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and anyone responsible for
managing fire risks in the built
environment.

At its most basic level, fire is a rapid
chemical reaction known as
combustion. This reaction occurs
when a fuel source combines with
an oxidizing agent, typically oxygen,
in the presence of sufficient heat.
However, the reality of how fires
start, grow, spread, and decay
involves a complex interplay of
chemistry, physics, and
thermodynamics. By dissecting the
essential principles, we can better
predict fire behavior, design safer
buildings, and implement effective
suppression strategies.

The Fire Tetrahedron:
The Four Pillars of
Combustion

Historically, fire was explained
using the "fire triangle," which
consisted of three elements: heat,
fuel, and oxygen. While this model is
useful for basic understanding,
modern fire science has expanded it
into the fire tetrahedron. This
four-sided model adds the fourth
and critical element: the chemical
chain reaction. For a fire to exist
and sustain itself, all four elements
must be present in the correct
proportions.
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Heat: The Ignition Source

Heat is the energy required to raise
the temperature of a fuel to its
ignition point. This energy can come
from many sources, including open
flames, sparks, friction, electrical
arcs, or even the sun. Without a
sufficient heat source, the fuel
cannot vaporize or decompose into
the gases necessary for combustion.
Understanding how heat is
generated and transferred is
foundational to the principles of
fire behavior and combustion.

Fuel: The Material That

Burns

Fuel is any material that can
undergo combustion. Fuels can be
solid (wood, paper, textiles), liquid
(gasoline, alcohol, oil), or gas
(propane, methane, hydrogen). The
physical and chemical properties of
the fuel significantly influence how
a fire behaves. Key characteristics
include the fuel's calorific value, its
surface area-to-mass ratio, its
moisture content, and its volatility.
For instance, finely divided fuels
like sawdust ignite far more easily
than a solid log because they have a
much larger surface area exposed to
heat and oxygen.
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Oxygen: The Oxidizer

Oxygen is the most common
oxidizing agent in fires, though
other chemicals can serve this role
under specific circumstances.
Ambient air contains approximately
21 percent oxygen by volume. Most
fires require at least 16 percent
oxygen to sustain combustion. When
the oxygen concentration is reduced
below this threshold, the fire will
typically dim or extinguish. This
principle is the basis for many
suppression techniques, such as
smothering a fire with foam, carbon
dioxide, or a fire blanket.

The Chemical Chain
Reaction: Sustaining the
Flame

The fourth side of the tetrahedron
represents the self-sustaining
chemical chain reaction. Once
ignition occurs, the heat released
from the combustion reaction
breaks down additional fuel
molecules into free radicals. These
highly reactive particles then
combine with oxygen to release
even more heat, perpetuating the
cycle. If this chain reaction is
interrupted by a suppression agent
like dry chemical powder or halon,
the fire will extinguish even if heat,
fuel, and oxygen remain present.
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This is a sophisticated aspect of the
principles of fire behavior and
combustion that distinguishes a
sustained fire from a simple ignition
event.

The Phases of Fire
Development

Fires rarely remain static. They
typically progress through a series
of distinct stages, each with its own
characteristics and hazards.
Recognizing these stages is crucial
for anyone involved in firefighting,
fire investigation, or fire prevention.

Incipient Stage

The incipient, or ignition, stage is
the very beginning of a fire. At this
point, the fire is small, localized,
and typically confined to the
immediate area around the ignition
source. The fire plume rises
upward, and the oxygen
concentration in the room is still
near normal levels. A small flame
from a match or a smoldering
cigarette represents the incipient
stage. Fires detected and addressed
during this phase are often the
easiest to control, making early
warning smoke detectors
invaluable.
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Growth Stage

As the fire continues to burn, it
enters the growth stage. The fire
begins to spread to nearby fuel
packages, such as furniture,
curtains, or building materials. The
heat release rate increases, and a
hot gas layer begins to accumulate
near the ceiling. This layer consists
of smoke, unburned gases, and
superheated air. During this stage,
the fire is highly dependent on the
availability of oxygen and the
configuration of the compartment. If
the fire is in a closed room with
limited ventilation, it may become
ventilation-limited, meaning its
growth is constrained by the

available oxygen.
Fully Developed Stage

The fully developed stage
represents the peak of fire intensity.
At this point, the entire
compartment is involved in the fire.
The heat release rate is at its
maximum, and temperatures can
soar to over 1,000 degrees Celsius.
This is the most dangerous phase
for occupants and firefighters alike.
Structural elements may begin to
fail, and the risk of collapse
increases dramatically. Flashover, a
phenomenon we will discuss shortly,
marks the transition from the
growth stage to the fully developed
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stage.
Decay Stage

Eventually, the fire will enter the
decay stage as the available fuel is
consumed or the oxygen supply is
depleted. The heat release rate
decreases, and temperatures begin
to drop. The fire may transition into
smoldering combustion or self-
extinguish entirely. However, the
decay stage is not without risk.
Smoldering fires can produce large
quantities of carbon monoxide and
other toxic gases. If a source of
fresh oxygen is suddenly
introduced, such as by opening a
door, the fire can rapidly reignite or

even cause a backdraft explosion.

Key Fire Behavior
Phenomena

A deep understanding of the
principles of fire behavior and
combustion requires familiarity
with several critical phenomena that
can dramatically alter the course of
a fire. These events are often
sudden, violent, and extremely
hazardous.

Flashover

Flashover is the near-simultaneous
ignition of all combustible surfaces
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within a compartment. It occurs
when the hot gas layer at the ceiling
radiates enough heat back down to
the floor, causing all exposed fuels
to reach their ignition temperature
at roughly the same time. The
transition to flashover is a defining
moment in fire development. Once
flashover occurs, survival inside the
compartment is virtually impossible
without specialized protective
equipment. Understanding the
conditions that lead to flashover is a
cornerstone of modern fire safety
engineering.

Backdraft

Backdraft is a dangerous explosion

that can occur when a fire in a
ventilation-limited environment
suddenly receives a supply of fresh
oxygen. The fire has been
consuming oxygen and producing
flammable gases like carbon
monoxide. When a door or window
is opened, the rush of oxygen mixes
with these unburned gases. If the
gases are within their flammable
range and a source of ignition
exists, the result is a violent
explosion that can send a fireball
outward with tremendous force.
This is why firefighters are trained
to ventilate buildings carefully and
to use thermal imaging cameras to
detect potential backdraft
conditions.
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Rollover

Rollover, also known as flame
extension, occurs when unburned
fire gases at the ceiling ignite and
form a rolling ball of flame across
the ceiling surface. While rollover is
not as immediately destructive as
flashover, it is a strong indicator
that flashover is imminent.
Firefighters observing rollover in a
structure understand that they have
very little time to take action before
conditions become untenable.

Modes of Combustion

Not all fires burn in the same way.
The mode of combustion depends on

the type of fuel, the availability of
oxygen, and the temperature of the
environment. The two primary
modes are flaming combustion and
smoldering combustion.

Flaming Combustion

Flaming combustion is the most
recognizable form of fire. It occurs
when gases and vapors released
from a fuel mix with oxygen and
ignite. The flame is the visible
manifestation of the gas-phase
reaction. Flaming combustion is
generally efficient, producing large
amounts of heat and light, along
with carbon dioxide and water
vapor when sufficient oxygen is
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present. This is the typical mode of
combustion for most building fires
involving materials like wood,
paper, plastics, and flammable
liquids.

Smoldering Combustion

Smoldering combustion is a slow,
low-temperature, flameless form of
combustion. It occurs on the surface
of a solid fuel, such as a cigarette, a
pile of sawdust, or upholstery foam.
Smoldering is sustained by the heat
generated from oxidation at the fuel
surface. It is an inefficient form of
combustion that produces high
yields of carbon monoxide and other
toxic compounds. Smoldering fires

can persist for hours or even days
before transitioning to flaming
combustion, making them a major
cause of fire fatalities in residential
settings.

Heat Transfer
Mechanisms in Fire

Fire spreads through the transfer of
heat from the burning fuel to
unburned fuel. There are three
primary mechanisms of heat
transfer: conduction, convection,
and radiation. Each plays a critical
role in fire growth and spread.



Principles Fire Behavior And Combustion

Conduction

Conduction is the transfer of heat
through a solid material. When one
end of a metal beam or pipe is
heated, the heat travels through the
material by molecular vibration. In a
fire, conduction can cause ignition
at a distance from the original fire
source. For example, a steel beam
heated by a fire on the floor below
can ignite combustible materials on
the floor above. The thermal
conductivity of a material
determines how quickly and
efficiently it transfers heat. Metals
like copper and steel are excellent
conductors, while materials like
wood and gypsum are poor

conductors.
Convection

Convection is the transfer of heat
through the movement of fluids,
including gases. In a fire, hot gases
rise because they are less dense
than the surrounding cooler air.
This creates a convection current
that carries heat upward toward the
ceiling. The hot gas layer that forms
at the ceiling is a direct result of
convection. This layer can then
radiate heat downward,
contributing to the spread of the
fire. Convection is the dominant
mode of heat transfer in the early
stages of a compartment fire.
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Radiation

Radiation is the transfer of heat
through electromagnetic waves.
Unlike conduction and convection,
radiation does not require a
medium; it can travel through a
vacuum. In a fire, radiation is
responsible for heating objects that
are not in direct contact with the
flames. For example, a burning
building can ignite the roof of a
neighboring building purely through
radiant heat transfer. The intensity
of radiation increases dramatically
with temperature, which is why the
radiant heat from a flashover event
is so lethal.

Fuel Classification
and Its Role in
Combustion

Understanding the type of fuel
involved in a fire is essential for
selecting the correct suppression
agent. Fires are commonly classified
into five categories based on the
fuel source.

¢ Class A Fires: These involve
ordinary combustible materials
like wood, paper, cloth,
rubber, and some plastics.
Water is the most common and
effective suppression agent for
Class A fires because it cools
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the fuel below its ignition
temperature.

¢ Class B Fires: These involve

flammable liquids and gases,
such as gasoline, oil, propane,
and solvents. Water is
generally ineffective and can
even spread the fire. Foam,
dry chemical, and carbon
dioxide are typical agents used
to suppress Class B fires.
Class C Fires: These involve
energized electrical
equipment. Using water or
conductive agents poses a
severe risk of electrocution.

e Class D Fires: These involve

combustible metals such as
magnesium, titanium, sodium,
and potassium. These fires
require specialized dry powder
agents that smother the fire
and absorb heat. Water is
extremely dangerous on Class
D fires.

Class K Fires: These involve
cooking oils and fats typically
found in commercial kitchens.
Wet chemical agents designed
to saponify the oil are the
preferred suppressant.

Non-conductive agents like dry This classification system is a
chemical powder or carbon practical application of the
dioxide are required. principles of fire behavior and
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combustion. By understanding the
chemical and physical properties of
each fuel type, fire protection
engineers can design systems that
deliver the right agent in the right
quantity at the right time.

Practical Applications

of Combustion
Principles

The scientific understanding of fire
behavior is not merely academic. It
has direct, practical applications in
fire prevention, firefighting, and
building design



