.
3. Knowledge of heat transfer helps firefighters estimate the size of a fire before attacking it and to evaluate effectiveness of an attack.
4. Heat moves from warmer objects to those that are cooler.
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The rate at which heat is transferred is related to the temperature differential of the bodies and the thermal conductivity of the material involved.
6. For any given substance, the greater the temperature differences between the bodies, the greater the transfer rate.

7. The transfer of heat from body to body is measured as energy flow (heat) over time.

Q. [image: image23.png]Conduction

I
o Transfer of heat within

a body or to another
body by direct contact

® Occurs when a material
is heated as a result of
direct contact with heat source

© Heat flow depends on several factors

Firefighter 1 &h
ek




Methods of heat transfer

1. Conduction

a. Conduction is the transfer of heat within a body or to another body by direct contact; it is the heat flow through and between solids.
b. Conduction occurs when a material is heated as a result of direct contact with a heat source.
c. Heat flow due to conduction is dependent on:

i. The area being heated
ii. The temperature difference between the heat source and the material being heated

iii. The thermal conductivity of the material

d. Insulating materials retard the transfer of heat primarily by slowing conduction from one body to another; good insulators are materials that do not conduct heat well.
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Convection

a. Convection is the transfer of heat energy from a fluid (liquid or gas) to a solid surface

b. In the fire environment, convection usually involves transfer of heat through movement of hot smoke and fire gases

c. The flow of heat is from the hot fire gases to the cooler structural surfaces, building contents, and air.
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Radiation

a. Radiation is the transmission of energy as an electromagnetic wave (such as light waves, radio waves, or X-rays) without an intervening medium. 

b. Thermal radiation results from temperature.
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All matter having a temperature above absolute zero radiates heat energy.
ii. Radiant heat becomes the dominant mode of heat transfer when the fire grows in size.
iii. Radiant heat transfer is also a significant factor in fire development and spread in compartments.
c. Factors influencing radiant heat transfer

i. Nature of the surfaces; dark materials will emit and absorb heat more effectively than those of lighter color, and smooth or highly polished surfaces will reflect more radiant heat than those that are rough

ii. Distance between the surfaces; increasing distance reduces the effect of radiant heat

iii. Temperature difference between the heat source and the materials being heated; has a major impact on heat transfer; as the temperature of the heat source increases, the radiant energy increases by a factor to the fourth power

d. Because it is an electromagnetic wave, the energy travels in a straight line at the speed of light.
i. The best example of heat transfer by radiation is the heat of the sun.
ii. As a fire grows, it radiates more and more energy in the form of heat.
iii. In large fires, it is possible for the radiated heat to ignite buildings or other fuel packages a considerable distance away.
iv. Materials that reflect radiated energy will disrupt the transmission of heat.
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Passive agents
1. Passive agents are materials that absorb heat but do not participate actively in the combustion reaction.
2. Fuel moisture (the water content of a combustible material) is a passive agent that slows the absorption of heat energy and retards the process of ignition and combustion.
Ask Students: What is the impact of high fuel moisture on fire spread? 

Briefly discuss the answers with students. Explain that the higher the fuel moisture, the slower the rate of fire spread, and the lower the intensity of the fire. This generally has the greatest impact on wildland fuels. However, a cool day with high humidity may have a similar effect on structural wood components.

3. Relative humidity and fuel moisture

a. Major considerations in wildland fire development

b. Can also be important in structural fires

Section III: The Combustion Process
45 min.
III. The Combustion Process

pp. 96-103
Objective 6 — Explain how the physical states of fuel affect the combustion process.
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Fuel — The material or substance being oxidized or burned in the combustion process
1. Fuel in a combustion reaction is known as the reducing agent.
2. Fuels may be inorganic or organic; organic fuels contain carbon.
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Most common fuels are organic.
4. Organic fuels can be broken down into:

a. Hydrocarbon-based fuels (such as gasoline, fuel oil, and plastics)
b. Cellulose-based materials (such as wood and paper)
5. Two key factors influencing the combustion process are the physical state of the fuel and its distribution or orientation (horizontal or vertical).
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Gaseous fuel
1. For flaming combustion to occur, fuels must be in the gaseous state.
2. Fuels such as methane (natural gas), hydrogen, acetylene, and others can be the most dangerous of all fuel types because they are already in the state required for ignition.
3. Gases have mass but no definite shape or volume.
a. A gas placed in a container will diffuse and completely fill the available space.
b. When released from a container, gases will rise or sink, depending on their density relative to air.
c. Gases that are lighter than air tend to rise.
d. Gases that are heavier than air tend to sink.
e. Vapor density describes the density of gases in relation to air.
i. Air has a vapor density of 1.
ii. Gases with a vapor density of less than 1 will rise.
iii. Gases with a vapor density of greater than 1 will sink.
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Liquid fuel
1. Liquids have mass and volume but no definite shape except for a flat surface.
2. Liquids assume the shape of their container.
3. When released, liquids will flow downhill and can pool in low areas.
4. The density of liquids is compared to that of water.
a. Specific gravity is the ratio of the mass of a given volume of a liquid compared with the mass (weight) of an equal volume of water at the same temperature.
b. Water has a specific gravity of 1.
c. Liquids with a specific gravity less than 1, such as gasoline and most flammable liquids, are lighter than water and will float on its surface.
d. Liquids with a specific gravity greater than 1 are heavier than water.
5. In order to burn, liquids must be vaporized.
a. Vaporization is the transformation of a liquid to a vapor or gaseous state.
b. At sea level, the atmosphere exerts a pressure of 14.7 psi (102.9 kPa); in order to vaporize, liquids must overcome the pressure exerted by the atmosphere.
c. Vapor pressure is the pressure produced or exerted by vapors released by a liquid.
d. As a liquid is heated, vapor pressure increases along with the rate of vaporization.
e. The rate of vaporization is determined by the vapor pressure of the substance and the amount of heat energy applied to it.
f. The volatility or ease with which a liquid gives off vapor influences how easily it can be ignited.
6. [image: image32.png]|Liquid Fuel Characteristics
I

Flash point o

£~ TRk <
/5/




Characteristics of liquids
a. Flash point — The temperature at which a liquid gives off sufficient vapors to ignite, but not sustain, combustion; commonly used to indicate the flammability hazard of liquid fuels

Ask Students: From a practical standpoint, why should the flash point generally be considered the temperature at which a liquid or gas will sustain combustion? 
Briefly discuss the answers with students. Explain that generally fire and flash points are only a few degrees different. The amount of energy released when a fuel “flashes over” may raise the temperature of the fuel at the surface to the fire point, thus sustaining the combustion. This is especially true when the ambient temperature is warm or hot.
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Fire point — The temperature at which sufficient vapors are being generated to sustain the combustion reaction

c. Surface area — The extent to which a liquid will give off vapor is influenced by how much surface area is exposed to the atmosphere

d. Solubility — The extent to which a substance will mix with water

i. Liquids such as hydrocarbon fuels are lighter than water and do not mix with water.

ii. Polar solvents (such as alcohols) will mix readily with water.
iii. Miscible — Materials that are capable of being mixed

e. Considerations when fighting fires
i. Liquids lighter than water present a significant challenge when using water as an extinguishing agent; the volume of liquid will increase as water is applied, potentially spreading the burning fuel.
ii. Water-soluble liquids present a problem in that some water-based extinguishing agents will mix with the burning liquid, making them ineffective.
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Solid fuel

1. Solids have definite size and shape.
2. Solids may react differently when exposed to heat; some readily change state and melt while others will not.
3. Fuel gases and vapors are evolved from solid fuels by pyrolysis, which is the chemical decomposition of a substance through the action of heat.
4. As solid fuels are heated, they begin to decompose and combustible vapors are given off.
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In a fire in a room or compartment, the primary fuels are commonly solids such as wood, paper, or plastic. Pyrolysis must occur to generate the flammable vapors and gases required for combustion.

6. Surface-to-mass ratio — The surface area of the fuel in proportion to the mass is the primary consideration in whether solids are easy or difficult to ignite

7. The proximity and orientation of a solid fuel relative to the source of heat also affects the way it burns.
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Heat of combustion and heat release rate
1. Heat of combustion of a given fuel is the total amount of energy released when a specific amount of that fuel is oxidized

a. Heat of combustion is usually expressed in kilojoules/gram (kJ/g).
b. Many plastics, flammable liquids, and flammable gases contain more potential heat energy than wood.
2. Heat release rate (HRR) is the energy released per unit of time as a given fuel burns. 

a. Heat release rate is usually expressed in kilowatts (kW).
b. Heat release rate is dependent on the type, quantity, and orientation of the fuel.
c. Characteristics of the enclosure can affect heat release rate.
d. In most fires, heat release rate varies over time — increasing as more fuel becomes involved and falling as fuel is consumed.
pp. 103-105
Objective 7 — Explain how oxygen concentration affects the combustion process.
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Oxygen
1. Oxygen in the air is the primary oxidizing agent in most fires.
2. Air consists of about 21 percent oxygen.
3. In addition to oxygen, other materials can react with fuels in much the same way.
a. These other materials are called oxidizers.
b. Oxidizers are not combustible, but like oxygen they will support combustion.
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Oxygen concentrations
1. At normal ambient temperatures, materials can ignite and burn at oxygen concentrations as low as 14 percent.
2. When oxygen concentration is limited, the flaming combustion may diminish and combustion will continue in the surface or smoldering mode.
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At high ambient temperatures, flaming combustion may continue at considerably lower oxygen concentrations.

4. Surface combustion can continue at extremely low oxygen concentrations even when the surrounding environment is at a relatively low temperature.
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When the oxygen concentration is higher than normal, materials exhibit very different burning characteristics.
a. Materials that burn at normal oxygen levels will burn more intensely and may ignite more readily in oxygen-enriched atmospheres.
b. Some petroleum-based materials will autoignite in oxygen-enriched atmospheres.

c. Many materials that do not burn at normal oxygen levels burn readily in oxygen-enriched atmospheres.
6. Fires in oxygen-enriched atmospheres are difficult to extinguish and present a potential safety hazard to firefighters.

7. Flammable explosive range — The range of concentrations of the fuel vapor and air (oxidizer)

a. The flammable range is reported using the percent by volume of gas or vapor in air for the lower flammable limit (LFL) and the upper flammable limit (UFL).
b. The LFL is the minimum concentration of fuel vapor and air that supports combustion.
c. The UFL is the concentration above which combustion cannot take place.
d. Within the flammable range, there is an ideal concentration at which there is exactly the amount of fuel and oxygen required for combustion.
Instructor Note: Discuss flammable ranges for some common materials. Show students examples of chemical handbooks and documents such as the National Fire Protection Association (NFPA®) Fire Protection Guide to Hazardous Materials.
pp. 105-107
Objective 8 — Discuss the self-sustained chemical reaction involved in the combustion process.
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Self-sustained chemical reaction 
1. The self-sustained chemical reaction is very complex.
2. An example would be the combustion of a simple fuel such as methane and oxygen.
a. Complete oxidation of methane results in the production of carbon dioxide and water as well as release of energy in the form of heat and light.
b. As combustion occurs, the molecules of methane and oxygen break apart to form free radicals.
c. Free radicals combine with oxygen or with the elements that form the fuel material producing intermediate combustion products, producing even more radicals, and increasing the speed of the oxidation reaction.
d. At various points in the combustion of methane, this process results in the production of carbon monoxide and formaldehyde, which are both flammable and toxic.
e. When more chemically complex fuels burn, this process involves many different types of radicals and intermediate combustion products, many of which are flammable and toxic.
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Flaming combustion is one example of a chemical chain reaction
1. Sufficient heat will cause fuel and oxygen to form free radicals and initiate the self-sustained chemical reaction.
2. Fire will continue to burn until the fuel or oxygen is exhausted or an extinguishing agent is applied in sufficient quantity to interfere with the ongoing reaction.
3. In some cases, extinguishing agents deprive the combustion process of fuel, oxygen, or sufficient heat to sustain the reaction.
4. Chemical flame inhibition is when a halon-replacement extinguishing agent interferes with this chemical reaction, forms a stable product, and terminates the combustion reaction.

5. The self-sustained chemical reaction and the related rapid growth are the factors that separate flaming combustion from slower oxidation reactions.
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Surface combustion also involves oxidation at the surface of a fuel material without initiation or continuation of the chemical chain reaction found in flaming combustion.
1. This distinction is important.
2. Surface combustion cannot be extinguished by chemical flame inhibition.
3. These fires must be extinguished by working on one of the sides of the fire triangle (heat, fuel, or oxygen).
pp. 107-110
Objective 9 — Describe common products of combustion.
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General types of products of combustion include heat, smoke, and light
1. Heat and smoke have the most impact on firefighters.
2. Heat generated during a fire helps to spread the fire by preheating adjacent fuels and making them more susceptible to ignition.
3. Those lacking adequate protection from the heat may suffer burns, damage to their respiratory tract, dehydration, and heat exhaustion.
4. Toxic smoke causes most fire deaths
a. Smoke is an aerosol composed of gases, vapor, and solid particulates.
b. Fire gases, such as carbon monoxide (CO), are generally colorless, while vapor and particulates give smoke its varied colors.
c. Most components of smoke are toxic and present a significant threat to human life.
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Common products of combustion
1. Carbon monoxide (CO)
a. Byproduct of the incomplete combustion of organic materials

b. Probably the most common product of combustion encountered in structure fires

c. Exposure is frequently identified as the cause of death for civilian fire fatalities and firefighters who have run out of air in their self-contained breathing apparatus (SCBA).
d. Acts as a chemical asphyxiant by binding with hemoglobin in the blood that transports oxygen throughout the body
2. Hydrogen cyanide (HCN)
a. Produced in the combustion of materials containing nitrogen
b. Commonly encountered in smoke, although at lower concentrations than CO
c. Acts as a chemical asphyxiant by preventing the body from using oxygen at the cellular level.
d. Significant byproduct of the combustion of polyurethane foam, which is commonly used in furniture and bedding
3. Carbon dioxide (CO2)
a. Product of complete combustion of organic materials

b. Acts as a simple asphyxiant by displacing oxygen

c. Also acts as a respiratory stimulant, increasing respiratory rate
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Hazards to firefighters
1. The toxic effects of smoke inhalation are not the results of any one gas; they are the interrelated effects of all the toxic products present.
2. Smoke contains a wide range of irritating substances that can be deadly.
3. Firefighters must use SCBA for respiratory protection when operating in smoke.
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Flame

1. Flame is the visible, luminous body of a burning gas.
2. When a burning gas is mixed with the proper amounts of oxygen, the flame becomes hotter and less luminous.

3. Loss of luminosity is caused by a more complete combustion of the carbon.
4. Flame is considered a product of combustion.
Section IV: Classifications of Fires
15 min.
IV. classifications of fires
pp. 110-112
Objective 10 — Distinguish among classifications of fires.
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Class A fires
1. Class A fires involve ordinary combustible materials such as wood, cloth, paper, rubber, grass, and many plastics.
2. The primary mechanism of extinguishment is cooling to reduce the temperature of the fuel to slow or stop the release of pyrolysis products.
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Class B fires
1. Involve flammable and combustible liquids and gases such as gasoline, oil, lacquer, paint, mineral spirits, and alcohol
2. Class B fires involving gases can be extinguished by shutting off the gas supply.
3. Fires in Class B liquids can be extinguished with appropriately applied foam and/or dry chemical agents.
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Class C fires

1. Class C fires involve energized electrical equipment.
2. Household appliances, computers, transformers, electric motors, and overhead transmission lines are typical sources for Class C fires.

3. Electricity does not burn so the actual fuel in a Class C fire is usually insulation on wiring (Class A material) or lubricants (Class B materials).
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When possible, de-energize involved electrical equipment before beginning extinguishing efforts.

5. Any extinguishing agent used before de-energizing the equipment must not conduct electricity.
D. [image: image53.png]Class D Fires

I

o Involve combustible metals

¢ Powdered materials most hazardous

« In right concentrations, airborne metal
dust can cause powerful explosions

* High temperature of some burning
metals makes water reactive and other

extinguishing agents ineffective
(Continied)

Firefighter 1 %
e



Class D fires

1. Class D fires involve combustible metals such as aluminum, magnesium, potassium, sodium, titanium, and zirconium.
2. The materials are particularly hazardous in their powdered form.
3. In the right concentrations, airborne metal dusts can cause powerful explosions given a suitable ignition source.

4. The extremely high temperature of some burning metals makes water reactive and other common extinguishing agents ineffective.
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No single agent effectively controls fires in all combustible metals.
6. Class D materials may be found in a variety of industrial or storage facilities.

7. It is essential to use caution when attempting to extinguish Class D fires because they can sometimes react violently to water and other substances and may produce highly toxic smoke and vapors.

E. [image: image55.png]Class K Fires

I

o Involve oils and greases

* Require extinguishing agent specifically
formulated for materials involved

* Agents use saponification to turn fats
and oils into soapy foam that
extinguishes fire

Firefighter 1 %
g



Class K fires

1. Class K fires involve oils and greases normally found in commercial kitchens and food preparation facilities using deep fryers.
2. These fires require an extinguishing agent specifically formulated for the materials involved.
3. Through a process known as saponification, these agents turn fats and oils into a soapy foam that extinguishes the fire.
Section V: Fire Development
60 min.
V. fire development
pp. 112-125
Objective 11 — Describe the stages of fire development within a compartment.
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Fire development in a compartment
1. A compartment is an enclosed room or space within a building.
2. When a fire is confined within a compartment, the walls, ceiling, floor, and other objects absorb some of the radiant heat produced by the fire.
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Radiant heat energy that is not absorbed is reflected back, continuing to increase the temperature of the fuel and the rate of combustion.
4. Hot smoke and air heated by the fire become more buoyant and rise.
5. Upon contact with cooler materials, heat is conducted to the cooler materials, raising their temperature
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This heat transfer process raises the temperature of all materials in the compartment.

7. As nearby fuel is heated, it begins to pyrolize; eventually the rate of pyrolysis can reach a point where flaming combustion can be supported and the fire extends.

8. Fuel controlled and ventilation controlled fire development

a. Fuel controlled — When sufficient oxygen is available, fire development is controlled by the characteristics and configuration of the fuel

b. Ventilation controlled — When fire development is limited by the air supply

B. Stages of fire development
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Incipient stage
a. The incipient stage starts with ignition; ignition describes the point when the three elements of the fire triangle come together and combustion occurs.
i. All fires occur as a result of some type of ignition.
ii. Ignition can be piloted (caused by spark or flame) or nonpiloted (caused when a material reaches its autoignition temperature as a result of self-heating).
iii. At this point, the fire is small and confined to the material (fuel) first ignited; it may self-extinguish.
b. Once combustion begins, development of an incipient fire is largely dependent on the characteristics and configuration of the fuel involved.
i. Air in the compartment provides adequate oxygen to continue fire development.
ii. Radiant heat warms adjacent fuel and continues the process of pyrolysis.
iii. A plume of hot gases and flame rises from the fire and mixes with the cooler air within the room (convection).
iv. As the plume reaches the ceiling, hot gases begin to spread horizontally across the ceiling; historically firefighters have called this mushrooming, but in scientific or engineering terms it is referred to as forming a ceiling jet.
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In this early stage, the fire has not yet influenced the environment to a significant extent.
d. The temperature, while increasing, is only slightly above ambient, and the concentration of products of combustion is low.
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Occupants can safely escape from the compartment, and the fire could be safely extinguished with a portable extinguisher or small hoseline.
f. The transition from incipient to growth stage can occur quite quickly (in some cases in seconds) depending on the type and configuration of fuel involved.
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Growth stage
a. Fire begins to influence the environment within the compartment.
b. Fire is influenced by the configuration of the compartment and the amount of ventilation.
i. The ceiling and walls affect the plume of hot gases rising from the fire.

ii. The location of the fuel package in relation to the compartment walls determines the amount of air that is entrained and thus the amount of cooling that takes place.

iii. This factor significantly affects the temperatures in the developing hot-gas layer above the fire and the speed of fire development.

iv. As wall surfaces become hot, burning fuel receives more reflected radiant heat, further increasing the speed of fire development.
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Thermal layering — Tendency of gases to form into layers according to temperature
i. Hottest gases tend to be in the top layer, while the cooler gases form the lower layer
ii. Radiation from the hot gas layer acts to heat the interior surfaces of the compartment and its contents

iii. As the volume and temperature of the hot gas layer increases, so does the pressure

iv. Higher pressure in this layer causes it to push down within the compartment and out through any openings such as doors or windows

v. Pressure of the cool gas layer is lower, resulting in inward movement of air from outside the compartment

vi. At the point where these two layers meet as the hot gases exit through an opening, the pressure is neutral.

vii. The interface of the hot and cooler gas layers at the opening is commonly referred to as the neutral plane.
viii. Neutral pressure only exists at openings where hot gases are exiting and cooler air is moving into the compartment.

ix. Whenever possible, it is desirable to maintain or raise the level of the hot gas layer above the floor to provide a more tenable environment for firefighters and trapped occupants.
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Isolated flames — As the fire moves through the growth stage, pockets of flames may be observed moving through the hot gas layer above the neutral plane.
i. This phenomenon is referred to as ghosting.
ii. Combustion of these hot gases indicates that portions of the hot gas layer are within their flammable range and there is sufficient temperature to result in ignition.
iii. As these hot gases circulate to the outer edges of the plume, they find sufficient oxygen to ignite. 

iv. This phenomenon is frequently observed prior to more substantial involvement of flammable products of combustion in the hot gas layer.
v. Ghosting is classified as a fire gas ignition and may be an indicator of developing flashover conditions requiring immediate action by firefighters to prevent that from occurring.

e. Rollover/Flameover

i. Rollover/flameover describes a condition where the unburned fire gases accumulated at the top of a compartment ignite and flames propagate through the hot gas layer or across the ceiling.
ii. Rollover is a fire gas ignition

iii. Rollover is also a significant indicator of impending flashover.
iv. Rollover is distinguished from flashover by its involvement of only the fire gases at the upper levels of the compartment and not the other fuel packages within a compartment.
v. Rollover may occur during the growth stage as the hot-gas layer forms at the ceiling of the compartment

vi. Flames may be observed in the layer when the combustible gases reach their ignition temperatures.
vii. Rollover will generally precede flashover, but it may not always result in flashover.
f. Flashover

i. Flashover is the rapid transition between the growth and the fully developed fire stages but is not a specific event such as ignition.
ii. During flashover, conditions in the compartment change very rapidly from partial to full involvement of the compartment.
iii. When flashover occurs, burning gases push out of openings in the compartment at a substantial velocity.

Instructor Note: Discuss the indicators of flashover (Table 3.11, p. 119). If possible, review case histories that involve flashover with students. Also discuss the importance of situational awareness. 
Another point to bring up is how the use of plastics and their prevalence in commercial and residential fire loading has impacted the fire service. Discuss BTU output over time from wood and other natural building products compared to the rapid release of heat from burning plastic. This has lead to rooms achieving flashover sooner as plastics give off their heat energy more quickly. Firefighters can expect to be arriving on scenes and facing higher fire intensities than in the past. Also, address the concept of smoke and gases overhead being treated as fuel.
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Instructor Note: Refer students to Slide 3.64 for a video of what happens when a flashover occurs. Click on the image to view the video.

iv. Definition of flashover — When the temperature in a compartment results in the simultaneous ignition of all of the combustible contents in the space.
v. No exact temperature is associated with this occurrence, a range of approximately 900°F to 1,200°F (483°C to 649°C) is widely accepted
g. Just before flashover, several things are happening within the burning compartment:

i. Temperatures are rapidly increasing.
ii. Additional fuel is becoming involved.
iii. Fuel in the compartment is giving off combustible gases because of pyrolysis.
h. Factors determining flashover

i. Flashover does not occur in every compartment fire. 

ii. Fuel must have sufficient heat energy to develop flashover conditions.
iii. Ventilation — A developing fire must have sufficient oxygen to reach flashover.
iv. Most fires that grow beyond the incipient stage become ventilation controlled
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Fully developed stage

a. The fully developed stage occurs when all combustible materials in the compartment are burning.
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are releasing the maximum amount of heat possible for the available fuel and ventilation, producing large volumes of fire gases.
c. The fire is ventilation controlled.
4. Decay stage
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Fire will decay as the fuel is consumed or if the oxygen concentration falls to the point where flaming combustion can no longer be supported.
b. Decay due to reduced oxygen concentration can follow a considerably different path if the ventilation profile of the compartment changes.
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Consumption of fuel 

i. As fire consumes available fuel and the rate of heat release begins to decline, it enters the decay stage or hot-smoldering phase.
ii. Assuming adequate ventilation, the fire again becomes fuel controlled.
iii. The heat release rate will drop, but the temperature may remain high for some time.
iv. Flammable products of combustion can accumulate within the compartment or adjacent spaces.
v. If the products of combustion are within the flammable range, they can be ignited, resulting in a smoke explosion.

d. Limited ventilation

i. When a compartment fire enters the decay stage due to a lack of oxygen, the rate of heat release will also decline.

ii. The continuing combustion reaction may maintain an extremely high temperature within the compartment.

iii. Under these conditions, a large volume of flammable products of combustion can accumulate within the compartment.

iv. If these products are above their ignition temperatures, they can ignite explosively when mixed with additional air, resulting in a backdraft.

Instructor Note:
 It is important to remind students that this discussion of the stages of fire development examines fire behavior in a single compartment. Actual conditions within a building composed of multiple compartments can vary widely.
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Instructor Note: Refer students to Slide 3.69 for a video of what happens when a backdraft occurs. Click on the image to view the video.
e. Backdraft

i. A ventilation-controlled compartment fire can produce a large volume of flammable smoke and other gases due to incomplete combustion.

ii. This mixture of flammable products can be well above its upper flammable limit (UFL).

iii. An increase in ventilation can result in a deflagration called backdraft.

f. Backdraft conditions

i. When potential backdraft conditions exist, the space is filled with unburned fuel that is at or above its ignition temperature and only lacks sufficient oxygen to burn.
ii. Making a horizontal opening provides the missing component and a backdraft results.

iii. A backdraft can occur without the creation of a horizontal opening. All that is required is mixing hot, fuel-rich smoke with air.

iv. To some degree, the violence of a backdraft is dependent on the extent to which the fuel/air mixture is confined. The more confined the deflagration, the more violent it will be.

Instructor Note: Discuss the indicators of backdraft. If possible, review case histories that involve backdraft with students. Discuss how to mitigate backdraft by vertical ventilation.  Also discuss how new building construction techniques and materials have impacted the chances for a firefighter to encounter a backdraft (double and triple paned windows, etc.). 
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Effects of a backdraft vary considerably depending upon factors such as volume of flammable products of combustion, degree of confinement, speed with which fuel and air are mixed, and where ignition occurs.
pp. 125-130
Objective 12 — Summarize factors that affect fire development within a compartment.

C. Fuel type
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Fuel type impacts both the amount of heat released and the time over which combustion occurs.
2. In a compartment fire, the most fundamental fuel characteristics influencing fire development are mass and surface area.
a. Combustible materials with high surface-to-mass ratios are much more easily ignited and will burn more quickly than the same substance with less surface area.
b. Many ordinary combustibles such as wood and paper are significantly influenced by fuel moisture.
c. Firefighters should be able to recognize potential fuels in a building or compartment and use this information to estimate fire-growth potential.
d. Materials with high heat release rates, such as polyurethane foam-padded furniture or polyurethane foam mattresses, would be expected to burn rapidly once ignition occurs.

D. Availability and location of additional fuel
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availability and location of additional fuels:
a. Configuration of the building

b. Contents (nonstructural fuel load)

c. Construction (structural fuel load)

d. Location of the fire in relation to fuel that has not yet become involved

2. Building configuration factors
a. Layout of the structure

i. Number of stories

ii. Avenues for fire spread

iii. Compartmentation 

iv. Barriers to fire spread
3. The contents of a structure are often the most readily available source of fuel in a compartment fire. 

a. The quantity and nature of building contents significantly influence fire development.
b. When contents have a high heat of combustion and heat release rate, both the intensity of the fire and speed of development will be greater.

4. Type of construction influences fuel load, as some types of building materials are combustible.

5. Proximity and continuity of contents and structural fuels also influence fire development.

a. Fuels in the upper level of adjacent compartments will be more quickly pyrolized by the hot gas layer, and continuous fuels will rapidly spread the fire from compartment to compartment.

b. The location of fire within the building will influence fire development.
i. When the fire is located low in the building, such as in a basement or on the first floor, convected heat will cause vertical extension through unprotected stairways and vertical shafts.
ii. Fires originating on upper levels generally extend downward much more slowly.
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Compartment volume and ceiling height

1. All other things being equal, a fire in a large compartment will develop more slowly than one in a small compartment due to the greater volume of air and structural material that must be heated.
2. The large volume of air will support the development of a larger fire before ventilation becomes the limiting factor.
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Ventilation

1. Ventilation significantly influences how the fire develops within the space.
2. Preexisting ventilation is the actual and potential ventilation of a structure based on structural openings, construction type, and building ventilation systems.

3. When considering fire development, it is important to consider potential openings that could change the ventilation profile under fire conditions — for example, windows.
4. Before firefighters make additional ventilation openings, they should consider the size, number, and arrangement of existing and potential ventilation openings and how these openings might affect the behavior of the fire.
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Thermal properties of the enclosure

1. Thermal properties include insulation, heat reflectivity, retention, and conductivity.
2. When a compartment is well- insulated, less heat is lost and more heat remains available to increase temperature and speed the combustion reaction.
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Surfaces that reflect heat return it to the combustion reaction and increase its speed.
4. Materials such as masonry act as a heat sink and will retain heat energy.
5. Other structural materials, such as steel, conduct heat readily and can transfer heat to other combustibles through conduction, spreading the fire. 
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Ambient conditions

1. While ambient temperature and humidity can have an impact on the ignitability of many types of fuel, these factors are less significant inside a structure.
2. High humidity and cold temperatures can impede the natural movement of smoke, however, and wind can be an extremely significant factor in fire development.

3. Strong winds can significantly influence fire behavior, particularly when ventilation changes.
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Impact of changing conditions
1. Structure fires can be dynamic, with ever-changing conditions.
2. Factors influencing fire development can change as the fire extends from one compartment to another.
3. Changes in ventilation are likely to be some of the most significant factors in changing fire behavior.
Instructor Note: Stress that a fire in a structure is a dynamic situation that can change in just a few seconds. This requires that every firefighter maintain situational awareness so that he or she is constantly aware of the environment and any changes that may be occurring.

Section VI: Methods to Control and Extinguish Fire
15 min.
VI. methods to control and extinguish fire
pp. 130-132
Objective 13 — Describe methods used to control and extinguish fire.
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Temperature reduction
1. One of the most common methods of fire control and extinguishment is temperature reduction.
2. The process depends on reducing the temperature of a fuel to a point where it does not produce sufficient vapor to burn.
3. Solid fuels and liquid fuels with high flash points can be extinguished by cooling.
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The use of water for cooling is the most effective method available for extinguishment of smoldering fires.
5. To extinguish a fire by reducing its temperature, enough water must be applied to the burning fuel to absorb the heat being generated by combustion.

6. Cooling with water cannot sufficiently reduce vapor production to extinguish fires involving low flash point flammable liquids and gases.
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Water can also be used to control burning gases and reduce the temperature of hot products of combustion above the neutral plane. This slows the pyrolysis process and reduces the potential for extreme fire behavior such as flashover

8. Water absorbs significant heat as its temperature is raised, but it has its greatest effect when it is vaporized into steam.
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Fuel removal

1. Removing the fuel source effectively extinguishes any fire.

2. The simplest method of fuel removal is to allow a fire to burn until all fuel is consumed.

C. Oxygen exclusion
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Reducing the oxygen available to the combustion process reduces a fire’s growth and may totally extinguish it over time.

2. While not generally used for extinguishment in structure fires, limiting the fire’s air supply can be a highly effective fire control action.
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Chemical flame inhibition

1. Extinguishing agents, such as some dry chemicals, halogenated agents (halons), and halon-replacement agents, interrupt the combustion reaction and stop flame production.

2. This method of extinguishment is effective on gas and liquid fuels because they must flame to burn.
3. These agents do not easily extinguish surface mode fires because they work on the chemical chain reaction of flaming combustion.

Section VII: Summary and Review
15 min.
Instructor Note: The purpose of this section is to summarize the lesson and review key points. Answer any questions students may have about the lesson or course in general.
VII. SUMMARY AND REVIEW
A. Chapter Summary
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Many people believe that fire is unpredictable, but there is no unpredictable fire behavior. Our ability to predict what will happen in the fire environment is hampered by limited information, time pressure, and our level of fire behavior knowledge.
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Firefighters need to understand the combustion process and how fire behaves in different materials and in different environments. They also need to know how fires are classified so that they can select and apply the most appropriate extinguishing agent.
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Most important, firefighters need to have an understanding of fire behavior that permits them to recognize developing fire conditions and be able to respond safely and effectively to mitigate the hazards presented by the fire environment.
B. Review Questions
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What are the four elements of the fire tetrahedron?
2. What are common sources of heat that result in the ignition of a fuel?

3. Define conduction, convection, and radiation.
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What is flash point?
5. What are three hazardous products of combustion?
6. Describe the five classes of fire.
7. What are the stages of fire development in a compartment?
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Define thermal layering, rollover, flashover, and backdraft.
9. What are the factors that influence fire development within a compartment?
10. How can fire be controlled and extinguished?
Chapter 3 Quiz Answers


1.
A

2.
B

3.
A

4.
B

5.
B

6.
A

7.
A

8.
B

9.
A

10.
A

11.
Temperature reduction, fuel removal, oxygen exclusion, chemical flame inhibition

12.
Incipient stage, growth stage, fully developed stage, decay stage
Chapter 3 Test Answers

Objective 1


1.
A

2.
B

3.
C

4.
C

5.
D
Objective 2


6.
C

7.
B

8.
D

9.
A

10.
B

11.
B
Objective 3

12.
B

13.
B

14.
C

15.
A

16.
B
Objective 4

17.
C

18.
A

19.
C

20.
D
Objective 5
21. D

22.
B

23.
A

24.
C

25.
D

26.
B
Objective 6

27.
C

28.
C

29.
B

30.
B

31.
A

32.
D
Objective 7

33.
A

34.
B

35.
B
Objective 8

36.
D

37.
B

38.
D
Objective 9

39.
B

40.
B

41.
C

42.
D
Objective 10

43.
A


44.
C

45.
B

46.
D

47.
D
Objective 11

48.
B

49.
A

50.
A

51.
B

52.
A

53.
D

54.
A

55.
B

56.
B

57.
C

58.
D

59.
C
Objective 12

60.
A

61.
D

62.
B

63.
C

64.
D

65.
D

Objective 13

66.
B


67.
A


68.
C

69.
D

70.
B
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