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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-TR12.13.01-1999 (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 (SI) 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 SI (and the metric system) in their business and 
professional dealings with other countries.  Toward this end, this Department will endeavor to introduce 
SI-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 (SI): 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. 

Copyright International Society of Automation 

Full document details: ANSI ISA TR12.13.01-1999 (2013)

http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013
http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013


ANSI/ISA-TR12.13.01-1999 (R2013)  4  

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. 

The following people served as members of ISA Subcommittee SP12.13 and approved ANSI/ISA-
TR12.13.01-1999 

NAME COMPANY 

M. Coppler, Chairman*  Ametek Inc. 
D. Bishop, Managing Director  Chevron Petroleum Technology Company 
W. Alexander  Mine Safety Appliances Company 
D. Ankele*  Underwriters Laboratories Inc. 
B. Apel  MSA Instrument 
R. Bierzynski  Scott Health & Safety 
E. Briesch*  Underwriters Laboratories Inc. 
C. Brown  Enmet Corporation 
S. Bruce  Delphian Corporation 
J. Cawley  U.S. Dept of the Interior 
J. Chilton  U.S. Bureau of Mines 
D. Chou  International Sensor Tech. 
C. Coache*  Factory Mutual Research Corporation 
S. Czaniecki  Intrinsic Safety Concepts Inc. 
L. Greenwalt  Marathon Oil Co. 
C. Groppetti*  Detector Electronics Corp. 
A. Guerrera  Sola Communications Inc. 
L. Hamman  U.S. Coast Guard 
K. Hedrick  U.S. Dept. of Labor 
C. Hendrickson  Northern Illinois Gas Co. 
B. Holcom  Gas Tech. Inc. 
K. Johnson  KWJ Engineering Inc. 
P. Kelly*  Underwriters Laboratories, Inc. 
R. Landman  Intl. Marine Products Inc. 
D. Li  Canadian Standards Assoc. 
R. Lyle  Motorola Inc. 
J. McCann  International Sensor Technologies 
R. Menot*  Factory Mutual Research Corp. 
J. Miller*  Detector Electronics Corp. 
R. Merritt  Edu-tech Industries 
R. Novack*  Ametek Inc. 
K. Patel  Scott Aviation 
R. Poling  EI du Pont 
D. Pongrance  General Monitors 
M. Schaeffer  Control Instruments Corporation 
W. Shao  Canadian Standards Association 
______ 
* One vote per company. 

Copyright International Society of Automation 

Full document details: ANSI ISA TR12.13.01-1999 (2013)

http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013
http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013


— 5 —                    ANSI/ISA-TR12.13.01-1999 (R2013)      

D. Styrcula Underwriters Laboratories Inc.
J. Thomason OMNI Industrial Systems, Inc.
D. Wagner Industrial Scientific Corp.
R. Wanek Bacharach Inc.
D. Wechsler Union Carbide Corporation
R. Wek General Monitors
D. Wolsk Wolsk Alarms, Ltd.

The following people served as members of ISA Committee SP12 and approved ANSI/ISA-TR12.13.01-1999:

NAME COMPANY

F. McGowan, Chairman* Factory Mutual Research Corporation
D. Bishop, Managing Director* Chevron Petroleum Technology Company
N. Abbatiello* Eastman Kodak Company
D. Ankele* Underwriters Laboratories Inc.
B. Apel MSA Instrument
A. Ballard* Crouse-Hinds Company
G. Bentinck E. I. du Pont
K. Boegli Phoenix Contact Inc.
R. Brodin Fisher Controls International, Inc.
M. Buettner Ralston Purina Company
R. Buschart PC & E, Inc.
R. Cardinal Bently Nevada Corporation
C. Casso Schlumberger Oil Field Services
M. Coppler Ametek Inc.
J. Cospolich Waldemar S. Nelson & Company, Inc.
J. Costello Henkel Corp.
S. Czaniecki Intrinsic Safety Concepts Inc.
T. Dubaniewicz NIOSH
U. Dugar Mobil Chemical Company
A. Engler EGS Electrical Group
T. Feindel R. Stahl, Inc.
W. Fiske Intertek Testing Services
G. Garcha PCS Engineering
E. Geissler Bartec US Corp.
E. Henning Bailey-Fischer & Porter
D. Hohenstein Pepperl+Fuchs Inc.
D. Jagger* Hawke America
J. Kuczka Killark
B. Larson Turck Inc.
W. Lawrence* Factory Mutual Research Corp.
E. Magison Honeywell, Inc.
R. Masek Bailey Controls Company
K. McManama* Underwriters Laboratories Inc.
I. McMurchie Petromarine of Texas
R. McNeal* Hawke America
A. Mobley* 3M Company
S. Nguyen Milltronics Ltd.

______
* One vote per company.

Copyright International Society of Automation 

Full document details: ANSI ISA TR12.13.01-1999 (2013)

http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013
http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013


ANSI/ISA-TR12.13.01-1999 (R2013)               — 6 —

E. Olson* 3M Company
A. Page III MSHA Certification Center
J. Propst Shell Oil Products Co.
T. Schnaare Rosemount, Inc.
W. Shao Canadian Standards Assoc.
J. Thomason OMNI Industrial Systems, Inc.
D. Wechsler Union Carbide Corporation

The following members of the ISA Standards and Practices Board approved ANSI/ISA-TR12.13.01-1999 
for publication on 28 February 1999.

NAME COMPANY

H. Dammeyer The Ohio State University
H. Baumann H. D. Baumann, Inc.
D. Bishop Chevron Petroleum Technology Company
P. Brett Honeywell, Inc.
M. Cohen Senior Flexonics, Inc.
M. Coppler Ametek, Inc.
W. Holland Southern Company
A. Iverson Ivy Optiks
R. Jones Dow Chemical Co.
V. Maggioli Feltronics Corp.
T. McAvinew Instrumentation & Control Engineering LLC
A. McCauley, Jr. Chagrin Valley Controls, Inc.
R. McFarland Honeywell, Inc.
R. Reimer Rockwell Automation
J. Rennie Factory Mutual Research Corp.
R. Webb Altran Corp.
W. Weidman Parsons Energy & Chemicals Group
J. Weiss EPRI
J. Whetstone National Institute of Standards & Technology
M. Widmeyer Consultant
R. Wiegle CANUS Corp.
C. Williams Eastman Kodak Co.
G. Wood Graeme Wood Consulting
M. Zielinski Fisher-Rosemount Systems, Inc.

______
* One vote per company.

Copyright International Society of Automation 

Full document details: ANSI ISA TR12.13.01-1999 (2013)

http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013
http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013


  7  ANSI/ISA-TR12.13-01-1999 (R2013) 

The following people served as members of ISA12 Materials Working Group and reaffirmed  
ISA-TR12.13.01-1999 (R2013):  

NAME COMPANY  

M. Coppler, Chairman Det Norske Veritas Certification Inc. 
M. Dona Santos Ltd. 
J. Kuczka Killark 
C. Kurtzman Rosemount Inc. 
W. Lawrence FM Approvals LLC 
E. Leubner Eaton’s Crouse-Hinds Business 
R. Teather Det Norske Veritas DNV 
D. Wechsler American Chemistry Council 
R. Wigg E-x Solutions International Pty. Ltd. 
 
The following people served as members of ISA Committee ISA12 and reaffirmed ISA-TR12.13.01-1999 
(R2013):  

NAME COMPANY  

T. Schnaare, Chairman Rosemount, Inc. 
W. Lawrence, Vice Chairman FM Approvals LLC 
M. Coppler, Managing Director Det Norske Veritas Certification Inc. 
R. Allen Honeywell Inc. 
D. Ankele UL LLC 
K. Boegli Phoenix Contact 
D. Burns Shell P&T – Innovation / R&D 
C. Casso Nabors Industries 
M. Dona Santos Ltd. 
T. Dubaniewicz NIOSH 
D. El Tawy Solar Turbines Inc. 
W. Fiske Intertek 
G. Garcha GE Power & Water 
R. Holub The DuPont Company Inc. 
P. Kovscek Industrial Scientific Corporation 
E. Leubner Eaton’s Crouse-Hinds Business 
S. Leverington Zone Safe Solutions 
N. Ludlam FM Approvals Ltd. 
E. Massey Baldor Electric Company 
J. Miller Detector Electronics Corporation 
A. Page Consultant 
R. Seitz Artech Engineering 
R. Sierra USCG 
M. Spencer Columbia Gas Transmission 
R. Wigg E-x Solutions International Ptd. Ltd. 
 

ISA-TR12.13.01-1999 (R2013) was reaffirmed by the following ISA Standards and Practices Board on 
__________ 2013. 

NAME COMPANY  

E. Cosman The Dow Chemical Company 
D. Bartusiak ExxonMobil Chemical Company 
P. Brett Honeywell Inc. 
J. Campbell Consultant 

Copyright International Society of Automation 

Full document details: ANSI ISA TR12.13.01-1999 (2013)

http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013
http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013


ANSI/ISA-TR12.13-01-1999 (R2013)  8  

M. Coppler Det Norske Veritas Certification Inc. 
B. Dumortier Schneider Electric 
D. Dunn Aramco Services Co. 
J. Federlein Federlein & Assoc. Inc. 
J. Gilsinn Kenexis Consulting 
E. Icayan Atkins 
J. Jamison Spectra Energy Ltd. 
K. P. Lindner Endress + Hauser Process Solutions AG 
V. Maggioli Feltronics Corp. 
T. McAvinew Instrumentation and Control Engineering LLC 
V. Mezzano Fluor Corporation 
C. Monchinski Automated Control Concepts Inc.  
R. Reimer Rockwell Automation 
S. Russell Valero Energy Corp. 
N. Sands DuPont  
H. Sasajima Azbil Corp. 
T. Schnaare Rosemount Inc. 
J. Tatera Tatera & Associates Inc. 
I. Verhappen Industrial Automation Networks Inc. 
R. Webb ICS Secure LLC 
W. Weidman WCW Consulting  
J. Weiss Applied Control Solutions LLC 
M. Wilkins Yokogawa IA Global Marketing (USMK) 
D. Zetterberg Chevron Energy Technology Co. 
 

Copyright International Society of Automation 

Full document details: ANSI ISA TR12.13.01-1999 (2013)

http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013
http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013


— 9 —                     ANSI/ISA-TR12.13.01-1999 (R2013)

CONTENTS

FOREWORD .........................................................................................................................................11

ABSTRACT ...........................................................................................................................................11

KEY WORDS.........................................................................................................................................11

APPENDIX I ........................................................................................................................................ 13

Copyright International Society of Automation 

Full document details: ANSI ISA TR12.13.01-1999 (2013)

http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013
http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013


This page intentionally left blank.

Copyright International Society of Automation 

Full document details: ANSI ISA TR12.13.01-1999 (2013)

http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013
http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013


 — 11 —  ANSI/ISA-TR12.13.01-1999 (R2013) 

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 627 - Flammability 
Characteristics of Combustible Gases and Vapors, by Zabetakis 1965, 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–TR12.13.02. 

The reader should be aware that more recent LFL/UFL figures are available in NFPA 497, and IEC 
60079-20-1. 

ABSTRACT 

This technical report includes theoretical and practical work carried out and collected by the U.S. Bureau 
of Mines relating to ignition and explosive properties of flammable gas mixtures. Flammability limits, under 
varying conditions of proportion, temperature and pressure, are presented. 

While the primary emphasis is on methane-air mixtures as found in coal mines, a full treatment of many 
other gases and vapors is included. 

KEY WORDS 

Methane 

Fire 

Explosion 

Flammability limits 

Flammable 

Combustible 

LEL, UEL 

LFL, UFL 

Gas 
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APPENDIX I

The following document, Flammability Characteristics of Combustible Gases and Vapors, 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 627

Bureau of Mines

AD 701 576

FLAMMABILITY CHARACTERISTICS OF COMBUSTIBLE 
GASES AND VAPORS,
U.S. Bureau of Mines, Bulletin 627

By Michael G. Zabetakis
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This publication has been cataloged as follows:

Zabetakis, Michael George, 1924-2005

Flammability characteristics of combustible gases and vapors. [Washington] U.S. Dept. of the 
Interior, Bureau of Mines [1965]

121 p. illus., tables.  (U.S. Bureau of Mines. Bulletin 627)

Includes bibliography.

1. Combustion gases.  2. Gases.  3. Vapors.  I. Title.  II. Title: Combustible gases. (Series)
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FLAMMABILITY CHARACTERISTICS OF COMBUSTIBLE 
GASES AND VAPORS

by

Michael G. Zabetakis"

 Abstract

This is a summary of the available limit of flammability, autoignition, and burning-rate data for 
more than 200 combustible gases and vapors in air and other oxidants, as well as of empirical 
rules and graphs that can be used to predict similar data for thousands of other combustibles 
under a variety of environmental conditions. Specific data are presented on the paraffinic, 
unsaturated, aromatic, and alicyclic hydrocarbons, alcohols, ethers, aldehydes, ketones, and 
sulfur compounds, and an assortment of fuels, fuel blends, hydraulic fluids, engine oils, and 
miscellaneous combustible gases and vapors.

 Introduction

Prevention of unwanted fires and gas explosion disasters requires a knowledge of flammability 
characteristics (limits of flammability, ignition requirements, and burning rates) of pertinent 
combustible gases and vapors likely to be encountered under various conditions of use (or 
misuse). Available data may not always be adequate for use in a particular application since they 
may have been obtained at a lower temperature and pressure than is encountered in practice.  
For example, the quantity of air that is required to decrease the combustible vapor concentration 
to a safe level in a particular process carried out at 200°C should be based on flammability data 
obtained at this temperature.  When these are not available, suitable approximations can be 
made to permit a realistic evaluation of the hazards associated with the process being 
considered; such approximations can serve as the basis for designing suitable safety devices for 
the protection of personnel and equipment.

The purpose of this bulletin is to present a general review of the subject of flammability, and to 
supply select experimental data and empirical rules on the flammability characteristics of various 
families of combustible gases and vapors in air and other oxidizing atmospheres.  It contains 
what are believed to be the latest and most reliable data for more than 200 combustibles of 
interest to those concerned with the prevention of disastrous gas explosions.  In addition, the 
empirical rules and graphs presented here can be used to predict similar data for other 
combustibles under a variety of conditions.  This bulletin supplements Bureau bulletins (40)N and 
other publications (158).

"Physical chemist, project coordinator, Gas Explosion, Explosives Research Center, Bureau of Mines, 
Pittsburgh, Pa.
Work on manuscript completed May 1964.
NItalicized numbers in parentheses refer to items in the bibliography at the end of this report.
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Basic knowledge of combustion is desirable for a thorough understanding of the material, which 
can be found in numerous publications (69, 199, 202).  Therefore, only those aspects required for 
an understanding of flammability are considered here; even these are considered from a fairly 
elementary viewpoint.

 Definitions and Theory

LIMITS OF FLAMMABILITY

A combustible gas-air mixture can be burned over a wide range of concentrations—when either 
subjected to elevated temperatures or exposed to a catalytic surface at ordinary temperatures. 
However, homogeneous combustible gas-air mixtures are flammable, that is, they can propagate 
flame freely within a limited range of compositions.  For example, trace amounts of methane in 
air can be readily oxidized on a heated surface, but a flame will propagate from an ignition source 
at ambient temperatures and pressures only if the surrounding mixture contains at least 5 but 
less than 15 volume-percent methane.  The more dilute mixture is known as the lower limit, or 
combustible-lean limit, mixture; the more concentrated mixture is known as the upper limit, or 
combustible-rich limit, mixture.  In practice, the limits of flammability of a particular system of 
gases are affected by the temperature, pressure, direction of flame propagation, gravitational 
field strength, and surroundings.  The limits are obtained experimentally by determining the 
limiting mixture compositions between flammable and non-flammable mixtures (244). That is,

(1)

and

(2)

where LT,P and UT,P are the lower and upper limits of flammability, respectively, at a specified 
temperature and pressure, Cgn and C1n are the greatest and least concentrations of fuel in 
oxidant that are nonflammable, and C1f and Cgf are the least and greatest concentrations of fuel 
in oxidant that are flammable.  The rate at which a flame propagates through a flammable 
mixture depends on a number of factors including temperature, pressure, and mixture 
composition.  It is a minimum at the limits of flammability and a maximum at near stoichiometric 
mixtures (130).

The Bureau of Mines has adopted a standard apparatus for limit-of-flammability determinations 
(40).  Originally designed for use at atmospheric pressure and room temperature, it was later 
modified for use at reduced pressures by incorporating a spark-gap ignitor in the base of the 2-
inch, glass, flame-propagation tube.  This modification introduced a difficulty that was not 
immediately apparent, as the spark energy was not always adequate for use in limit-of-
flammability determinations.  Figure 1 illustrates the effect of mixture composition on the 
electrical spark energy requirements for ignition of methane-air mixtures (75).  For example, a 
0.2-millijoule (mj) spark is inadequate to ignite even a stoichiometric mixture at atmospheric 
pressure and 26°C; a 1-mj spark can ignite mixtures containing between 6 and 11.5 volume-
percent methane, etc.  Such limit-mixture compositions that depend  on the ignition source 
strength may be defined as limits of ignitibility or more simply ignitibility limits; they are thus 

LT P� 1/2 Cgn C1f+� �,=

UT P� 1/2 Cgf C1n+� �,=
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indicative of the igniting ability of the energy source.  Limit mixtures that are essentially 
independent of the ignition source strength and that give a measure of the ability of a flame to 
propagate away from the ignition source may be defined as limits of flammability.  Considerably 
greater spark energies are required to establish limits of flammability than are required for limits 
of ignitibility (218); further, more energy is usually required to establish the upper limit than is 
required to establish the lower limit.  In general, when the source strength is adequate, mixtures 
just outside the range of flammable compositions yield flame caps when ignited.  These flame 
caps propagate only a short distance from the ignition source in a uniform mixture.  The reason 
for this may be seen in figure 2 which shows the effect of temperature on limits of flammability at 
a constant initial pressure.  As the temperature is increased, the lower limit decreases and the 
upper limit increases.  Thus, since a localized energy source elevates the temperature of nearby 
gases, even a nonflammable mixture can propagate flame a short distance from the source.  
That is, a nonflammable mixture (for example, composition-temperature point A, fig. 2) may 
become flammable for a time, if its temperature is elevated sufficiently (composition-temperature 
point B).

Figure 1—Ignitibility Curve and Limits of Flammability for Methane-Air Mixtures at 
Atmospheric Pressure and 26°C.

Flammable mixtures considered in figure 2 fall in one of three regions.  The first is left of the 
saturated vapor-air mixtures curve, in the region labeled "Mist".  Such mixtures consist of 
droplets suspended in a vapor-air mixture; they are discussed in greater detail in the section on 
formation of flammable mixtures. The second lies along the curve for saturated vapor-air 
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mixtures; the last and most common region lies to the right of this curve. Compositions in the 
second and third regions make up the saturated and unsaturated flammable mixtures of a 
combustible-oxidant system at a specified pressure.

Figure 2—Effect of Temperature on Limits of Flammability of a Combustible Vapor 
in Air at a Constant Initial Pressure.

In practice, complications may arise when flame propagation and flammability limit 
determinations are made in small tubes.  Since heat is transferred to the tube walls from the 
flame front by radiation, conduction, and convection, a flame may be quenched by the 
surrounding walls.  Accordingly, limit determinations must be made in apparatus of such a size 
that wall quenching is minimized.  A 2-inch-ID vertical tube is suitable for use with the paraffin 
hydrocarbons (methane, ethane, etc.) at atmospheric pressure and room temperature.  However, 
such a tube is neither satisfactory under these conditions for many halogenated and other 
compounds nor for paraffin hydrocarbons at very low temperatures and pressures (197, 244).

Because of the many difficulties associated with choosing suitable apparatus, it is not surprising 
to find that the very existence of the limits of flammability has been questioned. After a thorough 
study, Linnett and Simpson concluded that while fundamental limits may exist there is no 
experimental evidence to indicate that such limits have been measured (132).  In a more recent 
publication, Mullins reached the same conclusion (154). Accordingly, the limits of flammability 
obtained in an apparatus of suitable size and with a satisfactory ignition source should not be 
termed fundamental or absolute limits until the existence of such limits has been established.  
However, as long as experimentally determined limits are obtained under conditions similar to 
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those found in practice, they may be used to design installations that are safe and to assess 
potential gas-explosion hazards.

Industrially, heterogeneous single-phase (gas) and multi-phase (gas, liquid, and solid) flammable 
mixtures are probably even more important than homogeneous gas mixtures.  Unfortunately, our 
knowledge of such mixtures is rather limited.  It is important to recognize, however, that 
heterogeneous mixtures can ignite at concentrations that would normally be nonflammable if the 
mixture were homogeneous.  For example, 1 liter of methane can form a flammable mixture with 
air near the top of a 100-liter container, although a nonflammable (1.0 volume-percent) mixture 
would result if complete mixing occurred at room temperature.  This is an important concept, 
since layering can occur with any combustible gas or vapor in both stationary and flowing 
mixtures.  Roberts, Pursall, and Sellers (176-180) have presented an excellent series of review 
articles on the layering and dispersion of methane in coal mines.

The subject of flammable sprays, mists, and foams is well-documented (5, 18, 22, 27, 76, 205, 
215, 245).  Again, where such heterogeneous mixtures exist, flame propagation can occur at so-
called average concentrations well below the lower limit of flammability (86); thus, the term 
"average" may be meaningless when used to define mixture composition in heterogeneous 
systems.

IGNITION

Lewis and von Elbe (130), Mullins (153,154), and Belles and Swett (156) have prepared 
excellent reviews of the processes associated with spark-ignition and spontaneous-ignition of a 
flammable mixture.  In general, many flammable mixtures can be ignited by sparks having a 
relatively small energy content (1 to 100 mj) but a large power density (greater than 1 megawatt/
cm3).  However, when the source energy is diffuse, as in a sheet discharge, even the total energy 
requirements for ignition may be extremely large (79, 82, 85, 123, 181, 228).  There is still much 
to be learned in this field, however, since electrical discharges are not normally as well defined in 
practice as they are in the laboratory.

When a flammable mixture is heated to an elevated temperature, a reaction is initiated that may 
proceed with sufficient rapidity to ignite the mixture.  The time that elapses between the instant 
the mixture temperature is raised and that in which a flame appears is loosely called the time lag 
or time delay before ignition.  In general, this time delay decreases as the temperature increases.  
According to Semenov (193), these quantities are related by the expression 

(3)

where ��is the time delay before ignition in seconds; E is an apparent activation energy for the 
rate controlling reaction in calories per mole; T is the absolute temperature, expressed in 
degrees, Kelvin; and B is a constant.  Two types of ignition temperature data are found in the 
current literature.  In the first, the effect of temperature on time delay is considered for delays of 
less than 1 second (127, 153).  Such data are applicable to systems in which the contact time 
between the heated surface and a flowing flammable mixture is very short; they are not 
satisfactory when the contact time is indefinite. Further, equation (3) is of little help, because it 
gives only the time delay for a range of temperatures at which autoignition occurs; if the 
temperature is reduced sufficiently, ignition does not occur.  From the standpoint of safety, it is 
the lowest temperature at which ignition can occur that is of interest. This is called the minimum 

�log 0.22E
T

-------------- B�+=
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spontaneous-ignition, or autoignition, temperature (AIT) and is determined in a uniformly heated 
apparatus that is sufficiently large to minimize wall quenching effects (194, 237).  Figures 3 and 4 
illustrate typical autoignition-temperature data.  In figure 3 the minimum autoignition-temperature 
or AIT value for n-propyl nitrate is 170° C at an initial pressure of 1,000 psig (243).  Data in this 
figure may be used to construct a log ��versus  plot such as that in figure 4. Such graphs 
illustrate the applicability of equation (3) to autoignition temperature data.  The equation of the 
broken line in figure 4 is

. (4)

In this specific case, equation (4) is applicable only in the temperature range from 170° to 195°C; 
another equation must be used for data at higher temperatures.  The solid lines in figure 4 define 
an 8°C band that includes the experimental points in the temperature range from 170° to 195°C.

FORMATION OF FLAMMABLE MIXTURES

In practice, heterogeneous mixtures are always formed when two gases or vapors are first 
brought together.  Before discussing the formation of such mixtures in detail, a simplified mixer 
such as that shown in figure 5 will be considered briefly.  This mixer consists of chambers 1 and 
2 containing gases A and B, respectively; chamber 2, which contains a stirrer, is separated from 
chamber 1 and piston 3 by a partition with a small hole, H. At time to, a force F applied to piston 3 
drives gas A into chamber 2 at a constant rate.  If gas A is distributed instantaneously throughout 
chamber 2 as soon as it passes through H, a composition diagram such as that given in figure 6 
results; the (uniform) piston motion starts at to, and stops at tF. However, if a time interval �t is 
required to distribute a small volume from chamber 1 throughout chamber 2, then at any instant 
between to, and tF + �t, a variety of mixture compositions exists in chamber 2. This situation is 
represented schematically in figure 7. The interval of time during which heterogeneous gas 
mixtures would exist in the second case is determined in part by the rate at which gas A is added 
to chamber 2, by the size of the two chambers, and by the efficiency of the stirrer.

In practice, flammable mixtures may form either by accident or design.  When they are formed by 
accident, it is usually desirable to reduce the combustible concentration quickly by adding 
enough air or inert gas to produce nonflammable mixtures. Under certain conditions, it may be 
possible to increase the combustible concentration so as to produce a nonflammable mixture. 
Such procedures are discussed in greater detail in the following section.

Flammable mixtures are encountered in production of many chemicals and in certain physical 
operations.  These include gasfreeing a tank containing a combustible gas (232), drying plastic-
wire coating, and recovering solvent from a solvent-air mixture.  When layering can occur, as in 
drying operations, it is not enough to add air at such a rate that the overall mixture composition is 
below the lower limit of flammability (assuming that uniform mixtures result).  Special precautions 
must be taken to assure the rapid formation of nonflammable mixtures (235). When a batch 
process is involved, an added precaution must be taken; a constituent at a partial pressure near 
its vapor pressure value may condense when it is momentarily compressed by addition of other 
gases or vapors.  Accordingly, mixtures that are initially above the upper limit of flammability may 
become flammable.  A similar effect, must be considered when mixtures are sampled with 
equipment that is cooler than the original sample; if vapor condenses in the sampling line, the 

1
T---
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test sample will not yield accurate data.  A flammable mixture sampled in this manner may 
appear to be nonflammable and thus create a hazardous situation (236).
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Figure 3—Time Delay Before Ignition of NPN in Air at 1,000 Psig in the 
Temperature Range From 150° to 210°C. (1-33 apparatus; type-347, 

stainless steel test chamber.)

TEMPERATURE, �C

Figure 4—Logarithm of Time Delay Before Ignition of NPN in Air at 1,000 Psig 
Initial Pressure. (Data from figure 3.)

A flammable mixture can also form at temperatures below the flash point of the liquid 
combustible either if the latter is sprayed into the air, or if a mist or foam forms.  With fine mists 
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and sprays (particle sizes below 10 microns), the combustible concentration at the lower limit is 
about the same as that in uniform vapor-air mixtures (17, 18, 22, 24, 76, 245). However, as the 
droplet diameter increases, the lower limit appears to decrease.  In studying this problem, 
Burgoyne found that coarse droplets tend to fall towards the flame front in an upward propagating 
flame, and as a result the concentration at the flame front actually approaches the value found in 
lower limit mixtures of fine droplets and vapors (24).  With sprays, the motion of the droplets also 
affects the limit composition, so that the resultant behavior is rather complex.  The effect of mist 
and spray droplet size on the apparent lower limit is illustrated in figure 8. Kerosine vapor and 
mist data were obtained by Zabetakis and Rosen (245); tetralin mist data, by Burgoyne and 
Cohen (24); kerosine spray data, by Anson (5); and the methylene bistearamide data, by 
Browning, Tyler, and Krall (18).

Flammable mist-vapor-air mixtures may occur as the foam on a flammable liquid collapses.  
Thus, when ignited, many foams can propagate flame.  Bartkowiak, Lambiris, and Zabetakis 
found that the pressure rise �P produced in an enclosure by the complete combustion of a layer 
of foam of thickness hf is proportional to hf and inversely proportional to ha, the height of the air 
space above the liquid before foaming (7). That is 

(5)

Pressures in excess of 30 psi were produced by the ignition of foams in small containers.

Thomas found that an additional hazard could arise from production of foams by oxygen-
enriched air at reduced pressures (215).  Air can become oxygen-enriched as the pressure is 
reduced, because oxygen is more soluble than nitrogen in most liquids (83).  Thus the presence 
of foams on combustible liquids are a potential explosion hazard.

A flammable foam can also form on nonflammable liquid if the foam is generated by a flammable 
gas mixture instead of air.  Burgoyne and Steel, who studied this problem, found that the 
flammability of methane-air mixtures in water-base foams was affected by both the wetness of 
the foam and the bubble size (28).

Figure 5—Simplified mixer

�P
hf
ha
-----�

Chamber 1 Chamber 2

GasGas3 BAF H
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Figure 6—Composition of Gas in Chamber 2, Figure 5 (Instantaneous Mixing).

Figure 7—Composition of Gas in Chamber 2, Figure 5 (Delayed Mixing).
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Figure 8—Variation in Lower Limits of Flammability of Various Combustibles in Air 
as a Function of Droplet Diameter.
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 Presentation of Data

Limit-of-flammability data that have been obtained at a specified temperature and pressure with a 
particular combustible-oxidant-inert system may be presented on either a triangular or a 
rectangular plot.  For example, figure 9 shows a triangular flammability diagram for the system 
methane-oxygen-nitrogen. This method of presentation is frequently used because all mixture 
components are included in the diagram. However, as the sum of all mixture compositions at any 
point on the triangular plot is constant (100 pct) the diagram can be simplified by use of a 
rectangular plot (244).  For example, the flammable area of figure 9 may be presented as 
illustrated in figure 10.  As noted, the oxygen concentration at any point is obtained by 
subtracting the methane and nitrogen concentrations at the point of interest from 100 as follows:

Pct O2=100 pct – pct CH4 – pct N2. (6)

With either type of presentation, addition of methane, oxygen, or nitrogen to a particular mixture 
results in formation of a series of mixtures that fall along the line between the composition point 
(for example, M1 in figures 9 and 10) and the vertices of the bounding triangle.  For example, 
addition of methane (+CH4) to mixture M1 yields initially all mixture compositions between M1 
and C (100 pct CH4).  After a homogeneous mixture is produced, a new mixture composition 
point, such as M2, is obtained.  Similarly, if oxygen is added (+O2) to the mixture represented by 
point M1, all compositions between M1 and O (100 pct O2) are obtained initially; if nitrogen is 
added, all compositions between M1 and N (100 pct N2) are obtained initially.  If more than one 
gas is added to M1, for example, methane and oxygen, the resultant composition point may be 
obtained by considering that the mixing process occurs in two steps.  First, the methane is added 
to M1 and the gases are mixed thoroughly to give M2.  Oxygen is then added to M2 with mixing 
to give a new (flammable) mixture, M3.  If the methane and oxygen were added to a fixed volume 
at constant pressure, some of M1 and then of M2 would escape and mix with the surrounding 
atmosphere.  In many instances this is an important consideration because the resulting mixtures 
may be flammable. For example, even if an inert gas is added to a constant-volume tank filled 
with methane, flammable mixtures can form outside the tank as the displaced methane escapes 
into the atmosphere.  If the methane is not dissipated quickly, a dangerous situation can arise.

When a mixture component is removed by condensation or absorption, the corresponding 
composition point (for example, M1 in figures 9 and 10) shifts away from the vertices C, O, and N 
along the extensions to the lines M1—C, M1—O and M1—N, indicated in figures 9 and 10 by the 
minus signs.  The final composition is determined by the percentage of each component 
removed from the initial mixture.

Mixtures with constant oxygen-to-nitrogen ratio (as in air), are obtained in figures 9 and 10 by 
joining the apex, C, with the appropriate mixture composition along the baseline, ON.  Thus, the 
Air line, CA, (fig. 10) is formed by joining C with the mixture A (21 percent O2 +79 percent N2). 
Using this latter point, A, one can readily determine the mixture compositions that are formed 
when mixture M1 is displaced from an enclosure and mixed with air.  Initially, all mixture 
compositions between M1 and A would form.  Since these would pass through the flammable 
mixture zone, a hazardous condition would be created.  Similarly, if pure combustible CH4 were 
dumped into the atmosphere (air), all mixtures between C and A would form.  These would 
include the flammable mixtures along CA so that a hazardous condition would again be created, 
unless the combustible were dissipated quickly.

Mixtures with constant oxidant content are obtained by constructing straight lines parallel to zero 
oxidant line; such mixtures also have a constant combustible-plus-inert content. One particular 
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constant oxidant line is of special importance—the minimum constant oxidant line that is tangent 

to the flammability diagram or, in some cases, the one that passes through the extreme upper- 

limit-of-flammability value. This line gives the minimum oxidant (air, oxygen, chlorine, etc.) 

concentration needed to support combustion of a particular combustible at a specified 

temperature and pressure. In figures 9 and 10, the tangent line gives the minimum oxygen value 
(Min O2,12 volume-percent) required for flame propagation through methane-oxygen-nitrogen 

mixtures at 26°C and 1 atmosphere. 
 

Another important construction line is that which gives the maximum nonflammable combustible- 

to-inert ratio (critical C/N). Mixtures along and below this line form nonflammable mixtures upon 

addition of oxidant. The critical C/N ratio is the slope of the tangent line from the origin (Figs. 9 

and 10), 100 percent oxidant, to the lean side of the flammable mixtures curve. The reciprocal of 

this slope gives the minimum ratio of inert-to-combustible at which nonflammable mixtures form 

upon addition of oxidant. It is of interest in fire extinguishing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9—Flammability Diagram for the System Methane-Oxygen-Nitrogen at 

Atmospheric Pressure and 26°C. 
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Figure 10—Flammability Diagram for the System Methane-Oxygen-Nitrogen at 
Atmospheric Pressure and 26°C. (Data from fig. 9).

An increase in temperature or pressure usually widens the flammable range of a particular 
combustible-oxidant system.  The effect of temperature is shown in figure 11; two flammable 
areas, T1, and T2, are defined for a combustible-inert-oxidant system at constant pressure.  The 
effect of temperature on the limits of flammability of a combustible in a specified oxidant was 
previously shown in figure 2. This type of graph is especially useful since it gives the vapor 
pressure of the combustible, the lower and upper temperature limits of flammability (TL and TU), 
the flammable region for a range of temperatures, and the autoignition temperature (AIT).  Nearly 
20 of these graphs were presented by Van Dolah and coworkers for a group of combustibles 
used in flight vehicles (218).
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The lower temperature limit, TL, is essentially the flash point of a combustible, in which upward 
propagation of flame is used; in general, it is somewhat lower than the flash point, in which 
downward propagation of flame is used.  Since TL is the intersection of the lower-limit and vapor-
pressure curves, a relationship can be developed between TL, or the flash point, and the 
constants defining the vapor pressure of a combustible liquid. An excellent summary of such 
relationships has been presented by Mullins for simple fuels and fuel blends (154).

Figure 11—Effect of Initial Temperature on Limits of Flammability of a Combustible 
Vapor-Inert-Air System at Atmospheric Pressure.
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Figure 12—Effect of Initial Pressure on Limits of Flammability of JP-4 
(Jet Fuel Vapor) in Air at 26°C.

At constant temperature, the flammable range of a combustible in a specified oxidant can be 
represented as in figure 12.  Here the flammable range of JP-4 vapor-air mixtures is given as a 
function of pressure (241).  A more generalized flammability diagram of a particular combustible-
oxidant system can be presented in a three dimensional plot of temperature, pressure, and 
combustible content—as illustrated in figure 13 (244).  Here, composition is given as the ratio of 
partial pressure of the combustible vapor, pVAPOR, to the total pressure, P. For any value of P, the 
limits of flammability are given as a function of the temperature.  For example, at 1 atmosphere 
(P=1), the flammable range is bounded by the lower limit curve L1L2L3L4, and the upper limit 
curve U1U2; all mixtures along the vapor pressure curve L4U3�U2 are flammable.  The flammable 
range is the same as that depicted in figure 2. At constant temperature (for example, T1), the 
flammable range is bounded by the lower limit curve L1PL1 and the upper limit curve U1PU1; the 
broken curve PL1PU1 represents the low pressure, (quenched) limit. 
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Figure 13—Effect of Temperature and Pressure on Limits of Flammability of a 
Combustible Vapor in a Specified Oxidant.

The flammable range is the same as that depicted in figure 12.  A similar range is defined at 
temperatures T2, T3, and T4 which are less than T1.  However, at T3 and T4 the upper limit curves 
intersect the vapor pressure curves, so that no upper limits are found above U�3 and U�4.  In other 
words, all compositions U�3U�3 and U�4L4 are flammable.  The curve L4PLU�4U�3U2 defines the 
range of limit mixtures which are saturated with fuel vapor.  Further, since L4 is the saturated 
lower limit mixture at one atmosphere, T4 is the flash point. 

Some of the points considered in this and the previous section are illustrated in figure 14 (232). 
This is the flammability diagram for the system gasoline vapor-water vapor-air at 70°F (21°C) and 
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212° F (100°C) and atmospheric pressure.  The air saturation temperature, that is, the 
temperature at which saturated air contains the quantity of water given on the water vapor axis, is 
also included.  For precise work, a much larger graph or an enlargement of the region from 0 to 8 
percent gasoline vapor and from 0 to 30 percent water vapor would be used.  However, figure 14 
is adequate here.  If water vapor is added to a particular mixture A, all mixture compositions 
between A and pure water vapor will form as noted (if the temperature is at least 212°F), and the 
composition point will shift towards the 100-percent-water-vapor point.  If water vapor is removed 
by condensation or absorption, the composition point will move along the extension to the line 
drawn from A to the 100-percent-water-vapor point.  The same applies to the other components, 
air and gasoline, as indicated earlier. Moreover, if more than one component is involved, the final 
composition point can be found by considering the effect of each component separately.

Figure 14 is of special interest since it can be used to evaluate the hazards associated with a 
gas-freeing operation.  For example, mixture A represents a saturated gasoline vapor-air-water 
vapor mixture at 70°F. A more volatile gasoline than the one used here would give a saturated 
mixture with more gasoline vapor and less air in a closed tank; a less volatile gasoline would give 
less gasoline vapor and more air.  In any event, if a continuous supply of air saturated with water 
vapor is added to a tank containing mixture A, all compositions between A and B (air plus water 
vapor) will be formed until all the gasoline vapor is flushed from the tank, and mixture B alone 
remains.  If steam is used to flush mixture A from the tank, all compositions between A and C will 
form until all the gasoline vapor has been flushed from the tank and only steam remains (at 
212°F or higher).  If the tank is permitted to cool, the steam will condense and air will be drawn 
into the tank giving mixtures along C–B. At 70°F, only air plus a small amount of water vapor will 
remain.

If hot water and water vapor at 175°F are used to flush mixture A from the tank, the mixture 
composition can only shift along AC to E. Mixtures between A and E that are flushed from the 
tank mix with air to give mixtures between points along AE and B. Again, as the water vapor in 
these mixtures condenses outside the tank, the composition of the resultant mixtures will shift 
away from the 100-percent-water-vapor point, C. The mixture in the tank will remain at E unless 
air is used to flush the tank, in which case mixture compositions between E and B will form.  
Again, if the water vapor within the tank condenses, the mixture composition will shift away from 
C. In any event, at this temperature (175°F), the addition of air to mixture E will lead to formation 
of flammable mixtures.  Thus, mixture A cannot be flushed from a tank without forming flammable 
mixtures, unless steam or some other inert vapor or gas is used.
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Figure 14—Flammability Diagram for the System Gasoline Vapor-Water Vapor-Air 
at 70°F (21°C) and at 212°F (100°C) and Atmospheric Pressure.

 Deflagration and Detonation Processes

Once a flammable mixture is ignited, the resulting flame, if not extinguished, will either attach 
itself to the ignition source or propagate from it.  If it propagates from the source, the propagation 
rate will be either subsonic (deflagration) or supersonic (detonation) relative to the unburned gas.  
If it is subsonic, the pressure will equalize at the speed of sound throughout the enclosure in 
which combustion is taking place so that the pressure drop across the flame (reaction) front will 
be relatively small.  If the rate is supersonic, the rate of pressure equalization will be less than the 
propagation rate and there will be an appreciable pressure drop across the flame front.  
Moreover, with most combustible-air mixtures, at ordinary temperatures, the ratio of the peak-to-
initial pressure within the enclosure will seldom exceed about 8:1 in the former, but may be more 
than 40:1 in the latter case.  The pressure buildup is especially great when detonation follows a 

D

Copyright International Society of Automation 

Full document details: ANSI ISA TR12.13.01-1999 (2013)

http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013
http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013


— 35 —                    ANSI/ISA-TR12.13.01-1999 (R2013)

large pressure rise due to deflagration.  The distance required for a deflagration to transit to a 
detonation depends on the flammable mixture, temperature, pressure, the enclosure, and the 
ignition source. With a sufficiently powerful ignition source, detonation may occur immediately 
upon ignition, even in the open.  However, the ignition energy required to initiate a detonation is 
usually many orders of magnitude greater than that required to initiate a deflagration (32, 249).

DEFLAGRATION

Where a deflagration occurs in a spherical enclosure of volume V with central ignition, the 
approximate pressure rise �P at any instant t after ignition is given by the expressions:

(7)

and 

(8)

where K is a constant, Su is the burning velocity, P1 is the initial pressure Pm is the maximum 
pressure, T1 is the initial temperature, n1 is the number of moles of gas in the initial mixture, nb is 
the number of moles of gas in the burned gases,  is the average molecular weight of the initial 
mixture,  is the average molecular weight of the burned gases, and Tb is the final (adiabatic) 
temperature of the products. With other enclosures, or with noncentral ignition, the flame front is 
disturbed by the walls before combustion is completed, so that calculated pressure cannot be 
expected to approximate actual pressure.  Even with spherical enclosures, the flame front is not 
actually spherical, so that the walls tend to disturb the flame before combustion is complete (118, 
130).  A graph of the pressure developed by the combustion of a stoichiometric methane-air 
mixture (central ignition) in a 19.7 cm diameter, 9-liter cylinder is given in figure 15.  The 
calculated pressure for a 9-liter sphere is included for comparison; K in equation (7) was 
evaluated from the experimental curve at 70 milliseconds.  The calculated curve follows the 
experimental curve closely about 75 milliseconds, when the latter curve has a break.  This 
suggests that the flame front was affected by the cylinder walls in such a way that the rate of 
pressure rise decreased, and the experimental curve fell below the calculated curve.  Further, 
since the combustion gases were being cooled, the maximum pressure fell below the calculated 
value.  The minimum elapsed time (in milliseconds) required to reach the maximum pressure 
appears to be about  for the paraffin hydrocarbons and fuel blends such as gasoline; V is 
the volume in cubic feet in this case.

DETONATION

Wolfson and Dunn (52, 230) have expressed the pressure ratio P2/P1 across a detonation front 
as

�P KP1
Su

3t3

V---------= Pm,�

Pm P1
nbTb
n1T1
----------- P1

M1Tb

MbT1
-------------==

M1
Mb

75 V3
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(9)

where �2 is the specific heat ratio of the burned gases, �1 is the specific heat ratio of the initial 
mixture, and M1, is the Mach number of the detonation wave with respect to the initial mixture.  
M1 is given in terms of the temperatures T and molecular weights W of the initial and final 
mixtures by the expression:

. (10)

Wolfson and Dunn have developed generalized charts that simplify the operations involved in 
obtaining the pressure ratio as well as the density and temperature/molecular weight ratios 
across the detonation wave and the energy release in the detonation wave.

Many investigators have measured and calculated detonation and reflected pressures resulting 
from detonation waves (54, 57, 204).  Figure 16 from the data of Stoner and Bleakney (204) gives 
the detonation velocity, the static or detonation pressure, and the reflected pressure developed 
by a detonation wave propagating through hydrogen-oxygen mixtures at atmospheric pressure 
and 18°C.

Figure 15—Pressure Produced by Ignition of a 9.6 Volume-Percent Methane-Air 
Mixture in a 9-Liter Cylinder (Experimental).
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BLAST PRESSURE

The pressures produced by a deflagration or a detonation are often sufficient to demolish an 
enclosure (reactor, building, etc.). As noted, a deflagration can produce pressure rises in excess 
of 8:1, and pressure rises of 40:1 (reflected pressure) can accompany a detonation.  As ordinary 
structures can be demolished by pressure differentials of 2 or 3 psi, it is not surprising that even 
reinforced concrete structures have been completely demolished by explosions of near-limit 
flammable mixtures.

Figure 16—Detonation Velocity, V; Static Pressure, Ps; and Reflected Pressure, Pr, 
Developed by a Detonation Wave Propagating Through Hydrogen-Oxygen 

Mixtures in a Cylindrical Tube at Atmospheric Pressure and 18°C.

Jacobs and coworkers have studied the damage potential of detonation waves in great detail (91, 
170). They have considered the  principles involved in rupturing of pipes and vessels by 
detonations and the relevance of engineering and metallurgical data to explosions.  More 
recently, Randall and Ginsburg (171) have investigated bursting of tubular specimens at ordinary 
and reduced temperatures.  They found that the detonation pressure required to burst such 
specimens was, in general, slightly higher than the corresponding static-bursting pressure.  
Ductility of the test specimen appeared to have little effect on the bursting pressure, but ductility 
increased the strength of pipes containing notches or other stress raisers.
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When a detonation causes an enclosure to fail, a shock wave may propagate outward at a rate 
determined by characteristics of the medium through which it is transmitted, and the available 
energy. If the shock velocity, V, is known, the resulting overpressure, (P – Po), is given by the 
expression (204)

, (11)

where ��is the ratio of specific heats, and a is the velocity of sound in the medium through which 
the shock wave passes.  The approximate damage potential can be assessed from the data in 
table 1 (217).

In conducting experiments in which blast pressures may be generated, special precautions must 
be taken to protect the personnel and equipment from blast and missiles.  Browne, Hileman, and 
Weger (16) have reviewed the design criteria for suitable barricades.  Other authors have 
considered the design of suitable laboratories and structures to prevent fragment damage to 
surrounding areas (44, 174, 203, 220).

Table 1 — Conditions of failure of peak over pressure-sensitive elements (217)

 Preventive Measures

INERTING

In principle, a gas explosion hazard can be eliminated by removing either all flammable mixtures 
or all ignition sources (23, 240). However, this is not always practical, as many industrial 
operations require the presence of flammable mixtures,and actual or potential ignition sources.  
Accordingly, special precautions must be taken to minimize the damage that would result if an 
accidental ignition were to occur.  One such precaution involves the use of explosive actuators 

Structural element Failure Approximate incident blast 
overpressure (psi)

Glass windows, large and small. Usually shattering, occasional 
frame failure.

0.5-1.0

Corrugated asbestos siding. Shattering. 1.0-2.0

Corrugated steel or aluminum 
paneling.

Connection failure, followed by 
buckling.

1.0-2.0

Wood siding panels, standard 
house construction.

Usually failure occurs at main 
connections, allowing a whole 
panel to be blown in.

1.0-2.0

Concrete or cinderblock wall 
panels, 8 or 12 inches thick (not 
reinforced).

Shattering of the wall. 2.0-3.0

Brick wall panel, 8 or 12 inches 
thick (not reinforced).

Shearing and flexure failures. 7.0-8.0

P Po Po
2	
	 1–----------- V

a--- 1–=–
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which attempt to add inert material at such a rate that an explosive reaction is quenched before 
structural damage occurs (70, 72).  Figure 17 shows how the pressure varies with and without 
such protection. In the latter case, the pressure rise is approximately a cubic function of time, as 
noted earlier.  In the former case, inert is added when the pressure or the rate of pressure rise 
exceeds a predetermined value.  This occurs at the time ti in figure 17 when the explosive 
actuators function to add the inert.  As noted, the pressure increases momentarily above the 
value found in the unprotected case and then falls rapidly as the combustion reaction is 
quenched by the inert.

FLAME ARRESTORS AND RELIEF DIAPHRAGMS

Inert atmospheres must be used when not even a small explosive reaction can be tolerated.  
However, when the ignition of a flammable mixture would create little hazard if the burning 
mixture were vented, flame arrestors and relief diaphragms could be used effectively.  The 
design of such systems is determined by the size and strength of the confining vessels, ducts, 
etc.

In recent studies of the efficiency of wire gauze and perforated block arrestors (161, 162), Palmer 
found the velocity of approach of the flame to be the major factor in determining whether flame 
passed through an arrestor.  For these two types of arrestors, he found the critical approach 
velocity to be

, (12)

and 

, (13)

where k is the thermal conductivity of the gas; m is the mesh width; Th is the mean bulk 
temperature of the flame gases through the arrestor; To is the initial temperature of the arrestor; 
Q is the heat lost by unit area of flame; xo is the thickness of the flame propagating at the burning 
velocity, S; d is the diameter of an aperture; A� is the area of a hole in unit area of the arrestor 
face; and t is the arrestor thickness.

Equations (12) and (13) can be used to determine the mesh width or aperture diameter needed 
to stop a flame having a particular approach velocity.  In practice, application of these equations 
assumes a knowledge of the flame speed in the system of interest. Some useful data have been 
made available by Palmer and Rasbash and Rogowski (172, 173), as well as by Jost (118) and 
Lewis and von Elbe (130).

V�
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V
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Figure 17—Pressure Variation Following Ignition of a Flammable Mixture in 
Unprotected and Protected Enclosures.

Tube bundles also may be used in place of wire screens.  Scott found that these permit 
increased aperture diameters for a given approach velocity (192).

In practice, it may be desirable to install pressure relief vents to limit damage to duct systems 
where flame may propagate. Rasbash and Rogowski (173) found that with propane-and 
pentane-air mixtures, the maximum pressure PM, (pounds per square inch) developed in an 
open-ended duct, having a cross section of 1 ft2 is:

PM = 0.07 , and , (14)

where  is the ratio of duct length to diameter.  However, the presence of an obstacle (bend, 
constriction, etc.) in the path of escaping gases increased the pressure due to resistance to fluid 
flow by the obstacle.  Location of a relief vent near the ignition source decreased the maximum 
pressure as well as the flame speed.  For values of K (cross-section area of duct/area of vent) 
greater than 1, these authors found

, (15)

where , and .  To keep the pressure at a minimum either many small vents 
or a continuous slot was recommended rather than a few large vents.  In addition, vents should 
be located at positions where ignition is likely to occur and should open before the flame has 
traveled more than 2 feet.

When possible, relief vents should be used with flame arrestors. The vents tend not only to 
reduce the pressure within a system following ignition but also to reduce the flame speed, thus 
making all arrestors more effective.  Unfortunately, in certain large applications (for example, 
drying ovens), it is difficult to use flame arrestors effectively.  In such cases, greater reliance must 
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be placed on the proper functioning of relief vents.  Simmonds and Cubbage (42, 43, 195) have 
investigated the design of effective vents for industrial ovens.  They found two peaks in the 
pressure records obtained during the venting of cubical ovens (fig. 18).  The first peak, P1; the 
oven volume, V; the factor, K; and the weight per unit area (lb/ft2) of relief, w, were related as 
follows for a 25 percent town gas"-air mixture:

. (16)

More generally,

, (17)

where So is the burning velocity of the mixture at the oven temperature.

The first pressure pulse was ascribed to the release and motion of the relief vent following 
ignition; the second pulse, to continued burning at an increased rate.  The second pulse 
represents the pressure drop across the vent, and it is thus proportional to K. For small values of 
K it was found that

P2 = K. (18)

As with ducts, larger pressures were obtained when obstructions were placed in the oven.

Figure 18—Pressure Produced by Ignition of a Flammable Mixture in 
a Vented Oven.

"Town gas contained approximately 52% hydrogen, 17% carbon monoxide, 15% methane; the balance 
was other hydrocarbons, 3%; nitrogen 9%; carbon dioxide, 3%; and oxygen.

P1V1 3	 1.18Kw 1.57+=

P1V1 3	 So 0.3Kw 0.04+
 �=
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In designing explosion reliefs for ovens, Simmonds and Cubbage pointed out that (1) the reliefs 
should be constructed in such a way that they do not form dangerous missiles if an explosion 
occurs; (2) the weight of the relief must be small so that it opens before the pressure builds up to 
a dangerous level; (3) the areas and positions of relief openings must be such that the explosion 
pressure is not excessive; (4) sufficient free space must be utilized around the oven to permit 
satisfactory operation of the relief and minimize risk of burns to personnel; and (5) oven doors 
should be fastened securely so that they do not open in the event of an explosion.

Burgoyne and Wilson have presented the results of an experimental study of pentane vapor-air 
explosions in vessels of 60- and 200-cubic-foot volume (30).  They found the rates of pressure 
rise greater than could be predicted from laminar burning velocity data, so that the effect of a 
relief area in lowering the peak pressure was less than expected.  All experiments were 
conducted at an initial pressure of 1 atmosphere.  Vent data for use at higher initial pressures are 
summarized in an article by Block (10); a code for designing pressure relief systems has been 
proposed in this article.  Other authors have considered the effects of temperature and 
characteristics of the flammable mixture on vent requirements (14, 35, 38, 45, 46, 134, 145, 
168, 221).

 Flammability Characteristics

The flammability data (limits of flammability, flash point, ignition temperature and burning 
velocity) of the various chemical families exhibit many similarities.  Accordingly, the data 
presented here are grouped under the various commercially important families, blends, and 
miscellaneous combustibles.

PARAFFIN HYDROCARBONS (CnH2n+2)

Limits in Air

Lower and upper limits of flammability at 25°C (or at the temperature noted) and 1 atmosphere 
(L25 and U25) for many members of the paraffin hydrocarbon series are given in table 2, together 
with the molecular weight, M, vapor specific gravity, sp gr, stoichiometric composition in air, Cst 
(appendix B) and heat of combustion, �Hc (183).  At room temperature and atmospheric or 
reduced pressure, the lower limits of flammability of most of this series fall in the range from 45 to 
50 mg combustible vapor per liter of air at standard conditions, that is, 0°C and 760 mm Hg 
(0.045 to 0.050 oz combustible vapor per cubic foot of air) (247).  This is illustrated in figure 19 in 
which some lower limits of flammability are plotted against molecular weight; except for methane, 
ethane, and propane all limit values fall in a band between concentrations of approximately 45 
and 50 mg/lr.

The following expression may be used to convert from a lower limit L in volume-percent of vapor 
in the vapor-air mixture to one in milligrams of combustible, per liter of air at standard conditions:

, (19)L mg
1-------� �

� � L (vol pct)

100 L (vol pct)–� � sp vol 1
mg-------

--------------------------------------------------------------------------=
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specific volume being volume of combustible vapor per milligram of combustible. At standard 
conditions (0°C and 760 mm Hg) this is about 22.414/1,000M, where M is the molecular weight of 
the combustible.  Since L (vol pct) of most members of this series is much less than 100 percent, 
the lower limit can be expressed as

. (20)

At any specified temperature, the ratio of the lower limit to the amount of combustible needed for 
complete combustion, Cst, also is approximately constant.  This was first noted by Jones (95) and 
later by Lloyd (133), who found that for paraffin hydrocarbons at about 25°C,

. (21)

For the complete combustion of the paraffin hydrocarbons, we have:

, (22)

so that in air

, (23)

where 4.773 is the reciprocal of 0.2095, the molar concentration of oxygen in dry air.  The values 
of Cst (appendix B) are included in table 2.  By weight these become

, (24)

or

. (25)

L mg
1-------� �

� � 0.45ML (vol pct)�

L25� 0.55Cst�

CnH2n 2+ 1.5n 0.5+
 �O2 nCO� 2 n 1+
 �H2O+ +

Cst
100

1 4.773 1.5n 0.5+
 �+
---------------------------------------------------- vol pct=

Cst
1000 12.01n� 1.008 2n
 2 � �+ +

22.414 4.773 1.5n 0.5+
 ��
----------------------------------------------------------------------------mg

1
-------=

Cst 9.34 14.03n 2.02+
1.5n 0.5+--------------------------------- mg

1-------=
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Figure 19—Effect of Molecular Weight on Lower Limits of Flammability of Paraffin 
Hydrocarbons at 25°C.
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Table 2 — Properties of paraffin hydrocarbons

1t=43° C.
2t=53° C.
3t=86° C.
4Calculated value extrapolated to 25°C at Explosives Res. Center, Federal Bureau of Mines.

Combustible Formula M Sp gr 
(Air=1)

Cst in air 
(vol pct)

Net
�Hc

Lower limit in air Upper limit in air

L25 
(vol pct)

Ref. U25 
(vol pct)

Ref.

Methane CH4 16.04 0.55 9.48 191.8 5.0 0.53 38 (40) 15.0 1.6 126 (40)

Ethane C2H6 30.07 1.04 5.65 341.3 3.0 .53 41 (40) 12.4 2.2 190 (41)

Propane C3H8 44.09 1.52 4.02 488.5 2.1 .52 42 (115) 9.5 2.4 210 (41)

n-Butane C4H10 58.12 2.01 3.12 635.4 1.8 .58 48 (113) 8.4 2.7 240 (41)

n-Pentane C5H12 72.15 2.49 2.55 782.0 1.4 .55 46 (40) 7.8 3.1 270 (40)

n-Hexane C6H14 86.17 2.98 2.16 928.9 1.2 .56 47 (246) 7.4 3.4 310 (40)

n-Heptane C7H16 100.20 3.46 1.87 1075.8 1.05 .56 47 (246) 6.7 3.6 320 (40)

n-Octane C8H18 114.23 3.94 1.65 1222.8 .95 .58 49 (246) — — — —

n-Nonane C9H20 128.25 4.43 1.47 1369.7 1.85 .58 49 (246) — — — —

n-Decane C10H22 142.28 4.91 1.33 1516.6 2.75 .56 48 (246) 35.6 4.2 380 —

n-Undecane C11H24 156.30 5.40 1.22 1663.6 .68 .56 48 (4) — — — —

n-Dodecane C12H26 170.33 5.88 1.12 1810.5 .60 .54 46 (4) — — — —

n-Tridecane C13H28 184.36 6.37 1.04 1957.4 .55 .53 46 (4) — — — —

n-Tetradecane C14H30 198.38 6.85 .97 2104.3 .50 .52 44 (4) — — — —

n-Pentadecane C15H32 212.41 7.33 .90 2251.2 .46 .51 46 (4) — — — —

n-Hexadecane C16H34 226.44 7.82 .82 2398.2 .43 .51 44 (4) — — — —

Kcal
mole
------------� �

L25
Cst
---------

L mg
1

-------� � U25
Cst
----------

U mg
1

-------� �
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Thus, 

 mg/1, n�
� (26)

Combining this equation with equation (21), we have 

, (27)

for paraffin hydrocarbons, except methane, ethane, and propane. Substitution of this value into 
equation (20) gives

. (28)

The following expression may be used to convert a lower limit value in volume-percent to a fuel-
air (weight) ratio:

. (29)

The reciprocal expression gives the air-fuel (weight) ratio:

. (30)

As noted, the lower limits given in figure 19 were determined at room temperature and 
atmospheric or reduced pressure.  Lower limits vary with temperature as shown for methane in 
figure 20. The limit values obtained with upward propagation of flame (21) fall fairly close to a 
straight line that passes through the lower limit value at 25°C and the flame temperature 
(1,225°C).  This is in accordance with the White criterion that the flame temperature is constant 
at the lower limit (222).  The data obtained by White with downward propagation of flame fall 
along a line parallel to the line through the limit values obtained with upward propagation.  Taking 
the value 1,300°C as the approximate flame temperature for the paraffin hydrocarbon series (55), 
and using the lower limit values at room temperature in table 2, the limits of the first 10 paraffin 
hydrocarbons are represented as in figures 21 and 22.  Figure 21 gives the lower limits in 
volume-percent and figure 22 in milligrams per liter. By weight, the lower limits of most members 
of this series again fall in a fairly narrow band ("higher hydrocarbons" region). Individual adiabatic 
flame temperatures can be determined for lower limit mixtures using the data in table 2 and 
appendix C (55).

The straight lines of figures 21 and 22 are given by:

, (31)

or

. (32)

Cst 87�

L25�
mg
1-------� �

� � 48 mg
1-------� �

� ��

L25�(vol pct) 107
M---------�

L F A

 � M
28.96
------------- L (vol pct)

100 L (vol pct)–
----------------------------------------=

L A F

 � 28.96
M

------------- 100
L (vol pct)
------------------------- 1–=

Lt L25�
L25�

1300� 25�–-----------------------------– t 25�–
 �=

Lt
L25�
---------- 1 0.000784– t 25�–
 �=
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They are described in more general terms by a plot of Lt,/L25° against the temperature (fig. 23, 
solid line).

Figure 20—Effect of Temperature on Lower Limit of Flammability of Methane in Air 
at Atmospheric Pressure.

These data are also correlated fairly well with the modified Burgess-Wheeler Law suggested by 
Zabetakis, Lambiris, and Scott (242):

, (33)

where t is the temperature in °C and �Hc is the net heat of combustion in kilocalories per mole.  
Then,

. (34)

Substituting the value 1,040 for L25°·�Hc obtained by Spakowski (201), we have

Lt L25�
0.75
�Hc
----------– t 25�–
 �=

Lt
L25�
---------- 1 0.75

L25� �Hc�
-------------------------– t 25�–
 �=
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, (35)

which is also given in figure 23 for a limited temperature range with the broken line.

Only the lower limit at 25°C and atmospheric pressure is needed to use figure 23.  For example, 
assuming a constant flame temperature, the ratio Lt /L25° at 600°C is 0.55. The calculated lower 
limit of methane at 600°C therefore is 5.0 x 0.55, or 2.75 volume-percent.  The same value can 
be obtained directly from figure 21.  From the modified Burgess-Wheeler Law curve, 
Lt /L25°=0.585 at 600°C, so that L600°=2.92 volume-percent.

Figure 21—Effect of Temperature on Lower Limits of Flammability of 10 Paraffin 
Hydrocarbons in Air at Atmospheric Pressure.

Limit-of-flammability measurements are complicated by surface and vapor-phase reactions that 
occur at temperatures above the autoignition temperature. For example, Burgoyne and Hirsch 
(25) have shown that methane-air mixtures containing up to 5 percent methane burn readily at 

Lt
L25�
---------- 1 0.000721– t 25�–
 �=

Copyright International Society of Automation 

Full document details: ANSI ISA TR12.13.01-1999 (2013)

http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013
http://www.avadocuments.com/doc/ansi-isa-tr12-13-01-1999-2013


— 49 —                    ANSI/ISA-TR12.13.01-1999 (R2013)

1,000° C. Experiments were conducted with mixtures containing as little as 0.5 percent methane; 
figure 20 predicts that a flame would not propagate through such a mixture.

Flammability experiments at elevated temperatures indicate that in the absence of cool flames 
(87, 88), the upper limit also increases linearly with temperature.  The effect of temperature 
appears to be fairly well correlated by the modified Burgess-Wheeler law:

. (36)

If we assume that the heat release at the upper limit is equal to that at the lower limit, then

. (37)

A plot of Ut /U25° against temperature (fig.24) was used to compare recent experimental values of 
Rolingson and coworkers (182) for methane-air mixtures at 15 psig with those predicted by the 
modified Burgess-Wheeler law.  The experimental and calculated upper limits are given in table 3 
together with the difference, Ucalc – Uexper.  In each case, the difference is less than 4 percent of 
the experimental value, which is approximately within the limit of experimental error.  Earlier 
experiments of White (222) at temperatures to 400° C, with downward flame propagation, also 
are represented quite adequately by equation (37).  For example, White found that the upper limit 
of pentane in air (downward propagation) increased linearly from 4.50 volume-percent at about 
17° C to 5.35  volume-percent at 300° C. The ratio of 5.35: 4.50 is 1.17, which compares quite 
well with U300°/U25°�1.20 obtained from figure 24.

Ut U25�
0.· 75
�Hc
---------- t 25�–
 �+=

Ut
U25�
----------- 1 0.000721 t 25�–
 �+=
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Figure 22—Effect of Temperature on Lower Limits of Flammability of 10 Paraffin 
Hydrocarbons in Air at Atmospheric Pressure by Weight.
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