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Preface

This preface, as well as all footnotes and annexes, is included for information purposes and is not part of
ANSI/ISA-TR12.13.02-1999 (R2013).

This document has been prepared as part of the service of ISA towards a goal of uniformity in the field of
instrumentation. To be of real value, this document should not be static but should be subject to periodic
review. Toward this end, the Society welcomes all comments and criticisms and asks that they be
addressed to the Secretary, Standards and Practices Board; ISA; 67 Alexander Drive; P. O. Box 12277;
Research Triangle Park, NC 27709; Telephone (919) 549-8411; Fax (919) 549-8288; E-mail:
standards@isa.org.

The ISA Standards and Practices Department is aware of the growing need for attention to the metric
system of units in general, and the International System of Units (Sl) in particular, in the preparation of
instrumentation standards. The Department is further aware of the benefits to USA users of ISA
standards of incorporating suitable references to the Sl (and the metric system) in their business and
professional dealings with other countries. Toward this end, this Department will endeavor to introduce
Sl-acceptable metric units in all new and revised standards, recommended practices, and technical
reports to the greatest extent possible. Standard for Use of the International System of Units (SlI): The
Modern Metric System, published by the American Society for Testing & Materials as IEEE/ASTM SI 10-
97, and future revisions, will be the reference guide for definitions, symbols, abbreviations, and
conversion factors.

It is the policy of ISA to encourage and welcome the participation of all concerned individuals and
interests in the development of ISA standards, recommended practices, and technical reports.
Participation in the ISA standards-making process by an individual in no way constitutes endorsement by
the employer of that individual, of ISA, or of any of the standards, recommended practices, and technical
reports that ISA develops.

CAUTION — ISA DOES NOT TAKE ANY POSITION WITH RESPECT TO THE EXISTENCE OR
VALIDITY OF ANY PATENT RIGHTS ASSERTED IN CONNECTION WITH THIS DOCUMENT, AND
ISA DISCLAIMS LIABILITY FOR THE INFRINGEMENT OF ANY PATENT RESULTING FROM THE
USE OF THIS DOCUMENT. USERS ARE ADVISED THAT DETERMINATION OF THE VALIDITY OF
ANY PATENT RIGHTS, AND THE RISK OF INFRINGEMENT OF SUCH RIGHTS, IS ENTIRELY THEIR
OWN RESPONSIBILITY.

PURSUANT TO ISA’S PATENT POLICY, ONE OR MORE PATENT HOLDERS OR PATENT
APPLICANTS MAY HAVE DISCLOSED PATENTS THAT COULD BE INFRINGED BY USE OF THIS
DOCUMENT AND EXECUTED A LETTER OF ASSURANCE COMMITTING TO THE GRANTING OF A
LICENSE ON A WORLDWIDE, NON-DISCRIMINATORY BASIS, WITH A FAIR AND REASONABLE
ROYALTY RATE AND FAIR AND REASONABLE TERMS AND CONDITIONS. FOR MORE
INFORMATION ON SUCH DISCLOSURES AND LETTERS OF ASSURANCE, CONTACT ISA OR
VISIT WWW.ISA.ORG/STANDARDSPATENTS.

OTHER PATENTS OR PATENT CLAIMS MAY EXIST FOR WHICH A DISCLOSURE OR LETTER OF
ASSURANCE HAS NOT BEEN RECEIVED. ISA IS NOT RESPONSIBLE FOR IDENTIFYING PATENTS
OR PATENT APPLICATIONS FOR WHICH A LICENSE MAY BE REQUIRED, FOR CONDUCTING
INQUIRIES INTO THE LEGAL VALIDITY OR SCOPE OF PATENTS, OR DETERMINING WHETHER
ANY LICENSING TERMS OR CONDITIONS PROVIDED IN CONNECTION WITH SUBMISSION OF A
LETTER OF ASSURANCE, IF ANY, OR IN ANY LICENSING AGREEMENTS ARE REASONABLE OR
NON-DISCRIMINATORY.

ISA REQUESTS THAT ANYONE REVIEWING THIS DOCUMENT WHO IS AWARE OF ANY PATENTS
THAT MAY IMPACT IMPLEMENTATION OF THE DOCUMENT NOTIFY THE ISA STANDARDS AND
PRACTICES DEPARTMENT OF THE PATENT AND ITS OWNER.
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ADDITIONALLY, THE USE OF THIS DOCUMENT MAY INVOLVE HAZARDOUS MATERIALS,
OPERATIONS OR EQUIPMENT. THE DOCUMENT CANNOT ANTICIPATE ALL POSSIBLE
APPLICATIONS OR ADDRESS ALL POSSIBLE SAFETY ISSUES ASSOCIATED WITH USE IN
HAZARDOUS CONDITIONS. THE USER OF THIS DOCUMENT MUST EXERCISE SOUND
PROFESSIONAL JUDGMENT CONCERNING ITS USE AND APPLICABILITY UNDER THE USER’S
PARTICULAR CIRCUMSTANCES. THE USER MUST ALSO CONSIDER THE APPLICABILITY OF
ANY GOVERNMENTAL REGULATORY LIMITATIONS AND ESTABLISHED SAFETY AND HEALTH
PRACTICES BEFORE IMPLEMENTING THIS DOCUMENT.

THE USER OF THIS DOCUMENT SHOULD BE AWARE THAT THIS DOCUMENT MAY BE IMPACTED
BY ELECTRONIC SECURITY ISSUES. THE COMMITTEE HAS NOT YET ADDRESSED THE

POTENTIAL ISSUES IN THIS VERSION.
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FOREWORD

Publication of this Technical Report that has been registered with ANSI has been approved by the
Accredited Standards Developer ISA, 67 Alexander Drive, Research Triangle Park, NC 27709. This
document is registered as a Technical Report according to the Procedures for the Registration of
Technical Reports with ANSI. This document is not an American National Standard and the material
contained herein is not normative in nature. Comments on the content of this document should be sent to
the Secretary, Standards and Practices Board; ISA; 67 Alexander Drive; P. O. Box 12277; Research
Triangle Park, NC 27709.

As a service to industry, the accompanying document, Bureau of Mines Bulletin 680 - Investigation of Fire
and Explosion Accidents in the Chemical, Mining, and Fuel-Related Industries - A Manual, by Kuchta,
1985, is hereby reprinted in its entirety.

This compendium, formerly available from the U.S. Bureau of Mines, contains information essential to an
understanding of detection, measurement, and handling of flammable gases and vapors.

For further information, refer to ANSI/ISA-TR12.13.01.

ABSTRACT

This technical report includes theoretical and practical work carried out and collected by the U.S. Bureau
of Mines relating to ignitability, flammability and physicochemical properties of flammable gas mixtures,
liquids, and solids. While emphasis of this document is on investigation of fires and explosions,

a significant amount of theoretical & practical data related to flammability limits, under varying conditions
of proportion, temperature and pressure is included.

KEY WORDS

Fire

Explosion
Flammability limits
Flammable
Combustible

LEL, UEL

LFL, UFL

Gas
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Appendix |

The following document, Investigation of Fire and Explosion Accidents in the Chemical, Mining,
and Fuel-Related Industries - A Manual by Kuchta, is reprinted in its entirety by permission of the
publisher, the Bureau of Mines, U.S. Department of the Interior.
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Bulletin 680

Investigation of Fire and Explosion
Accidents in the Chemical, Mining,
and Fuel-Related Industries—

A Manual

By Joseph M. Kuchta

UNITED STATES DEPARTMENT OF THE INTERIOR
Donald Paul Hodel, Secretary

BUREAU OF MINES
Robert C. Horton, Director
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Library of Congress Cataloging in Publication Data

As the Nation’s principal conservation agency, the Department of the Interior has
responsibility for most of our nationally owned public lands and natural resources.
This includes fostering the wisest use of our land and water resources, protecting our
fish and wildlife, preserving the environment and cultural values of our national parks
and historical places, and providing for the enjoyment of life through outdoor recreation.
The Department assesses our energy and mineral resources and works to assure that
their development is in the best interests of all our people. The Department also has
a major responsibility for American Indian reservation communities and for people
who live in island territories under U.S. administration.
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INVESTIGATION OF FIRE AND EXPLOSION ACCIDENTS IN THE CHEMICAL,
MINING, AND FUEL-RELATED INDUSTRIES—A MANUAL

By Joseph M. Kuchta®

ABSTRACT

. This Bureau of Mines manual is oriented to the technical needs of an investigation

of fire or explosion accidents and includes various practical and theoretical information
that is needed in analyzing accidents or evaluating conditions that might lead to an
accident. It is applicable to accidents in the chemical, mining, transportation, and
other fuel-related industries. Specific procedures for conducting an accident investiga-
tion are outlined, and various guidelines are given for developing the fire or explosion
evidence. Ignitability, flammability, and physicochemical data are presented for over
500 combustible gases, liquids, and solids; empirical and theoretical expressions are
also given for extrapolating the behavior of combustible-oxidant-diluent systems to
various environmental conditions. In addition, various data pertinent to damage
analysis are summarized to facilitate the task of the investigator in developing plausible
accident scenarios.

'Research scientist, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, PA (retired).
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INTRODUCTION

Accidental fires and explosions generally occur when
combustibles are produced, transported, or utilized in a
hostile environment or under unsafe conditions. Proper
investigation of such accidents is essential for determining
their cause and assessing life or property loss and for pre-
venting their recurrence. This requires a methodical and
thorough investigation, knowledge of the basic properties
of pertinent materials, understanding of the ignitability
and flammability characteristics of the combustible-oxidant
system, and understanding of combustion or explosion
principles. The main purpose of this manual is to sum-
marize useful guidelines and provide data that are fre-
quently needed for investigating fires and explosions or
evaluating conditions that may be conducive to such
events. It is applicable to flammable liquids, gases, and
solids that may be encountered in the chemical, mining,
transportation, or other mineral-fuel-related industries.

Among the most widely used publications on the flam-
mability characteristics of combustibles are the Bureau’s
bulletins by Zabetakis (110)> and Coward (ZI). However,
these bulletins are limited to liquid and gaseous combusti-
bles, and reference must be made to other publications for
similar information on combustible solids. Furthermore,
other combustion and physicochemical data that may be
required in a hazard analysis are even more widely scat-
tered throughout the literature. Some safety handbooks,
such as that of the National Fire Protection Association
(NFPA) (72), provide various data on many combustibles,
but the information is not sufficiently comprehensive for
the analysis of an accident; also, the data are rather meager
for mining applications. This manual attempts to overcome
the scope limitations of the earlier Bureau bulletins and
brings together many other essential data for charac-
terizing the reactivity and damage potential of various
classes of combustibles.

Ignitability, flammability, and thermochemical data
are presented for over 500 combustible gases, liquids, and
solids. The main groups of combustibles include hydro-
carbons and substituted hydrocarbons, gasolines and
lubricating fluids, coals and other mine-related combusti-
bles, and various agricultural, chemical, plastic, metallic,
and carbonaceous solids; explosives are beyond the scope
of this report, although certain data are included for com-
parison. Most of the ignitability and flammability data are
taken from Bureau publications, but other authoritative
sources were also relied upon to complete the data. Gen-
erally, the various data represent the most acceptable or
conservative values from the standpoint of safety, unless
otherwise specified.

This manual is organized to facilitate the task of find-
ing the particular data or information of interest. The ini-
tial section outlines specific procedures for accident inves-
tigations; the second section presents pertinent definitions
and basic concepts for understanding combustion data; the
next sections discuss the large compilation of combustion
data presented for various combustible classes; and the
final section deals with the damage analyses of fire and
explosion accidents. The main data compilations are given
in summary tables which provide easy access to many
useful properties of the combustibles; additional data
in the text expand on this data base. Limitations of the
experimental data are discussed, and both empirical and
theoretical guidelines are given for extrapolating the data
to other environmental conditions and for estimating the
energy or damage potential of a combustible-oxidant sys-
tem. Other publications can be referred to for more funda-
mental knowledge of the combustion processes discussed
in this report (21, 24, 66, 93, 98).
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PROCEDURES FOR ACCIDENT INVESTIGATION

INITIAL ACTIONS

A formal investigation of an accidental fire or explosion
is ordinarily conducted by a cadre of technical specialists
and responsible officials. In industrial cases, this typically
includes plant representatives, safety officers, fire depart-
ment officials, and experts in combustion and engineering

®Italicized numbers in parentheses refer to items in the list of references
preceding the appendix.
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technologies. Where military or civilian Government agen-
cies have jurisdiction, as in mining and aircraft disasters,
the makeup and procedures of the investigating team will
necessarily be determined by the requirements of the
proper agency. In all cases, the team members should meet
as soon as possible to obtain a briefing of the accident,
decide upon the plan(s) of action, and establish task groups

to accomplish various specific objecti'@d‘c}]“ﬂ %mg
investigating team must ¢'garizz2 and coordinate these

actions to ensure that ali aspecis dfcthiénaeeidénta die
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properly covered. Initial actions that should be taken are—
1. Isolation of accident site.

2. Protection of evidence.

3. Recovery of material evidence.

4. Photographic documentation of evidence.

5. Documentation of witness accounts.

Isolation of the accident site is important to ensure
recovery and protection of all available evidence and also
to minimize unnecessary human exposure to any hazards
that may still exist. Confined areas should be entered with
caution since flammable or toxic gases may be present
even after a fire. Before removal of any fire or explosion
debris, the accident area should be photographed, includ-
ing detailed color exposures of suspect items; also, tagging
and mapping of damaged materials is common practice to
avoid subsequent confusion. Where materials are frag-
mented by an explosion, areas beyond the accident site
may have to be searched to recover the items. Those in-
volved in these early actions must protect the evidence
from being inadvertently tampered with, destroyed, or lost.

Equally important are the accounts of all available
witnesses, including those present in the immediate or
remote vicinity of the accident and those who arrive later
on the scene, such as firemen and medical personnel. Such
accounts should be obtained as soon as possible after the
accident with the witness calm and at ease. Of particular
interest is what the witness saw, heard, or sensed before
and after the accident, as well as the proximity and activity
of the witness during the course of events. All witness
accounts are recorded in writing, and further interroga-
tions are made when necessary in developing the evidence.

INVESTIGATIVE PROCEDURES

The procedures for investigating accidents will vary
from one case to another, but all involve the basic elements
of factfinding and problem solving to develop a credible
accident scenario. Frequently, the cause of an accident is
difficult to pinpoint because the available evidence is in-
complete, inconsistent, or only circumstantial. Therefore,
it is necessary to have a methodical plan for accumulating
and developing evidence, both direct and indirect, that will
be needed to fully explain an accident. A recommended
plan of investigation is summarized herein, including—
1. Accumulation of background information.

2. Inspection of accident site.

3. Interrogation of witnesses.

4. Development and analysis of evidence.
5. Conclusions and report.

Background Information

At the outset, the investigator should obtain all avail-
able background information pertaining to the accident.
This includes a description of the accident site and systems
or operations involved, conditions and events that led to
the accident, performance histories of any suspect systems,
and all the available evidence accumulated from any initial
actions. Particularly important are what combustibles and
oxidants were present and what abnormal or hazardous
conditions existed that might account for the accident.
A close examination should be made of witness accounts,
maintenance records, operational logs and manuals,
weather reports, previous accident reports, and other
records that may be helpful in developing the evidence.
Recent changes in equipment, procedures, or operating
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conditions can be especially significant. The investigator

must be open-minded and reserve any judgment until all

human and material factors have been fully considered.
Site Inspection

Inspection of the accident site is one of the most impor-

tant steps in obtaining physical evidence. Inmitially, an -

examination is made of the overall operation involved and
damage sustained by the immediate and remote surround-
ings. The investigator should prepare an areal map on
which the damage patterns, including fragments from any
explosion, can be spatially defined. Subsequently, a
detailed examination is made to obtain evidence on the
apparent origin, propagation, and localized damage of the
fire or explosion. This should include examination of all
electrical and mechanical systems as possible problem
sources. The area with the greatest damage is generally
given the most initial attention because it is normally the
source of the combustible. The following items are typical
of the evidence which an investigator must uncover or
consider:

Combustible quantity, distribution, and consumption.
. Combustible leakage or spillage.

. Open flame heat sources.

. Electrical and mechanical heat sources.

. Chemical-type heat sources.

. Fire condition, propagation, and damage.

. Explosion condition, propagation, and damage.

. Material and system failures.

. Operator or human error.

Ooo~1I0 Uk wWhH

Witness Interrogation

After inspection of the accident site, the investigator
should review the witness accounts for consistency with
the physical evidence and interrogate any witnesses, as
may be necessary, to help clarify any inconsistencies. It is
important to recognize that witness accounts of accidents
are subject to sight and hearing limitations in resolving a
rapid series of events. For example, it is not unusual for
a witness to claim hearing two explosions when only one
actually occurred, or to give poor estimates of distances to
an object or between two moving objects because of confu-
sion during an accident; similarly, the size and velocity of
moving objects are frequently exaggerated. Therefore, wit-
nesses should be requested to qualify their observations
relative to known landmarks and events to help establish
their evidence spatially and temporally. Interrogation of
maintenance personnel on any equipment involved should
always be included as a standard practice. At this time,
the investigator needs to decide what facts are known and
what evidence must be substantiated or developed.

Evidence Development and Analysis

Ideally, sufficient evidence should be accumulated to
explain all phases of an accident, including the specific
cause. The required physical evidence will vary with the
type of accident. In fires or explosions, it is particularly
important to account for the combustible source, probable
ignition source, resultant propagation, and observed
damage. The available evidence is analyzed by developing
and testing hypotheses that may explain
events; any assumptions must be cor sisten
established evidence and basic scientiiic principles: Somie
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important considerations in developing the evidence are
reviewed in the following paragraphs.

1. Combustible Source.—~In a fire situation, various
combustible classes can be consumed as the fire spreads.
These include ordinary combustible solids or dusts (class
A), combustible liquids and gases (class B), combustibles
of electrical equipment (class C), combustible metals (class
D), or other miscellaneous materials; combustible fire
classification is that of NFPA (72). Fires that spread rapidly
are usually attributable to combustible gases, vapors of
highly volatile liquid or solid combustibles, or finely
divided solids that are highly flammable. Those that can
be initiated without an external heat source are likely
to involve pyrophoric, hypergolic, water-reactive, or self-
heating combustibles. Soot formation is evidence of hydro-
carbon or organic fuel fires, and extremely high tempera-
tures can be indicative of combustion with high-energy
fuels or high-strength oxidizers. Any widespread fire will
always be accompanied by a wide distribution or dispersion
of combustible.

In gaseous or dust explosions, the combustible sources
are only those that can form flammable gas, vapor, or dust
concentrations in the particular oxidant atmosphere and
temperature environment; this implies some degree of con-
finement. Prime combustible suspects are fuel gases, low-
flash-point liquids, gassy solids, and dispersed flammable
dusts. The ignitability and flammability characteristics
of the suspect combustible-oxidant system should be
examined for supporting evidence. When possible, samples
of the combustible system are taken for analysis to verify
compositions. A likely combustible source also has to be
present in sufficient concentration to account for the
observed explosion pressure damage. The investigator
must realize that relatively low combustible concentrations
can be hazardous and that even an “empty” fuel tank may
contain sufficient combustible vapor to account for the
explosion. Where damage is unusually severe, combustible
systems capable of detonation are to be suspected.

2. Ignition Source.—The possible sources of ignition
can include electrical, mechanical, chemical, or nuclear
forms of energy. Some of the specific types are (1) electrical
arcs or sparks from lightning, static electricity, and defec-
tive electrical equipment; (2) hot surfaces from mechanical
friction, electrical resistance heating, aerodynamic heat-
ing, and any vessel or reactor heating; (3) hot gases or
flames from pilot burners, combustor exhaust systems, and
gaseous compressor systems; and (4) chemical heating
from pyrophoric, hypergolic, and spontaneous or self-
heating reactions. Most fires or explosions are initiated by
electrical sources. The static electricity source should be
especially suspected as possible in the pumping of liquids
or dusts and similar operations where triboelectrification
can occur; this hazard will be greatest in the presence of
plastic or nonconductive materials. The most common type
of chemical self-heating involves slow oxidation and may
be encountered with many combustibles of animal or veg-
etable oil origin and such ordinary combustibles as coal
and charcoal. Self-heating, pyrophoric, and hypergolic igni-
tions require no external heat source.

In some accidents, the ignition source may be evident
from localized heat damage such as weldlike fusion of met-
als from electrical arcing, discoloration or wear of metals
from mechanical friction, and melting of metal materials
due to abnormal process temperatures. The heat source in
other cases, including electrostatic, self-heating, and hot
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gas ignitions, is not usually identifiable from the fire or
explosion damage; therefore, the investigator must rely
upon circumstantial evidence in such cases.

Both the nature of the available heat source and the
physical state of the suspect combustible must be con-
sidered in determining the ignition source. For example,
a flammable gas (such as hydrogen) may have a very low
ignition energy but a relatively high ignition temperature;
or a flammable liquid spray can have a high ignition energy
compared to that possible with homogeneous vapor-air mix-
tures. Similarly the ignition energy requirements for a
solid (such as coal dust) can be excessive for large particles,
in which case the ignition temperature can be of greater
significance. A proper assessment requires reference to
ignition property data.

3. Propagation.—Propagation of a fire or explosion is
deduced from the available physical evidence and known
flammability properties of the combustible-oxidant system.
Gas or dust explosions will propagate only into areas where
flammable combustible-oxidant mixtures have accumu-
lated but may then initiate fires of other combustibles.
In comparison, fires do not require uniform combustible-
oxidant mixtures and can propagate into areas where any
concentration of combustible exists; also, the gaseous fire
products may be flammable and produce an explosion in
a confined environment, as in some coal mine disasters.

To fully characterize the propagation of fires or explo-
sions, the investigator needs to define the consumption
rates (burning rates) of the reactants and their flame
propagation rates (flame speeds or flame spread rates).
Such information may be available in the literature but is
necessarily limited to certain temperature, pressure, and
combustible-oxidant conditions. Therefore, it is often neces-
sary to extrapolate laboratory data to conditions of interest
by the prudent use of empirical rules or laws.

Typically, flame propagation rates of common hydro-
carbon gas-air explosions are of the order of several meters
per second, or about eight times the burning velocity of
the particular mixture composition. In comparison, fires
are usually associated with much lower spatial propaga-
tion rates, especially in the burning of bulk liquids and
solids. However, all fires or flame propagation can accel-
erate by increased ventilation, turbulence, or wind effects,
as in flight vehicles, ventilation ducts, or mine tunnels.
The flame spread can be even greater when the fires are
supported by strong buoyant forces, such as in a building
stairwell or an elevator shaft. Highest propagation rates
with liquids and solids will occur when they are finely
dispersed or flash vaporized.

Very high propagation rates of the order of a 1,000 m/s
or more are possible when deflagrations develop into
detonations. Detonations are most likely to be encountered
in combustion involving high pressures, high oxygen con-
centrations, or high-energy fuels. Even ordinary fuel-air
systems are capable of detonation, but these require
stronger ignition sources or longer flame runup distances.

4. Fire Damage. —Fire damage is largely attributable
to the exposure of materials to excessive temperatures or
heat. Fire temperatures of ordinary combustibles in air
will generally be 1,000° to 2,000° C, but temperatures can
be much higher in oxygen or with more exotic combustibles.
An investigator’s analysis of the fire damage should include
consideration of such factors as—

1. Combustible loading and ventilati

2. Size, shape, and distribution of mﬁﬁh@u ments
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3. Proximity and exposure duration of materials.
4. Fire temperatures, burning rates, and heat release.
5. Fire resistance properties of damaged materials,

Maximum fire temperatures will normally be evident
where the air or oxygen ventilation is optimum for combus-
tion, whereas the heat flux or heat release will depend
additionally upon the combustible loading and burning
rate. Most constructional materials cannot withstand the
fire temperatures and heat loading from a fully developed
hydrocarbon or carbonaceous fuel-air fire. Materials of low
fire resistance, such as those having low melting points
or ignition temperatures, will be consumed or largely
destroyed; this will be especially the case for fine wires,
sheet materials, or finely divided substances. However,
one should also expect highly fire-resistant materials to
fail when the fires are of severe intensity. On the other
hand, even paper will not ignite if its exposure time to
flame is too short or if its proximity to the heat source is
too remote. )

Ordinarily, material failures will be severest in fires
involving large combustible loadings (as in fuel storage
facilities), high ventilation or turbulence levels (as in air-
craft flight applications), high oxidant concentrations (as
in hyperbaric chambers), or high-energy combustibles (as
in space rocket applications). Few materials will survive
a torchlike fire, particularly one in oxygen; such intense
fires are often evidenced by the erosion and fusion of
metals. Similar metal damage can also occur in electrical
fires, although any metal fusion due to electrical arcing
will be more localized and display beadlike welds. Damage
to powered equipment (motor, pumps, compressors, etc.)
is often attributed to electrical or mechanical malfunctions
but can be a result of the fire itself. Temperature limitations
of materials and the extent of their fire exposure should
be considered in making the fire damage assessment.

5. Explosion Damage.~—Explosion damage is caused
by the high pressures and winds that are generated by the
sudden release of chemical or physical energy. Although
the damage analyses may vary with the complexity of the
explosions, they should at least include consideration of
the following important items:

Combustible loading and confinement.

. Explosion pressures, propagation rates, and energy
release.

Pressure limitations of containment materials.

. Nature of containment failure.

. Blast wave or farfield effects.

. TNT energy equivalence.

The most common explosions will involve the ignition
of flammable vapor-air mixtures in a confined environ-
ment. If near-stoichiometric' mixtures are present, the
explosion pressure in a fully confined system can be approx-
imately eight times the initial pressure (P,/P; = 8). Such
internal pressure loading will be evidenced by the rupture
of the container unless it can sustain the explosion pres-
sure. Similar damage can result in the absence of combus-
tion, as in the failure of an overpressurized steam boiler,
compressed gas cylinder, or cryogenic liquid receiver; the
rupture of an evacuated chamber (implosion) or a decom-
pressed aircraft compartment also falls into this category.
Other explosions may produce damage from a combination
of physical and chemical energy release. These include fuel
tank explosions under high-impact conditions, furnace
explosions of molten metal and water or combustible lig-
uids, and boiling liquid-expanding vapor explosions

T S
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(Bleves). In all cases, the explosion damage will be more
severe when combustion involves high oxygen concentra-
tions, elevated pressures, or highly turbulent environ-
ments. Detonations are more likely to occur in these situ-
ations, in which case the explosion pressure rise ratio
(P,/P,) can be of the order of 18 to 1 for gaseous systems,
or several orders of magnitude greater for condensed
explosive systems.

Containment material failure or near-field damage is
largely determined by the nature of the pressure loading,
the degree of confinement, and the pressure or mechanical
limitations of the container, fasteners, and adjacent
materials. Explosions in highly confined systems have high
damage potential because near-theoretical pressures can
develop before any containment failure. In comparison,
even an ordinary oven or building can sustain an explosion
if it is adequately protected with large pressure relief
panels or vent areas. Explosion venting guidelines are av-
ailable for predicting the safe pressure limits of contain-
ments as a function of vent area. The containment failures
in ordinary explosions will be evidenced by material
stretching or thinning out (tension failure), whereas those
in detonations will tend to be more severe and cleaner
breaks (shear failure); an implosion will be characterized
by a compression-type failure. The pressure limitations of
a container can be estimated from a knowledge of the
elastic limit or ultimate strength of the container material.
However, one must allow for the fact that the dynamic
stress is about two to three times the static stress for plastic
deformation; pressure ratings of commercial vessels are
usually specified for static-type loadings. Any container
fragmentation should be expected to be greater for brittle
materials than for highly ductile types.

Farfield effects are associated with the explosion
damage that results from air blast waves and flying frag-
ments. These effects will be especially evident where strong
containments fail owing to detonations or highly energetic
deflagrations. Here, the investigator should estimate the
TNT energy equivalent of the exploding system from the
available chemical energy or potential useful work (gas
expansion); apply the cube-root scaling law for predicting
blast pressures at any distance from any mass equivalent
of TNT; and correlate the estimated blast pressures to pub-
lished damage thresholds for structural and biological
targets. Generally, one can expect a peak overpressure of
1 to 2 psi to cause the failure of most light structural mat-
erials, such as nonreinforced wood siding, corrugated steel
paneling, or masonry block walls. In comparison, much
higher overpressures can be tolerated when the structural
design is reinforced, particularly for materials of good
ductility. As arule, pressure thresholds for far-field damage
(external loading) will be greater than those for near-field
damage, such as a containment failure (internal loading).
Where condensed-phase detonable systems are involved,
crater formation will also be possible besides far-field
damage.

Conclusions and Report

All the available direct and indirect evidence is finally
reviewed for accuracy and reliability to define the most
likely sequence of events and probable cause(s) of the acci-

dent. Any hypotheses proposed to explain the accident
should be logically and technically-cons&@()ﬁ]

ments


http://www.avadocuments.com/doc/ansi-isa-tr12-13-02-1999-2013
http://www.avadocuments.com/doc/ansi-isa-tr12-13-02-1999-2013

established evidence. A proper analysis will include consid-
eration of both material and human factors. To complete
the investigation, the investigator should prepare a sum-
mary report on the accident. This should include a descrip-
tion of the accident, accounts of witnesses, evidence from
field inspection, analysis of evidence, and development of

accident scenario to explain the cause of the accident. Most
importantly, system malfunctions and hazardous condi-
tions should be identified, and specific recommendations
should be made to prevent recurrence of the accident,
including both operative and protective measures.

THEORY AND DEFINITIONS

PHYSICAL GAS LAWS

Pressure-volume-temperature (PVT) relationships are
important in determining material balances for a gaseous
system. In most cases, one can assume ideal gas behavior
and define the initial (1) and final (2) states of a gas as
follows:

PV, PV,
T, T T, o

where T, and T, refer to absolute temperature, such as in
kelvins (K). The general form of the ideal gas law is given by

PV = nRT = W.RT @)
M
or =YW RT_  RT 3)
vV M M

where n, W, M, and p are the moles, weight, molecular
weight, and density of the gas, respectively; R is a universal
gas constant equal to L987 cal{K:mol), 0.08205 L-atm/
(K:mol), or 8.34 J/AK-mol) depending upon the P-V units.
Thus, the volume of gas will vary directly with absolute
temperature and inversely with total pressure. In calcu-
lating the moles of gas, it is useful to know that the molar
volume of any ideal gas will occupy 22.414 L at 1 atm and
273 K (0° C).

For mixtures of ideal gases, the total pressure (P,) is
equal to the sum of the component partial pressures
(P, = p; + po + ...) and proportional to the total number
of moles (N, = n; + n, + ...). Hence, the mole fraction
(X) of a gaseous component (i) is

X = ny/N; =p/P,, 4

and 100 X; gives the mole or volume percent. For the vapors
of ideal liquids, one uses Raoult’s law:

X, (liquid) = nyN, (liquid) = p,/p;° (vapor), ()

n
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Figure 1.—Compressibility factor as a function of reduced pressure and reduccd temperatire
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where p; is partial pressure of the i** component in solution,
p;° is the vapor pressure of the pure component, and X; is
its mole fraction in solution.

Real gases deviate from ideal behavior, particularly
when subjected to high pressures or cryogenic tempera-
tures. In such cases, other equations must be used to deter-
mine the P-V-T relationships, such as the equation

PV = nZRT, 6)

where Z is a compressibility factor and depends upon the
critical properties of the gas (P, T,, and V,). A fair approx-
imation of the Z factor can be obtained for most gases from
the generalized compressibility curves (34, p. 479) shown
in figure 1 in terms of reduced pressure (w = P/P,) and
reduced temperature (6 = T/T,); gases difficult to liquefy,
such as hydrogen, give a more compiex behavior, Critical
states and vaporization properties are given in table 1 for
a number of common gases and liquids (27, p. 502).

concentration of combustible for complete reaction with
the particular oxidant; fuel-lean mixtures suffer from
oxidant dilution and fuel-rich mixtures from incomplete
reaction. The stoichiometry for complete combustion of a
simple hydrocarbon in oxygen is given by the expression

CH, +©* ? 0, - ¢CO, + % H,0, ™

and for substituted hydrocarbons by the general expression

CH,O.NX, + ¢+ h"‘fm)oz ~ ¢CO, +

(%")Hzo+xnx+§N2, ®)

where X is any halogen atom. Thus, the C,, of methane

Table 1. — Critical states and vaporization properties of 100
common gases or liquids (27, p. 502) (CH,) in oxygen (100 ) is 33.3 mol pct. For com-
Boiling Heat of Critical Critical . . . A +c+ e
Substance point | vaporization | temperature | pressure bustion in air,
M) atTy, ) {Pc),
K kecal/mot K atm 100
ﬁcetylene ......... ;ggg 5 sf‘éA 282; 1?:: g Cst (in air) = " mol pct’ 9)
mmonia ......... B . . . X
Benzene ..... ... 3533 | 740 561.6 477 1+ 4773 (¢ * hx2m)
n-Butane .......... 272.6 5.30 426.0 36.0 4
i-Butane .......... 263.0 5.08 407.1 37.0
Carbon dioxide .. . .. NA NA 304.1 729 . .
Carbon monoxide . . . 81.1 1.41 134.4 346 where 4.773 is the reciprocal of the molar oxygen concentra-
1 » .« » p . . xy .
gmg:ge """"""" fgg-g g'gg gég-g Zgg tion in air (0.2095). By this equation, one obtains a C,, of
Ethylene .......... 169.3 NA 282.8 50.7 9.48 n}ol pet fc_>r methane in air. Similar expressions may
E"glr'oalecghOI ------- 33(1)-3 9-;? 6 5;2-3 ?3'; be derived for incomplete or other combustion reactions in
Hydrogen bromide .. | 206.2 3.95 363.0 84.0 which H,, CO, NO,, or other possible products are
L‘ivgfﬁgéﬁ C'ﬂ?r}ge .- égg-g g-gg igg-g gé-g assumed. For example, if NO, instead of N, is an assumed
rogen nige .. . . . .. T .
Hidmgen de. .| 5ag ais Py 289 product, the oxygen term in equations 8 and 9 would be
Methane .......... 111.7 1.95 191.1 45.8
Methy! alcohol .. ... 337.8 8.41 513.2 98.7 h-x-2m
Nitrogen .......... 77.3 1.36 126.0 33.5 (¢ + n + X<,y
Nitrogen oxide ..... 1214 NA 179.0 65.0
gi;ryogen dioxide . ... NA NA :;,gl g ggg
geN .. ..uut... 90.2 1.61 . \
Propane .......... 231.0 4.50 369.9 42.0 The volume percentages can be converted to a weight
ropylene ......... 226.2 NA 364.8 45.0 . ope
Sulfur dioxide . ..... 263.2 6.08 430.3 77.7 basis from a knowledge of the densities or molecular
Water ............ 373.2 9.7117 647.3 2182 weights of the mixture components. As an example, the
NA  Not available. fuel-air weight ratio (F/A) of a stoichiometric mixture is
given by
STOICHIOMETRY

. Combustion material balances will vary with the com-
position and concentration of the reactants and the nature
of the products at the reaction conditions. Theoretically,
the maximum heat release should occur at the stoichio-
metric concentration (C,,) that defines the optimum molar

(10)

FA), = ML Calvolpet) I
28.97 [100 — C,, (volpct)]

where M is the fuel molecular weight and 28.97 is the air
molecular weight. Pertinent properties of air are sum-
marized in tables 2 and 3.

Table 2. — Major components of dry air (43, 105)

; ' Molecular Density (0°C), Specific heat (20° C), vol
Constituent weight gL cali(g°C) pot
Nitrogen ....................... 28.01 1.251 0.249 78.09
Oxygen .......cocvevivvnennn... 32.00 1.429 219 20.95
Argon ... 39.94 1.784 124 .93
Carbondioxide .................. 44.01 1.977 .200 .033
Al oo 28.97 { 1.293(0°C) } 240 100.0
1.205(20°C) t
pocuments
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Table 3. — Standard air atmosphere (43)

Altitude Temperature, Pressure, Density,
ft °C bars kg/m
0 15 1.013 1.225
1,000 13 977 1.190
5,000 5 .842 1.056
10,000 -5 696 .905
15,000 -15 571 771
20,000 ~24 465 .654
30,000 —-44 .301 .458
40,000 —-55 .188 300
50,000 -85 116 186
60,000 -55 .072 115

THERMODYNAMIC RELATIONSHIPS

A knowledge of thermodynamic properties is essential
in calculating the energy balance of a given system. The
energy change may be in the form of work performed or
heat transferred relative to the system surroundings. By
the first law of thermodynamics (energy conservation), the
energy change (AE) is

AE=Q-W, 1)

where Q is the heat absorbed (positive) and W is the work
done by the system (positive); heat evolved or work on the
system would be negative. For an isothermal process
(AE = 0), the total mechanical work (W = f PdV)of expan-
sion or compression of an ideal gas is '

W = n RT 1n V,/V; = n RT 1n P/P,;
PV, = B,V,.

For an adiabatic process (Q = 0), the total work (W =
—fCvdDis

W = n C,Ty [1 ~ (Py/P)RC]; PV, = P,V,Y,  (13)

where C, and C,, are molar heat capacities, -y is C/C, ratio,
and their subscripts refer to constant volume (v) or con-
stant pressure (p). Figure 2 shows how much greater the
volume change of an ideal gas can be in an isothermal
.compression as compared to an adiabatic compression at
various pressure ratios. In the adiabatic process, the
temperature change is

To/Ty = (Vi Vo)V = (Py/P))*Cr . (4)

Reactions may occur at constant volume or constant
pressure. Under constant volume, where no mechanical
work is performed (W = O), the heat change by equation
11 would be Q, = AE; at constant pressure, the heat change

(12)

22 T T T

Adiabatic
compression

PRESSURE RATIO (P,/P,)

Isothermal
compression

| 1 | } ] |
0 2 4 6 8 10 12 14
VOLUME RATIO (V,/V,)

Figure 2.—Variation of pressure ratio with volume ratio in
adiabatic and isothermal compression of an ideal gas.

is Q, = AE + PAV. Since the heat content or enthalpy (H)
of a system is

H=E + PV (15)

and AH = H,; — H, = Q,,, the heat change at constant
pressure becomes

AH = AE + PAV = AE + AnRT, (16)

where An is the change in the moles of gas after reaction
of the system. Equations 15 and 16 are very useful because
most standard thermodynamic properties are at constant
pressure. The molar heat content of a number of common
product gases is given at various temperatures in table 4;

Table 4. — Heat content (enthaipy) of combustion product gases at various temperatures’

Temperature, Heat content, kcal/mol
K H, 0, N co co, H.0 NO

298.16 ......... 0 0 0 0 0 0 0

400 ........... .71 72 71 71 .94 .82 73

600 ........... 2.10 2.21 2.13 2.14 3.09 2.51 2,19

800 ........... 3.51 3.78 3.60 3.63 5.45 4.30 3.72
1,000 ........... 4.94 5.43 5.13 5.18 7.98 6.21 5.31
1,200 ........... 6.40 7.11 8.72 6.79 10.63 8.24 6.96
1,400 ........... 7.91 8.83 8.35 B.45 13.36 10.38 B.64
1600 ........... 9.45 10.58 10.01 10.13 16.15 12.63 10.36

800 ... ....... 11.04 12,35 11.71 11.84 18.99 14.96 12.09
2000 ........... 12.66 14.15 13.42 13.56 21.86 17.37 13.84
2200 ........... 14.31 15.97 15.14 16.30 24.75 19.84 15.60
2400 ........... 16.00 1 7.22 1 g.gg } g.g? gg.g: 52.37 17.37
2600 ........... 17.71 19. . . .
2:800 ...l 19.45 21.54 20.39 20.58 33.56 Bocunights
3000 ........... 21.21 23.45 22.16 22.36 36.53 30.20 22,72

"Data from reference 28 rounded off to 2 decimal places.
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298.16 is the reference zero enthalpy state. These data are
derived from the heat capacity relationship at constant
pressure, C, = dH/dT; the corresponding relation at con-
stant volume is C, = dE/dT; C, is usually obtained from
the approximation C, — C, = R. The constant-pressure
heat capacity data are particularly important in calculat-
ing the final temperature of a reacting system, as discussed
in a later section.

In a chemically reactive system, the reaction may
evolve heat (exothermic) or absorb heat (endothermic). The
heat of reaction (AH) is indicated by the enthalpy change
of the reactants from their initial state to the final or
product state. Here, the enthalpy change can be calculated
by use of the heats of formation (AH; ~ kcal/mol) of each
specie; the standard values are defined at 25° C (298 K)
and 1 atm. This is illustrated below for the complete com-
bustion of methane at constant pressure with water formed
as a liquid (1) or vapor (g):

CH4 + 202 bad 002 + 2H20(l); AH298

-17.9 0 —94.06 2(—-68.3) an
~212.8 kcal/mol. '
CH4 + 202 — 002 + 2 Hzo(g); AH298 =
-17.9 0 —~94.05 2(~57.8)
(18)
—191.8 keal/mol,

AH; values are given below each specie, and AH is equal
to the sum difference of AH, (products) — AH; (reactants);
negative AH indicates heat is evolved. The variation
between the AH values (~212.8 versus —191.8) is equal to
the latent heat of vaporization of water, i.e.,

H,0 (1) - H,0(g); AHzgs = 10.5 keal/mol. (19)

Essentially, the larger AH represents the gross heat of
combustion (AH), and the smaller AH is a net AH, that
is most meaningful when one is concerned with the product
state at flame temperatures. Standard AH; and AH,, (net)
values are compiled in the summary data tables that are
presented for each class of combustibles; the AH; values
can be used to calculate the AH, values for other reactions
of interest.

If the reactions occur under constant volume (closed
system), the heats of reaction would not include any PV
work (AV = Q) and would be defined by

AE = AH - An RT. (20)

For example, the change in gaseous moles in equation 18
is zero and, therefore, AE = AH. However, in the case of
equation 17 where An = -2,

AE = —212.8 + 2 x 1.987 x 1072 x 298
= —211.6 kcal/mol.

It is evident that unless An is large, differences between
heats of reaction at constant volume and constant pressure
will be small.

1)

IGNITION PROCESSES
General Concepts

Ignition is usually considered to be a vapor-phase com-
bustion reaction with the evolution of heat and emission
of light that may or may not be visible to the naked eye.
Such reactions are most often associated with the rapid
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oxidation of a combustible in air or oxygen. They may also
occur with other oxidants, such as the halogens and nitro-
gen oxides, as well as without any oxidant when the com-
bustible is capable of highly exothermic decomposition.
The potential heat release for any reacting system can be
calculated from thermodynamic considerations, but the
combustion rate or intensity will depend upon the chemical
kinetics at the reaction conditions. For example, in the
constant-pressure reaction of hydrogen and oxygen,

Hz + 1/2 02"’ Hgo(g); AHng = —-578 kca]/mol, (22)

the theoretical heat release is 28.9 keal per gram of hydro-
gen. If this heat is produced rapidly and results in a branch-
ing chain reaction, high temperatures and flaming combus-
tion are possible. However, if the heat is generated at a
slow rate, as in a low-temperature oxidation process, flam-
ing combustion is unlikely to occur unless the slow oxida-
tion can initiate a self-accelerating reaction.

Most combustible-oxidant systems are not capable of
sufficient self-reaction at ambient temperature to produce
ignition. Generally, they require heating to some critical
level by an external temperature or energy source. It is
useful to consider the sources in terms of'their spatial and
temporal characteristics, as illustrated in figure 3. At one
extreme (electrical sparks), the source is infinitesimally
small and very high in temperature and heating rate; here,
one is primarily concerned with energy density and the
ignition energy. At the other extreme (heated vessels), the
source is large, heating rate is very low, and temperature
is also relatively low; here, one is mostly concerned with
the concept of an ignition temperature. Thus, it is most
meaningful to define ignition requirements in terms of
energy for a highly concentrated heat source and in terms
of temperature for a distributed heat source; an exception

Electrical sparks -

Region of ignition

Frictional sparks

RATE OF HEATING —=

Heated wires

Heated rods

Heated vessels

SPATIAL DIMENSIONS OF HEAT SOﬂCE —

Figure 3.—~Temporal and spatial ©hzizacter:
ignition sources.
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is a large radiative heat source, which is usually defined
in terms of energy.

Basically, ignition sources can be classified as either
thermal or chemical types, the former being by far the
most predominent type. In practice, electrical ignitions are
treated as a separate category, aithough they are of a ther-
mal nature; also, some ignitions are considered as thermal
(self-heating) or chemical (pyrophoricity or hypergolicity)
but are unique in that they do not require any external
heat source. With this in mind, the various ignition sources
may be categorized as follows:

Electrical ignitions:

1. High-voltage sparks or arcs.
2. Low-voltage sparks or arcs.
Thermal ignitions:
- 1. Hot surfaces:
a. Heated vessels or walls.
b. Heated wires or rods.
c. Heated particles or frictional sparks.
2. Self-heating (spontaneous combustion).
3. Hot gases:
a. Heated gas jets or pilot flames.
b. Adiabatic or shock compression.
4. Thermal radiation.
Chemical ignitions:
1. Catalytic materials.
2. Pyrophoric and hypergolic mixtures.

Electrical Ignition

The simplest form of electrical ignition is a thermal
process in which excessive surface heating is produced by
the resistance to current flow in an electrical circuit. This
resistance heating can be calculated from

E = VIt = IRt, (23)

where E is heat (), Vis potential difference (V), I is current
(A), Risresistance (), and t is time (s); Ohm’slaw (V = IR)
is applied here. Ignitions by such heating may occur within
a second or more and fall in the hot surface temperature
category that is discussed later.

Other electrical ignitions involve sparks or arcs in
which the energy approximates a point source and the
heating duration may be as little as a fraction of a micro-
second. These can be classified as a high-voltage or electro-
static type and low-voltage or break spark type. In the
case of electrostatic sparks, they are formed when the elec-
trical charge of a conductor is sufficient to bridge (“jump”)
the gap to another conductor or nonconductor. The energy
of electrostatic discharge is given by

E = 12 CV?, (24)

where E is the stored energy (J), C is capacitance of the
charged conductor (F), and V is the potential difference
(V); the capacitance is related to the electrical charge (Q)
by C = Q/V, where Q is in coulombs. In the case of break
sparks, they are formed when current-carrying conductors
are abruptly separated to result in a collapsing field, such
as when an electrical switch is opened. The energy of break
sparks or arcs is given by

E = 12LE (25)

where L is the inductance (H). Although such energies can
be orders of magnitude greater than those associated with
capacitative spark discharges, the differences are not so
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noticeable when the breaking circuit involves a short gap
length, as in the rapid separation of very fine wires.

Capacitative spark-type discharges are generally
relied upon to determine the minimum ignition energy
(MIE) of a combustible vapor-oxidant system. The MIE
value occurs at an optimum spark gap length (electrode
separation) and varies with temperature, pressure, and
combustible-oxidant concentration; the optimum gap is
referred to as the minimum ignition quenching distance.
Figure 4 shows how the spark ignition energy can vary
with the fuel-air weight ratio (F/A) for the butane-air sys-
tem (41). Although stoichiometric butane combustion
occurs at an F/A of 0.065 (3.12 vol pet), the MIE falls on
the rich side of stoichiometric for this fuel. This figure also
shows that whereas the minimum spark energy for ignition
may be only a few tenths of a millijoule, it tends to be
infinitely large as the mixture ratio approaches the limits
of flammability.

The minimum ignition quenching distances in this
context imply an optimum electrode design that maximizes
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the spark energy efficiency in a quiescent mixture. They
should not be confused with minimum ignition quenching
diameters since these involve flowing mixtures and larger
quenching surfaces; quenching diameters are roughly 1-1/2
times greater than corresponding quenching distances for
many ordinary fuels, largely because of greater heat losses.
In contrast, the so-called maximum experimental safe gaps
involve much more severe combustion conditions, includ-
ing both elevated pressures and large flame runup dis-
tances, which result in high turbulence, high flame speeds,
and pressure piling (77). Thus, safe gap values tend to be
much smaller than the ignition quenching distances that
involve combustion at low flame propagation rates.
Generation of static electricity is commonly known to
occur by triboelectrification, i.e., from the frictional action
of two electrically unlike materials. The materials can be
liquids, solids, and/or gases, one of which needs to be a
relatively poor conductor for the charge to accumulate.
This frequently occurs in the pumping of fluids, pneumatic
transport of solids, and processes involving plastics. Even
a human body can accumulate hazardous static charges
(101). For example, by equation 24, an average human with
a capacitance of 300 X 10™ F and charge of 10,000 V
could conceivably produce a static discharge of 0.015 J
(15 md), which is much greater than the MIE of most
combustible-air systems. The ability of a nonconductor (or
conductor) to accumulate a static charge will depend upon

(resistance X area)
( length =~ )

surrounding medium. Obviously, charge dissipation will
be greater in a liquid than in a dry gaseous medium, indi-
cating the importance of humidity.

its resistivity as well as that of the

Thermal Ignition

Most thermal sources other than sparks or arcs tend
to be much less localized spatially and temporally. These
are discussed below, together with the concept of an igni-
tion temperature or critical heating, which is basic to
thermal ignition theory.

1 Hot Surfaces.—In the simplest terms, thermal igni-
tion is a combustion reaction in which the limiting condi-
tion is determined primarily by the rate of chemical heat
release versus the rate of heat loss to the surroundings.
The rate of chemical heat release (q;) by the Semenov
theory (93), which assumes a uniform temperature distri-
bution, is given by

q = VQZ ae ~ERT (26)

where V is vessel volume, Q is heat reaction, Z is rate
frequency factor, a is reactant concentration, n is order of
reaction, E is activation energy, R is universal gas constant,
and T is the reactant absolute temperature. Also, the rate
of heat loss (qy) is defined by

Q@ =a8(T-Ty), (27)

where o 1s heat transfer coefficient, S is wall surface area,
and T, is wall temperature. The critical heating condition
for ignition is that temperature and pressure at which
q: = qo. Based on this theory, ignition temperature will be
a function of the S/V ratio of the vessel, or roughly its
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the time delay to ignition (1) with temperature is given by
the following useful expression:

TP" = A ¥RT) (28)

which at constant pressure (P) yields

logr = &%2—E+ A, (29)

where A and A’ are system constants and E is the apparent
activation energy of the global processes controlling 7, i.e.,
the temperature coefficient of ignition delay. The lowest
temperature that can accelerate the reaction to ignition
occurs when the ignition delay (or induction period) is
maximized and the vessel S/V ratio is minimized; this
temperature is commonly referred to as the minimum
autoignition temperature (AIT).

Figure 5 illustrates typical AIT data obtained for the
n-decane-air system by injecting various quantities of
liquid fuel in an open heated vessel; a plot of log  versus
T is more useful to define E and A in equation 29. Cor-
responding data under flowing conditions, where the con-
tact time with the heated surface is shorter (<1 s), would
be characterized by smaller 7 and greater AIT values. In
all such ignitions, the AIT’s will be sensitive to fuel com-
position, fuel-oxygen ratio, pressure, and nature of the con-
tainer surface. Generally, hot surface ignition tempera-
tures increase with decreasing diameter or area of the heat
source, although this dependence may not be uniform over
a wide temperature range.

2. Self-heating.—A more rigorous thermal theory is
one developed by Frank-Kamenetskii (27, p. 209) in which
a nonuniform temperature distribution is assumed. It is
particularly suitable for predicting the size of the reactant
mass that may undergo self-heating at various ambient
temperatures. Here, time delay to ignition can be of the
order of hours or days in the case of adiabatic self-heating,
as opposed to only minutes or seconds in the case of iso-
thermal heating by an external source, The self-keating
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rate (q) is defined as the sum of the chemical heat release
rate (q;) and the conductive heat loss rate (q,):

pCoT = p QZe BFT + \V2T 30)

at
@ (ap (q2)

where p is density, C is specific heat, \ is thermal conduc-
tivity, V2 is a differential operator, and other quantities
have the same meaning as above. For steady state condi-
tions (3T/6t = 0), q; = qy and the critical mass radius (r.)
that will self-heat is '

2 2

S . . a»
pEQZe

where 8, is a shape factor that is equal to 3.33 for a sphere,

2.0 for a cylinder, and 0.88 for plane-parallel slabs. For

adiabatic conditions (8T/6x = 0), @ = q; and the critical
temperature rise rate for self-heating is

dT/dt = %e‘m“

(32)

Thus, autoignition by self-heating is strongly dependent
upon the dimensions of the reactant mass, whereas auto-
ignition by external heating depends more upon the dimen-
sions of the heat source (heated vessels, wires, rods, etc.).
In real self-heating situations, convective heat transport
cannot be fully neglected as done in equation 30. For exam-
ple, the self-heating of conical coal piles is due in part to
the favorable “chimney effect” that can occur during the
weathering of coal; furthermore, the heat of wetting itself
can be greater than the heat of oxidation at ambient
temperature. In all ignitions of combustible solids, the reac-
tions will be particularly sensitive to particle size, bed
porosity, moisture conditions, and the air ventilation rate.

3. Hot Gases.—As with heated surfaces, ignitions by
hot gas sources also differ in their temporal and spatial
characteristics. Shock wave heating (nonisentropic) is the
most localized in space and time (e.g., <1 ms), whereas
adiabatic compression heating (isentropic) is more spa-
tially ‘distributed and, therefore, should effect ignitions of
combustible mixtures at lower temperatures. Table 5 com-
pares the air temperatures possible in shock wave and
adiabatic compression heating at various pressure ratios;
it is apparent that shock compression temperatures are
noticeably greater than adiabatic compression tempera-
tures at a given pressure ratio. According to this table, it
would appear that a combustible-air mixture with an AIT
of 200° C could be ignited at a shock pressure ratio of at
least 5 or an adiabatic compression ratio of 10. However,
in both cases, much higher pressure ratios would be re-
quired because of the short duration of heating involved
(milliseconds) as opposed to those associated with
minimum AIT’s (minutes). Essentially, ignition will not

Table 5. — Shock wave and adiabatic compression
temperatures of air (66, p. 516)

(P, = 14.7 psia; T; = 0° C)

c K Gas compression temperature (Ty)

ratior (BuP) Shock Adiabatic
wave °C compression °C

2 ..., 62 57

5 ...... 208 152

10 ...... 432 242

50 ...... 1,988 521

100 ...... 3,588 677

1,000 ...... 18,840 1,435
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occur unless the elevated heating conditions are main-
tained for a duration that exceeds the ignition delay at the
given temperature.

Other hot gas ignitions can involve heated jets of air,
inert gas, or gaseous combustion products, including lumin-
ous and nonluminous flames. They are intermediate on
the temporal and spatial scale of heating by hot gases.
Although these ignitions involve more complex heat and
mass transport processes than in hot surface ignitions,
they are also a thermal type and depend upon the enthalpy
or heat flux of the heat source. The heat flux of the hot
gas jet will depend upon its temperature, diameter, velocity,
and composition. Reported ignition temperatures by hot
gas jets tend to be higher than those by hot surfaces, but
the differences are not likely to be great when compared
at the same heat source diameter and fuel contact time
with the heat source.

4. Thermal Radiation.—Ignitions under this category
include those in which a combustible is raised to its AIT
by exposure to the thermal radiation of a hot gas, hot
surface, or other infrared heat sources, including a fire.
Solid or condensed combustibles have the greatest capacity
to absorb radiative heating and, therefore, are most likely
to be ignited by this heating mode. The radiative ignition
requirements for any combustible are usually defined in
terms of a critical heat flux. For ordinary combustible sol-
ids, the critical radiant heat flux for ignition can be a
relatively small value (1 to 2 cal/{cm®s)), depending upon
the ignition temperature of the solid. Such critical radia-
tion intensities can be easily encountered when the com-
bustible is exposed to a nearby flame source since the
maximum radiation intensity can be 10 to 30 cal/(cm?s)
near the flame surface. Generally, approximately 15 to 40
pct of the theoretical thermal output of alarge flame source
will be radiated to the surroundings (7). Assuming spher-
ical geometry and a flame point source, the radiant heat
flux (h,) at various distances (x) from a flame source, such
as a burning pool of radius r, can be estimated by

h, nr?

4 wx*

where h, is the maximum radiative heat flux at the flame
surface. The assumption of a hemispherical pool fire model
will yield twice the irradiances predicted by equation 33.
Factors that can determine the level of thermal flame radi-
ation include fuel-oxidant stoichiometry, soot formation
(fuel-rich hydrocarbon fiames), and radiative properties of
the gaseous combustion products. Hydrogen flames are
typical of a low-radiative emitter, and benzene flames,
which tend to produce considerable soot, are representative
of a high-radiative emitter.

) (33)

h, =

Chemical Ignition

This category represents a special case of autoignition
in which the heat of chemical reaction alone can produce
ignition at or below ambient temperature. One type is a

pyrophoric reaction where the combustible ignites spon-

taneously upon mere exposure to air, as in the self-reaction
of alkali metals, metal alkyls, or metal hydrides. Such
reactions are usually promoted by the presence of moisture
and can involve the formation and ignition of a flammable
gas; the combustibles in this case a.re also referred to as
water-reactive substances. r!
Another type is a hypeizoiic reactzon where spon ane-
ous ignition occurs when a combustible is intimatelymixed
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with a highly reactive oxidizer. These ignitions can occur
with ordinary and high-energy fuels and particularly with
such high-strength oxidizers as fluorine, hydrogen
peroxide, nitrogen tetroxide, and concentrated acids. Their
heats of reaction can be calculated from available heats of
formation. In the case of acid-base systems, heats of neut-
ralization are typically about 13 to 14 kcal/mol for a strong
acid and strong base in aqueous solution. If one also consid-
ers the heats of solution, the total heat release can be about
25 to 35 kcal/mol and sufficient to initiate a combustion
reaction.

Chemical ignitions also result from catalytic reactions.
The most common catalysts in organic reactions are finely
divided metals, but many different substances can serve
as catalysts, depending upon the chemical reactants. Con-
taminants that accumulate on the walls of a reaction vessel
may serve as either ignition catalysts or inhibitors.

FLAME PROPAGATION PROCESSES
Flammable Mixtures

A flammable gaseous mixture of combustible and oxid-
ant is one that, when ignited, will propagate flame beyond
the influence of the ignition source. All combustible gases
and combustible vapors of liquids or solids form flammable
mixtures over a limited range of combustible concentra-
tions, depending upon temperature, pressure, and nature
of the oxidant. The critical combustible concentrations are
known as the limits of flammability or explosion limits of
the system and are defined as the fuel-lean or lower limit
(L) and the fuel-rich or upper limit (U). These limits are
usually in volume percent and refer to homogeneous com-
bustible vapor-oxidant mixtures. Since the flammability
limits vary with temperature and since the vapor formation
of a combustible in its liquid or solid state is strongly
dependent on temperature, it is useful to construct a flam-
mability concentration-temperature diagram of the type
shown in figure 6. A three-dimensional plot to include the
pressure effect would be required to completely define the
flammability domains. ‘

As shown in figure 6, the flammable mixtures of a
combustible liquid-air system may consist of mists (drop-
lets + saturated vapor +. air), saturated vapor-air mix-
tures (vapor pressure curve), or neat vapor-air mixtures
(region beyond saturated vapor temperatures). The temper-
ature range over which the liquid can form flammable
vapor concentrations is defined by its temperature limits
of flammability (T;, and Ty,); intersections of these temper-
ature limits with the vapor pressure curve define the con-
centration limits of flammability (L. and U) at liquid-vapor
equilibrium conditions. At higher temperatures, flam-
mability domains for the neat vapor-air mixtures become
widened, particularly on the fuel-rich side. Eventually, the
temperature can be sufficient to produce autoignition of
the mixtures, as illustrated in figure 6.

The lower temperature limit (Ty) is of great practical
interest because it defines the minimum temperature to
which a combustible liquid or solid must be heated to form
a flammable vapor-air mixture, i.e., the lower limit of flam-
mability (L). In practice, this temperature corresponds
approximately to the flashpoint of the combustible, which
is determined under less ideal conditions (downward flame
propagation and nonuniform mixtures) than those used in
flammability limit determinations (upward propagation
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and uniform mixtures). Closed cup flashpoints are the most
reliable values. It is evident from figure 6 that flammable
mists, sprays, or foams can form below the flashpoint or
T. of the combustible. However, their ignition energy
requirements are much more severe than for neat vapor-air
mixtures. The flammability characteristics of mists can be
expected to approximate their vapor behavior when the
droplet size of the mist is less than about 10 pm.

Various flammability diagrams are used to present
complete limit of flammability data for combustible vapor-
oxidant-inert systems (110). Most data are presented in the
form of a rectangular plot, as in figure 7 for the aviation
gasoline vapor-air-nitrogen system (42). In this plot, the
flammability limits in the oxidant alone (air) are found on
the ordinate (1.3 and 7.1 pct combustible); also, the vari-
ations of these limits with added inert (N,) are indicated
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