Chapter 1
CHEMISTRY AND PHYSICS OF FIRE
INTRODUCTION
Fire is a complex chemical process, and fire investigators must understand the basic
chemistry and physics involved to enable them to formulate opinions based on these
scientific principles rather than on "old fire investigators' tales." Not being able to explain
the technical aspects of fire behavior may prevent an investigator being able to accurately
analyze the cause, origin, and progress of a fire.
The diffusion flame process (fire) consists of three basic elements: fuel, oxygen, and
heat. These basic components have been recognized in the science of fire protection for
over 100 years. The diffusion flame process is defined by Richard Tuve in the Principles
of Fire Protection Chemistry as "a rapid self-sustaining oxidation process accompanied
by the evolution of heat and light of varying intensities."
LIFE CYCLE OF FIRE
The six elements of the life cycle of fire are described by Dawson Powell in The
Mechanics of Fire. These elements are input heat, fuel, oxygen, proportioning, mixing,
and ignition continuity. All of these elements are essential for both the initiation and
continuation of the diffusion flame combustion process. The first three elements--input
heat, fuel, and oxygen—are represented by the fire triangle.

The Fire Triangle
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The combustion reaction can be depicted more accurately by a four-sided solid geometric
form called a tetraheron. The four sides represent heat, fuel, oxygen, and uninhibited
chain reactions.

The Fire Tetrahedron

Element #1: Input Heat
Solid or liquid materials do not burn. For combustion to take place, these materials must
be heated sufficiently to produce vapors. It is these vapors which actually burn. The
lowest temperature at which a solid or liquid material produces sufficient vapors to burn
under laboratory conditions is known as the flashpoint. A few degrees above the
flashpoint is the flame point, the temperature at which the fuel will continue to produce
sufficient vapors to sustain a continuous flame. The temperature at which the vapors will
ignite is the ignition temperature, sometimes referred to as the auto ignition temperature.
If the source of the heat is an open flame or spark, it is referred to as piloted ignition.
For example, gasoline has a flashpoint of –45 o F (-42.8 o C) and an ignition temperature
of 536o F (280o C). This means that at any temperature at or above –45 o F (-42.8 o C),
the gasoline will be producing sufficient vapors to be ignited if exposed to an open flame,
spark, or any heat source of 536o F (280o C) or greater.
Element #2: Fuel
Initially the fuel may be in the form of a gas, liquid, or solid at the ambient temperature.
As discussed previously, liquid and solid fuels must be heated sufficiently to produce
vapors. In general terms, combustible means capable of burning, generally in air under
normal conditions of ambient temperature and pressure, while flammable is defined as
capable of burning with a flame. This should not be confused with the terms flammable
and combustible liquids.
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Flammable Liquids are those which have a flashpoint below 100 o F (37.8 o C), such as
gasoline, acetone, and ethyl alcohol. Combustible liquids are those which have a
flashpoint at or above 100 o F (37.8o C), such as kerosene and fuel oil.
Element #3: Oxygen
The primary source of oxygen normally is the atmosphere, which contains approximately
20.8 percent oxygen. A concentration of at least 15 to 16 percent is needed for the
continuation of flaming combustion, while charring or smoldering (pyrolysis) can occur
with as little as 8 percent. Pyrolysis is defined as the transformation of a compound into
one or more other substances by heat alone. While the atmosphere is usually the primary
source of oxygen, certain chemicals, called "oxidizers," can be either the primary or
secondary source. Examples are chlorine and ammonium nitrate.
Elements #4 and #5: Mixing and Proportioning
Mixing and proportioning are reactions that must be continuous in order for fire to
continue to propagate. The fuel vapors and oxygen must be mixed in the correct
proportions. Such mixture of fuel vapors and oxygen is said to be within the explosive
limits or flammable limits. Explosive or flammable limits are expressed in the
concentration (percentage) of fuel vapors in air. A mixture which contains fuel vapors in
an amount less than necessary for ignition to occur is too lean, while a mixture which has
too high a concentration of fuel vapors is too rich. The lowest concentration that will
burn is known as the Lower Explosive Limit (LEL), while the highest level is known as
the Upper Explosive Limit (UEL).
For example, the explosive or flammable limits for propane are 2.15 (LEL) to 9.6 (UEL).
This means that any mixture of propane and air between 2.15 percent and 9.6 percent will
ignite if exposed to an open flame, spark, or other heat source equal to or greater
than its ignition temperature, which is between 920 o F (493.3 o C) and 1,120 o F (604.4o
C).
Another important characteristic of gases is vapor density—the weight of a volume of a
given gas to an equal volume of dry air, where air is given a value of 1.0. A vapor density
of less than 1.0 means that the gas is lighter than air and will tend to rise in a
relatively calm atmosphere, while a vapor density of more than 1.0 means that the gas is
heavier than air and will tend to sink to ground/floor level.
NFPA 325~41, Fire Hazard Properties of FIammable Liquids, Gases, and Volatile
Solids, contains an extensive listing of the flashpoints, ignition temperatures, flammable
limits, vapor densities, and specific gravities of various materials.
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Element #6: Ignition Continuity
Ignition continuity is the thermal feedback from the fire to the fuel. Heat is transferred
by conduction, convection, radiation, and direct flame contact. Conduction is the transfer
of heat by direct contact through a solid body. For example, on a hot stove, heat is
conducted through the pot to its contents. Wood is ordinarily a poor conductor of heat,
but metals are good conductors. Since most ships are constructed of metal, heat transfer
by conduction is a potential hazard. Fire can move from one hold to another, one deck to
another, and one compartment to another via heat conduction.

CONDUCTION
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Convection is the transfer of heat caused by changes in density of liquids and gases. It is
the most common method of heat transfer; when liquids or gases are heated they become
less dense and will expand and rise.

CONVECTION

Convection is the transfer of heat through the motion of heated matter, i.e., through the
motion of smoke, hot air, heated gases produced by the fire, and flying embers.
When it is confined (as within a ship), convected heat moves in predictable patterns. The
fire produces lighter-than-air gases that rise toward high parts of the ship. Heated air,
which is lighter than cool air, also rises, as does the smoke produced by combustion. As
these heated combustion products rise, cool air takes their place; the cool air is heated in
turn and then also rises to the highest point it can reach. As the hot air and gases rise from
the fire, they begin to cool; as they do, they drop down to be reheated and rise again. This
is the convection cycle.
Heat originating at a fire on a lower deck will travel horizontally along passageways, and
then upward via ladder and hatch openings. It will ignite flammable materials in its path.
To prevent fire spread, the heat, smoke and gases should be released into the atmosphere.
However, the structural design of a ship makes it next to impossible to rapidly cut
openings through decks, bulkheads or the ship's hull for ventilation. Thus, it is imperative
that the fire be confined to the smallest possible area.
Transfer of heat by radiation is less commonly understood or appreciated than conduction
or convection. Radiation is the transfer of heat by infrared radiation (heat waves, e.g., the
sun) which generally is not visible to the naked eye.
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RADIATION

Heat radiation is the transfer of heat from a source across an intervening space; no
material substance is involved. The heat travels outward from the fire in the same
manner as light, that is, in straight lines. When it contacts a body, it is absorbed,
reflected or transmitted. Absorbed heat increases the temperature of the absorbing body.
For example, radiant heat that is absorbed by an overhead will increase the temperature
of that overhead, perhaps enough to ignite its paint.
Heat radiates in all directions unless it is blocked. Radiant heat extends fire by heating
combustible substances in its path, causing them to produce vapor, and then igniting the
vapor. Within a ship, radiant heat will raise the temperature of combustible materials near
the fire or, depending on the ship's design, at quite some distance from the fire.
Direct flame contact is a combination of two of the basic methods of heat transfer. As
hot gases from the flame rise into contact with additional fuel, the heat is transferred to
the fuel by convection and radiation until the additional fuel begins to vaporize. The
flames then will ignite these additional vapors.
The amount of heat generated is measured in British thermal units or BTUs. One BTU is
the amount of heat required to raise the temperature of 1 pound of water 1o F (when the
measurement is performed at 60 o F (15.5 o C)).
Fires are classified by the types of materials that are burning. Class A fires involve
ordinary combustible materials, such as wood, cloth, paper, rubber, and many plastics.
Class B fires involve flammable/ combustible liquids, greases, and gases. Class C fires
involve energized electrical equipment. Class D fires involve combustible metals, such
as magnesium, titanium, zirconium, sodium, and potassium.
All fires produce combustion products. Combustion products fall into four categories:
heat, gases, flame, and smoke. Heat is defined as a form of energy characterized by
vibration of molecules and capable of initiating and supporting chemical changes

6

and changes of state. Gases are substances that have no shape or volume of their own and
will expand to take the shape and volume of the space they occupy. Fire gases include
carbon monoxide, hydrogen cyanide, ammonia, hydrogen chloride, and acrolein. (See
box below for the effects of several typical fire gases.) Flame is the luminous portion of
burning gases or vapors. Smoke is the airborne particulate products of incomplete
combustion, suspended in gases, vapors, or solid or liquid aerosols. Soot, black particles
of carbon, is contained in smoke.

EFFECTS OF VARIOUS FIRE GASES
Ammonia (NHS)

1000 ppm fatal within 10 minutes

Hydrogen Chloride (HCI)

1500 ppm fatal within several minutes

Phosgene (COC12)

25 ppm fatal within 30 minutes

Acrolein (CH2CHCHO)

30-100 ppm fatal within 10 minutes

Oxides of Nitrogen (NOx)

200 ppm fatal within 10 minutes

Carbon Monoxide (CO)

10,000 ppm exposure fatal within 1 minute

Carbon Dioxide (C02)

70% concentration fatal within several
minutes

Hydrogen Cyanide (HCN)

450 ppm causes death in 9 to 13 minutes

Hydrogen Sulfide (H2S)

400-700 ppm dangerous in 30 minutes

Sulfur Dioxide (S02)

500 ppm fatal within 10 minutes

ROOM FIRE SEQUENCE
A fire in a room or defined space generally will progress through three predictable
developmental stages. In order to determine the origin and cause of a fire properly, the
investigator must be able to interpret the effects of these stages properly during the
examination of the fire scene.
The first stage of fire development is the incipient stage (growth). This begins at the
moment of ignition, and at this time the flames are localized. At this stage the fire is fuel
regulated. That is, the fire propagation is regulated not by the available oxygen but by the
configuration, mass, and geometry of the fuel itself. The oxygen content is within the
normal range and normal ambient temperatures still exist. A plume of hot fire gases will

7

begin to rise to the upper portions of the room. As convection causes the plume to rise it
will draw additional oxygen into the bottom of the flames. Fire gases such as sulfur
dioxide, carbon monoxide, and others will begin to accumulate in the room. If there is
any solid fuel above the flame, both convection and direct flame contact will cause
upward and
outward fire spread, producing the characteristic "V" pattern charring on vertical
surfaces.
Second is the free-burning stage (development). In this stage more fuel is being
consumed, and the fire is intensifying. Flames have spread upward and outward from the
initial point
of origin by convection, conduction, and direct flame impingement. A hot, dense layer of
smoke and fire gases is collecting at the upper levels of the room and is beginning to
radiate heat downward. This upper layer of smoke and fire gases contains not only soot
but also toxic gases such as carbon monoxide, hydrogen cyanide, hydrogen chloride,
arcolein, and others. Unless the compartment of origin is sealed tightly, the smoke and
fire gases will be spread throughout the vessel. The temperature near the overhead level
has begun to rise rapidly while the temperature near the deck is still relatively cool. It is
still possible to survive in the compartment at the cooler lower level.
The fire continues to grow in intensity and the layer of soot and fire gases drops lower
and lower. The soot and combustible gases continue to accumulate until one (or more) of
the fuels reaches its ignition temperature. Rollover occurs when ignition of the upper
layer results in fire extending across the compartment at its upper levels. This rollover
causes the overhead temperature to increase at an even greater rate and also increases the
heat being radiated downward into the compartment. Secondary fires can and do result
from the heat being generated. The fire is still fuel regulated at this time.
When the upper layer reaches a temperature of approximately 1,100o F (593.3 o C),
sufficient heat is generated to cause simultaneous ignition of all fuels in the room. This
is called flashover. Once flashover has occurred, survival for more than a few seconds is
impossible. Temperatures in the space will reach 2,000o F (1,093.3o C) or more at the
overhead level down to over 1,000o F (593.3o C) at the deck. At the point of flashover the
fire is still fuel regulated; however, if the fire stays confined to the compartment of origin
it quickly becomes oxygen regulated. If the fire conditions provide free communication
with the atmosphere outside the compartment, the unlimited supply of oxygen causes the
fire to remain in the fuel regulated phase. As a general rule, once flashover has occurred
full involvement of the vessel quickly follows.
Flashover results in intense burning of the entire compartment and its contents. Flashover
will produce heavy deck-level burning and can even result in burning on the underside of
objects in the compartment.
The length of time necessary for a fire to go from the incipient stage to flashover depends
upon the fuel package, the compartment geometry, and ventilation. [For comparison, in
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the typical residential accidental fire setting, this time may be as quick as two to three
minutes.]
Eventually the fuel is consumed and open burning becomes less and less prevalent. If the
fire has been contained to a compartment or space, and the oxygen level drops below 15
to 16 percent, open flaming combustion will stop even if unburned fuel is still present. At
this point glowing combustion will take place; this is known as the smoldering stage
(decay). High temperature and considerable quantities of soot and combustible fire gases
have accumulated, and at this point the fire is oxygen regulated. The temperatures may
exceed the ignition temperatures of the accumulated gases. If a source of oxygen is
introduced in the area, the accumulated soot and fire gases may ignite with explosive
force. This smoke explosion is known as a backdraft. The pressures generated by a
backdraft are enough to cause significant structural damage and endanger the lives of
firefighting personnel and bystanders.
Backdrafts can take place in any enclosed space; they are not limited to berthing or store
rooms.
The behavior of a fire in a corridor is affected by the same conditions as a room fire. The
physical configuration of a corridor can cause the fire to spread rapidly, since the corridor
will function as a horizontal chimney or flue. Rapid fire spread in a corridor can occur
with normal materials providing the fuel load.
SUMMARY
Fire is a very complex process influenced by many factors that affect its growth, spread,
and development. The physical shape and state of the fuel, the available oxygen, and the
transmission of heat all play vital roles in fire development. While each fire is different,
all fires follow certain predictable patterns which, when understood by the investigator,
provide a scientific basis for determination of origin and cause.
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