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PREFACE

For over 40 years the Amer i can Insti tute of Chem i cal Engi neers (AIChE) has been 
involved with pro cess safety and loss con trol in the chem i cal, pet ro chem i cal,
hydro car bon pro cess and related indus tries and facil i ties. The AIChE pub li ca tions
are infor ma tion resources for the chem i cal engi neer ing and other pro fes sions on
the causes of pro cess inci dents and the means of pre vent ing their occur rences and
mit i gat ing their con se quences.

The Center for Chem i cal Pro cess Safety (CCPS), a Direc tor ate of the AIChE,
was estab lished in 1985 to develop and dis sem i nate infor ma tion for use in pro mot -
ing the safe oper a tion of chem i cal pro cesses and facil i ties and the pre ven tion of
chem i cal pro cess inci dents. With the sup port and direc tion of its advi sory and
man age ment boards, CCPS estab lished a mul ti fac eted pro gram to address the
need for pro cess safety tech nol ogy and man age ment sys tems to reduce poten tial
expo sures to the public, the envi ron ment, per son nel and facil i ties. This pro gram
entails the devel op ment, pub li ca tion and dis sem i na tion of Guide lines relat ing to
spe cific areas of pro cess safety; orga niz ing, con ven ing and con duct ing sem i nars,
sym po sia, train ing pro grams, and meet ings on pro cess safety-related mat ters; and
coop er at ing with other orga ni za tions and insti tu tions, inter na tion ally and domes ti -
cally to pro mote pro cess safety. Within the past sev eral years CCPS extended its
pub li ca tion pro gram to include a “Con cept Series” of books. These books are
focused on more spe cific topics than the longer, more com pre hen sive Guide lines
series and are intended to complement them. With the issuance of this book, CCPS
has published nearly 70 books.

CCPS activ i ties are sup ported by the fund ing and tech ni cal exper tise of over
80 cor po ra tions. Sev eral gov ern ment agen cies and non profit and aca demic insti tu -
tions par tic i pate in CCPS endeavors.

In 1989 CCPS pub lished the land mark Guide lines for the Tech ni cal Man age -
ment of Chem i cal Pro cess Safety. This book pres ents a model for pro cess safety
man age ment built on twelve dis tinct, essen tial and inter re lated ele ments. The fore -
word to that book states:

For the first time all the essen tial ele ments and com po nents of a model of a tech ni -
cal man age ment pro gram have been assem bled in one doc u ment. We believe the
Guide lines pro vide the umbrella under which all other CCPS Tech ni cal Guide -
lines will be pro mul gated.
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This Con cept Series book Under stand ing Explo sions sup ports sev eral of the
twelve ele ments of pro cess safety enun ci ated in Guide lines for the Tech ni cal Man -
age ment of Chem i cal Pro cess Safety includ ing pro cess risk man age ment, inci dent
inves ti ga tion, pro cess knowl edge and doc u men ta tion, and enhance ment of pro cess 
safety knowl edge. 

In 1976, a mono graph “Fun da men tals of Fire and Explo sion,” authored by
D. R. Stull of the Dow Chem i cal Com pany, was pub lished as part of the AIChE
Mono graph Series (Volume 73, No. 10). Stull’s work has long been out of print
and no other pub li ca tion has been avail able to replace it. AIChE and CCPS rec og -
nized the need for a sim i lar, but updated, util i tar ian work built upon the foun da tion
pro vided by Stull and autho rized the writing of this book. 

The pur pose of this book is to assist design ers and oper a tors of chem i cal facil -
i ties to better under stand the causes of explo sions so that they may design to pre -
vent them and to mit i gate their effects. This book should also prove useful for
emer gency response and home land secu rity and safety per son nel.
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1
INTRODUCTION

Fires and explo sions in the pro cess indus tries, although rare, do occur and can
cause loss of life, damage to the envi ron ment, loss of equip ment and inven tory,
busi ness inter rup tion, and loss of public trust. Explo sions may occur at fixed site
facil i ties, and also during trans por ta tion. They can also occur in other indus tries
besides the chem i cal indus try, includ ing food pro cess ing, util i ties, pulp and paper,
and pharmaceuticals, to name a few.

An anal y sis of the larg est inci dents in the chem i cal pro cess indus tries, ranked
by total cap i tal losses shows that fires and explo sions account for almost all of the
major losses, as shown in the top of Figure 1.1. Figure 1.1 also shows the total cap -
i tal losses over 5 year peri ods, adjusted to Jan u ary 1998 dol lars to account for
infla tion. These sta tis tics show an upward trend in total acci dent costs. Clearly,
fires and explo sions are respon si ble for most of these large losses.

Damage from an explo sion is caused by the result ing blast wave, ther mal
energy, flying frag ments and debris, or the sub se quent fire. Most of the damage
due to explo sions at a fixed site is usu ally lim ited to on-site effects. How ever, an
explo sion or fire can also result in a toxic release which can have addi tional off-site 
impacts.  Toxic releases are dis cussed in more detail else where (AIChE, 1989;
Fthenakis, 1993; AIChE, 1996a; AIChE, 1997; AIChE, 1999a; AIChE, 2000). 

The dif fer ence between a fire and an explo sion depends on the time frame in
which these events occur. Fires are typ i cally much slower events involv ing the
com bus tion of mate ri als. Explo sions are due to the sudden release of energy over a
very short period of time and may or may not involve com bus tion or other chem i -
cal reac tions. It is pos si ble for a fire to lead to an explo sion and an explo sion might
lead to a fire and sec ond ary explo sions if com bus ti ble gases or liquids are
involved.

Most people under stand what an explo sion is, but a detailed tech ni cal def i ni -
tion is not simple, and many def i ni tions are avail able. AIChE/CCPS (AIChE,
1994) defines an explo sion as “a release of energy that causes a blast.” They sub se -
quently define a “blast” as “a tran sient change in the gas den sity, pres sure, and
veloc ity of the air sur round ing an explo sion point.”  Crowl and Louvar (Crowl and
Louvar, 2002) define an explo sion as “a rapid expan sion of gases result ing in a rap -
idly moving pres sure or shock wave.” A fur ther dis tinc tion for an explo sion is that
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the pres sure or shock wave is of suf fi cient mag ni tude to cause potential damage or
injury.

In sum mary, the three essen tial char ac ter is tics of an explo sion are:

1. Sudden energy release
2. Rap idly moving blast or shock wave
3. Blast mag ni tude large enough to be potentially haz ard ous

This book deals with explo sions. The pur pose of the book is to pro vide infor -
ma tion to those involved with the design, oper a tion, main te nance and man age ment 
of chem i cal pro cesses. After read ing this book the reader should under stand the
nature of explo sions and the prac ti cal meth ods required to pre vent explo sions and
to pro tect against their con se quences. This book pro vides only lim ited detail on
cur rent explo sion the o ries or models—many books and jour nal arti cles are avail -
able (see the Ref er ences). 

2 1 Introduction

Figure 1.1. Hydro car bon-chem i cal plant loss trends. (M & M Pro tec tion Con sul tants,
1998.)



Anyone with a back ground in engi neer ing, chem is try or a related tech nol ogy
should be able to read and apply this book. In par tic u lar, chem i cal plant oper a tors,
plant main te nance per son nel, pro cess engi neers, design engi neers, and plant man -
age ment per son nel should find this book useful. Others involved with first
response and home land safety and secu rity could also use this book.

This book will pro vide the reader with an under stand ing of:

• The fun da men tal basis for explo sions, from a prac ti cal stand point.
• How to char ac ter ize the explo sive and flam ma ble behav ior of mate ri als.
• The dif fer ent types of explo sions.
• Hazard rec og ni tion related to fires and explo sions.
• The prac ti cal meth ods to pre vent an explo sion or min i mize the prob a bil ity

or con se quence of an explo sion during the rou tine use of flam ma ble, com -
bus ti ble, and/or reac tive mate ri als. 

• Ref er ences for addi tional study.

This book has two parts. The first part (Chap ter 2) describes the fun da men tals
of explo sions. This includes the param e ters used to char ac ter ize flammability and
explo sions of dif fer ent mate ri als, the var i ous types of fires and explo sions, and
how explo sions and fires cause damage. Exam ples are pro vided to show how the
fun da men tals relate to real-world prob lems. The second part (Chap ter 3) describes 
the common, prac ti cal meth ods used to pre vent explo sions. Exam ples are pro vided 
here to dem on strate application of these methods.

1.1. Acci dent Loss His tory

In 1998 (USBL, 1999) there were 6010 acci den tal deaths on the job in the U.S. for
all man u fac tur ing sec tors and job types.  These fatal i ties are sum ma rized in Table
1.1 accord ing to cause. The lead ing cause of death was by trans por ta tion acci -
dents, which were respon si ble for 44% of all fatal work inju ries. Fires and explo -
sions accounted for only 3% of the total fatal i ties.

These sta tis tics might appear to indi cate that fires and explo sions are a minor
risk in the work place, but this is not the case. Risk is defined as “a mea sure of
human injury, envi ron men tal damage or eco nomic loss in terms of both the inci -
dent liklihood and the mag ni tude of the injury, damage or loss” (AIChE, 2000).
Thus, risk is com posed of both prob a bil ity and con se quence. For fires and explo -
sions, the prob a bil ity is low, but the poten tial con se quence is high. In addi tion,
fires and explo sions are typ i cally dra matic events, attract ing wide media cov er age,
and harm ing the pub lic’s con fi dence in the indus try. Figure 1.1 clearly shows that
the con se quences of fires and explo sions are very high with respect to total dollar
losses.

1.1. Acci dent Loss His tory 3



1.2. The Acci dent Pro cess (AIChE, 2000)

Acci dents begin with an inci dent, which usu ally results in loss of con trol of mate -
rial or energy. The inci dent could be the rup ture of a tank by a fork lift, a ther mal
run away reac tion, a leak in a flange due to cor ro sion of the con nect ing bolts, and
so forth. A sce nario describes the sequence of events that lead to the final con se -
quence(s), or inci dent out come(s), of the acci dent. For exam ple, con sider the inci -
dent of a tank fail ure result ing in the sudden loss of con tain ment of a flam ma ble
liquid. Sub se quent dis per sion and mixing with air to form a flam ma ble mix ture
may be fol lowed by fire or explo sion. The result ing explo sion pro duces an inci -
dent out come of a blast wave which causes damage, or acci dent effects on the
sur round ings.

1.3. A Case His tory—Flixborough, Eng land

The Flixborough acci dent of June of 1974 will be used to dem on strate the steps in
the acci dent pro cess. This acci dent is selected here since it was exten sively inves ti -
gated, an inquiry with a detailed report was com pleted (Parker, 1975) and it
involved the release and explo sion of a large amount of flam ma ble vapor. Many
dis cus sions of the acci dent are avail able else where (Lees, 1986, 1996)

The Flixborough plant was designed to man u fac ture caprolactam, a pre cur sor
in the pro duc tion of nylon. In one part of the pro cess, cyc lo hex ane is oxi dized to a
mix ture of cyclohexanone and cyclohexanol. This reac tion occurred in a series of
six reac tors shown in Figure 1.2. The pro cess was main tained at a tem per a ture of
155°C and a pres sure of 7.9 atm to pre vent the liquid from boiling.

The liquid inven tory in the reac tor system was large since the con ver sion and
yield were low. The total cyc lo hex ane liquid holdup in the reac tion train was 120

4 1 Introduction

TABLE 1.1
Sum mary of Work-Related Fatal i ties By Cause for 1998 (USBL, 1999)

Cause Total Percent

Transportation accidents 2630  44

Homicide/suicide  960  16

Contact with objects and equipment  941  16

Falls  702  12

Exposure to harmful substances and environments  572   9

Fires and Explosions  205   3

 Total fatalities 6010 100



metric tonnes. The lines between each vessel were orig i nally 28 inches in diam e -
ter, with the liquid flow ing by grav ity from one vessel to the next.

About a month before the inci dent, a ver ti cal crack was found in reac tor 5. In
order to main tain pro duc tion the reac tor was removed and a tem po rary bypass line
was installed. The tem po rary, Z-shaped line was con structed of 20-inch diam e ter
pipe with a flex i ble bel lows at each end con nect ing reac tors 4 and 6. The entire
assem bly was sup ported on a tem po rary scaf fold, as shown in the cutout of Figure
1.2. This tem po rary design was sketched on a work room floor and was not
reviewed by a qual i fied engi neer.

It is hypoth e sized that the tem po rary pipe assem bly failed pri mar ily due to
repeated flex ing of the bel lows from pro cess pres sure changes caus ing the pipe to
rotate some what due to its shape. The pipe assem bly was also inad e quately sup -
ported. The pro cess was depressurized almost instantly, result ing in the release and 
vapor iza tion of an esti mated 30 metric tonnes of flam ma ble liquid. The vapor
mixed with the sur round ing air and, about 45 sec onds after the release, the vapor
cloud was ignited, lead ing to the explosion.

The result ing blast killed 28 people, injured 36 other plant per son nel, and
destroyed the entire plant, includ ing the admin is tra tion build ing. Over 1800
nearby homes and 167 shops and fac to ries were dam aged. Fifty-three civil ians

1.3. A Case His tory—Flixborough, Eng land 5

Figure 1-2. The imme di ate cause of the Flixborough acci dent was the fail ure of the tem -
po rary pipe sec tion replac ing reac tor 5. The illus tra tion of the pipe rack is mod i fied from 
Parker (1975). (Cour tesy of HM Sta tio nery Office.)



were injured. Most of the fatal i ties occurred in the con trol room when the roof of
the build ing col lapsed. The acci dent occurred during a weekend—if it had
occurred during normal work ing hours the admin is tra tion build ing would have
been filled with people and the fatal ity count would most likely have been greater.
Figure 1.3 shows the result ing damage in the reac tor area due to the explo sion.

The sub se quent inves ti ga tion (Parker, 1975) found the fol low ing defi cien cies:

• The design of the tem po rary piping sec tion was sub stan dard and did not
meet the design spec i fi ca tions of the orig i nal pro cess.

• A safety review or haz ards anal y sis was not per formed on the tem po rary
piping sec tion, as would be required today by man age ment of change.

• The plant site con tained exces sive inven to ries of flam ma ble mate ri als,
which con trib uted to the acci dent after the ini tial blast.

1.4. Hazard Iden ti fi ca tion and Eval u a tion

A hazard is “an inher ent phys i cal or chem i cal char ac ter is tic of a mate rial, system,
pro cess or plant that has the poten tial for caus ing harm” (AIChE, 1992a). This
includes haz ards asso ci ated with tem per a ture, pres sure, flammability, tox ic ity,
etc. Many haz ards are fixed and con tin u ously pres ent, such as chem i cal tox ic ity,
but others occur due to pro cess pro ce dures and pro cess con di tions (such as high
pres sure).

6 1 Introduction

Figure 1-3. Damage in the reactor area from the Flixborough vapor cloud explo sion.



An acci dent results when an inci dent occurs to acti vate a hazard. The inci dent
could involve an oper at ing or main te nance pro ce dure, soft ware, a mate rial defect,
cor ro sion, etc. More details on how this occurs are found else where (AIChE,
1992b).  In the Flixborough acci dent, the fail ure of the tem po rary pipe sec tion acti -
vated the hazard asso ci ated with the flam ma ble prop er ties of the chemicals.

The pur pose of hazard iden ti fi ca tion is to deter mine the haz ards. Until a
hazard is iden ti fied, it cannot be removed, con trolled or mit i gated. Many acci -
dents, such as Flixborough, occur as a result of improper haz ards iden ti fi ca tion. 

Hazard eval u a tion is defined as “the anal y sis of the sig nif i cance of haz ard -
ous sit u a tions asso ci ated with a pro cess or activ ity.” This includes a number of
qual i ta tive meth ods which are dis cussed fully else where (AIChE, 1992a). 

1.5. Inher ently Safer Design

A chem i cal pro cess is con sid ered inher ently safer if “it reduces or elim i nates the
haz ards asso ci ated with mate ri als and oper a tions used in the pro cess, and this
reduc tion or elim i na tion is per ma nent and insep a ra ble” (Bol linger, Clark et al.,
1996). 

Inher ently safer con cepts can be applied at any point in the life cycle of a pro -
cess, from con cep tual design to pro cess decom mis sion ing. How ever, the larg est
ben e fits are real ized when inher ently safer design prin ci ples are applied during the 
early stages. 

More infor ma tion on inher ently safer con cepts is pro vided in Chap ter 3 (Sec -
tion 3.2) and else where (Bol linger, Clark et al., 1996).

1.5. Inher ently Safer Design 7



2
FUNDAMENTALS OF FIRES AND EXPLOSIONS

The explo sive behav ior of a mate rial depends on many vari ables, includ ing its
phys i cal state (solid, liquid or gas; powder or mist), its phys i cal prop er ties (heat
capac ity, vapor pres sure, heat of com bus tion, etc.) and its reac tiv ity. The type of
fire or explo sion that results also depends on a number of fac tors, includ ing 

• the mate rial’s ini tial con di tions of use or stor age
• the way in which the mate rial is released
• how the mate rial is dis persed and mixed with air
• when and how the mate rial is ignited. 

Figure 2.1 shows the major clas si fi ca tions of explo sions. It is pos si ble for
more than one clas si fi ca tion type to occur in any par tic u lar inci dent. These clas si fi -
ca tions will be dis cussed in more detail later in this text. Table 2.1 shows spe cific
exam ples of the different types.

A phys i cal explo sion occurs due to the sudden release of mechan i cal energy,
such as by releas ing a com pressed gas, and does not involve a chem i cal reac tion.
Phys i cal explo sions include vessel rup tures, boil ing liquid expand ing vapor explo -
sions (BLEVE) and rapid phase tran si tion explo sions. The mechan i cal energy
con tained by the mate rial in the vessel is released. A vessel rup ture explo sion
occurs when a pro cess vessel con tain ing a pres sur ized mate rial fails sud denly. The
fail ure can be due to a number of mech a nisms, includ ing mechan i cal fail ure, cor -
ro sion, heat expo sure, cycli cal fail ure, etc. A BLEVE occurs when a vessel con -
tain ing a liquified gas stored above its normal boil ing point fails cat a stroph i cally.
The vessel fail ure results in sudden flash ing of the liquid into vapor, with sub se -
quent damage due to the rap idly expand ing vapor, ejec tion of liquid and vessel
con tents and frag ment impact. A fire ball may result if the mate rial is com bus ti ble.
A rapid phase tran si tion explo sion occurs when a mate rial is exposed to a heat
source, caus ing a rapid phase change and resulting change in material volume. A
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chem i cal explo sion requires a chem i cal reac tion, which could be a com bus tion
reac tion, a decom po si tion reac tion, or some other rapid exo ther mic reac tion. A
uni form reac tion is a reac tion that occurs uni formly through space in a reac tion
mass, such as a reac tion which occurs in a con tin u ous stirred tank reac tor (CSTR).
An exam ple of an explo sion caused by this type of reac tion is the run away reac -
tion or ther mal run away. A run away reac tion occurs when the heat released by
the reac tion exceeds the heat removal, result ing in a tem per a ture and pres sure
increase which may be suf fi cient to rup ture the pro cess con tain ment. A prop a gat -
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TABLE 2.1
Exam ples of Var i ous Types of Explo sions

Type of Explo sion Exam ples

Rapid phase transition: • Hot oil pumped into vessel containing water.

• Valve in pipeline opened, exposing water to hot oil.

BLEVE: • Corrosive failure of a hot water heater.

• Propane tank rupture.

Vessel Rupture: • Mechanical failure of a vessel containing high pressure gas.

• Overpressuring of a vessel containing a gas.

• Failure of a relief device during overpressure.

Uniform reaction: • Thermal runaway of a continuous stirred tank reactor.

Propagating reaction: • Combustion of flammable vapors in a fuel tank.

• Combustion of flammable vapors in a pipeline.

Figure 2.1. Rela tion ship between the dif fer ent types of explo sions. It is pos si ble for sev -
eral to occur with any inci dent.



ing reac tion is a reac tion which prop a gates spa tially through the reac tion mass,
such as the com bus tion of a flam ma ble vapor in a pipe line, a vapor cloud explo -
sion, or the decom po si tion of an unsta ble solid. Prop a gat ing reac tions are fur ther
clas si fied as det o na tions or def la gra tions, depend ing on the speed at which the
reac tion front prop a gates through the unreacted mass. For det o na tions, the reac -
tion front moves equal to or faster than the speed of sound in the unreacted medium 
and for deflagrations it moves at a speed less than the speed of sound.

Chem i cal explo sions can occur in either the vapor, liquid, or solid phases.
Chem i cal explo sions which occur in the liquid or solid phases are some times
called con densed phase explo sions. These are sig nif i cant due to the high energy
den sity in the materials.

The damage from a fire or explo sion is due to a number of impact mech a -
nisms. This includes pres sure effects, ther mal expo sure, pro jec tiles and loss of
mate rial con tain ment. For explo sions, pres sure effects are the most common. Any
com bi na tion of these impacts is pos si ble based on the par tic u lars of the accident. 

The fol low ing acci dent descrip tions will dem on strate the rela tion ships
between the var i ous explo sion types:

Acci dent No. 1

An exo ther mic reac tion was con ducted in a large batch reac tor. The reac tion tem -
per a ture was con trolled by cool ing water, which was sup plied through coils within 
the reac tor. The reac tants were all flam ma ble. The normal oper at ing tem per a ture
of the reac tor was above the normal boil ing point of the reac tants, so the vessel was 
pres sur ized to keep the reac tants in the liquid state. 

Due to an oper a tional prob lem, the cool ing water supply was inter rupted,
result ing in an increase in tem per a ture within the reac tor. This caused the reac tion
rate to increase and more heat to be gen er ated. The result was a run away reac tion,
caus ing the tem per a ture within the reac tor to increase very rapidly.

The pres sure within the reac tor also increased due to the increased vapor pres -
sure of the liq uids and the gen er a tion of gas eous prod ucts due to a decom po si tion
reac tion. The reac tor vessel was equipped with a spring oper ated relief device, but
the relief was under sized. Even tu ally, the pres sure increased beyond the fail ure
pres sure of the vessel and it burst catastrophically.

Most of the liquid within the reac tor almost imme di ately flashed to vapor due
to the decrease in pres sure. The vapor mixed with air form ing a flam ma ble mix -
ture. The hot sur face of a bare lightbulb in an adja cent area pro vided an igni tion
source, result ing in a vapor cloud explosion.

In this acci dent, three events occurred: a ther mal run away that devel oped suf -
fi cient pres sure to burst the reac tor, caus ing a phys i cal explo sion by rup ture of the
vessel and the flash ing of the liquid, and a def la gra tion from the prop a gat ing com -
bus tion of the vapor cloud. Damage to the sur round ings was caused by the blast
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wave from the ini tial vessel burst, fol lowed by blast wave, ther mal and pro jec tile
damage from the vapor cloud explo sion. The ini tial vessel burst may also have
caused projectile damage.

Acci dent No. 2 (Clay ton and Grif fin, 1994)

A large stor age vessel in a juice and pack ing plant con tained 66,000 lb of liquified
carbon diox ide. The vessel was equipped with an inter nal heat ing coil and a relief
device. Sev eral weeks before the acci dent, the heat ing coils failed in the off state,
result ing in a very low tem per a ture excur sion of the vessel.

With out warn ing, and with out acti va tion of the relief device, the vessel failed
cat a stroph i cally, destroy ing the plant and kill ing three employ ees. The vessel
pieces rock eted more than 1000 feet into an adja cent river.

An inves ti ga tion con cluded that on the day of the acci dent the heat ing coils
appar ently failed on, result ing in over heat ing and overpressuring of the vessel. It
was con jec tured that the relief device did not oper ate since it was plugged with
ice—this had been observed in other instal la tions. It was fur ther con cluded that a
poor-qual ity weld had been weak ened by the pre vi ous low tem per a ture excur sion
and the cat a strophic fail ure was ini ti ated at this weld. 

This acci dent involved the phys i cal explo sion of a nonreactive mate rial. The
damage from this acci dent was caused by the shock wave from the fail ing vessel
fol lowed by rapid flash ing and expansion of the carbon dioxide liquid.

Acci dent No. 3 (USCSHIB, 1998)

An 18,000 gallon stor age tank sup plied pro pane for a turkey farm. At approx i -
mately 11 pm two youths were riding an all ter rain vehi cle (ATV) and struck both
the vapor and liquid lines from the tank. The liquid line was com pletely sev ered
from the tank at a loca tion where it was con nected to a manual shut-off valve
directly beneath the tank. An excess flow valve con nected to the liquid line failed
to func tion since the line size was too small to pro vide ade quate flow to acti vate it.
Escap ing pro pane from the dam aged lines formed a vapor cloud and igni tion
occurred a few min utes after the line rup ture. The likely igni tion source was a pro -
pane vapor izer about 40 feet away from the tank. 

The vol un teer fire depart ment responded and arrived on the scene at 11:21
p.m. The plan was to let the fire burn itself out and at the same time to water down
the adja cent build ings to pre vent the spread of the fire. At approx i mately 11:28 the
tank exploded. Two fire man located 100 feet away from the tank were killed by a
large tank frag ment. Seven others were injured. The tank and asso ci ated piping
frag mented into at least 36 pieces.

The inves ti ga tion con cluded that the vapor and liquid lines were inad e quately
pro tected, the liquid line was inad e quately sized to acti vate the excess flow valve,
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and the emer gency response pro ce dure by the vol un teer fire depart ment did not
pro vide an ade quate hazard zone around the tank. 

This is an exam ple of a phys i cal explo sion involv ing a flam ma ble mate rial
result ing in a clas sic BLEVE. The fire expo sure weak ened the walls of the vessel
and caused it to fail cat a stroph i cally. Damage in this inci dent was due pri mar ily to
the result ing fragments.

2.1. Gases and Vapors

Figure 2.2 shows the fire tri an gle describ ing the require ments for a fire of a gas or
vapor. The three require ments are fuel, oxi dant and an igni tion source. If all three
com po nents are pres ent, a fire/explo sion could result. If any of the three com po -
nents are removed, then a fire or explo sion is not pos si ble.

The most common oxi dant for a fire or explo sion is air. Other mate ri als can
pro vide oxygen, such as hydro gen per ox ide, perchloric acid, ammo nium nitrate
and metal and organic per ox ides. Other mate ri als can take the role of an oxi dizer,
includ ing chlo rine and flu o rine. Exo ther mic decom po si tion, with out oxygen, is
also pos si ble, for example, with eth yl ene oxide or acetylene.

In the past, fire pro tec tion focused pri mar ily on removal of the igni tion source. 
Prac ti cal expe ri ence has shown that this approach is not robust enough. Igni tion
sources are pres ent almost every where, and it takes very little energy to ignite a
flam ma ble gas or vapor. The cur rent prac tice to pre vent fires and explo sions is to
con tinue with the elim i na tion of igni tion sources, while focus ing efforts more
strongly on pre vent ing flammable mixtures. 

The 20-liter lab o ra tory vessel shown in Figure 2.3 is a typ i cal device used to
char ac ter ize the com bus tion behav ior of gases, vapors and dusts. The vessel is first
evac u ated and then a test sample is intro duced. The vessel is equipped with a high
speed pres sure trans ducer to track the pres sure during the com bus tion pro cess. The 
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Figure 2.2. The fire tri an gle show -
ing the require ment for com bus tion
of gases and vapors.



mix ture is ignited by an igniter device in the center of the vessel. The igni tion can
be achieved by a spark, an explod ing fuse wire, a hot wire or a chemical igniter.

Figure 2.4 is a plot of the pres sure versus time behav ior of this burn ing gas. In
this case the gas is methane—although this behav ior is typ i cal for most flam ma ble
gases and vapors. After the ini tial igni tion the pres sure rises rap idly to a max i mum
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Figure 2.3. An appa ra tus for col lect ing explo sion data for gases and vapors.

Figure 2.4. Pres sure versus time his tory for the explo sion of a mix ture com posed of 10% 
meth ane, 70% nitro gen, and 20% oxygen in a 20-liter test sphere. The ini tial tem per a ture 
and pres sure is 25°C and 1 atm (Mashuga and Crowl, 1998).



pres sure, fol lowed by a much slower decrease in pres sure as the com bus tion prod -
ucts are quenched and cooled. 

The com bus tion pro cess dem on strated by the pres sure his tory on Figure 2.4 is 
called a def la gra tion. A def la gra tion is a com bus tion pro cess where the reac tion
front moves at a speed less than the speed of sound in the unreacted gases. The
reac tion front for a def la gra tion is prop a gated pri mar ily by con duc tion and dif fu -
sion of the energy and free rad i cal spe cies into the unreacted gas. This is dis tinct
from a det o na tion, where the reac tion front moves faster than the speed of sound
in the unreacted gases. For a det o na tion, the reac tion front is prop a gated pri mar ily
by com pres sive heat ing of the unreacted gases ahead of the reac tion front. The
tech ni cal dif fer ence between a def la gra tion and det o na tion might appear small.
How ever, the two types of explo sions have very dif fer ent behav iors, with out -
comes that may or may not be the same. These dif fer ences will be discussed in
more detail in Section 2.7 on Gas Dynamics.

Def la gra tions are more common than det o na tions in explo sions of flam ma ble
vapors or gases. A def la gra tion to det o na tion tran si tion (DDT) is pos si ble under
cer tain cir cum stances (see Section 2.7).

Figure 2.5 shows two param e ters that are used to char ac ter ize the explo sive
behav ior for deflagrative explo sions. The first vari able is the max i mum pres sure
during the unvented com bus tion, Pmax. The second vari able is the max i mum slope
of the pres sure curve, (dP/dt)max. Stud ies have shown that the max i mum explo sion
pres sure remains essen tially con stant, but the max i mum slope of the pres sure
curve (i.e., pres sure rate) decreases as the test volume increases, all other fac tors
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Figure 2.5. The max i mum pres sure, Pmax, and the max i mum pres sure rate are used to
char ac ter ize the com bus tion data of Figure 2.4.  These data were deter mined using a
20-liter sphere (Mashuga and Crowl, 1998).



being held con stant. The change in pres sure rate is rep re sented by the fol low ing
empir i cal formula (Bartknecht, 1981).

K
dP

dt
VG = 



 max

/1 3
(2-1)

The param e ter KG is called the def la gra tion index. The com bus tion is con sid -
ered more vio lent the higher the value of the def la gra tion index.

The def la gra tion index is com puted from the data from Figure 2.5 for this
oxygen enriched meth ane mix ture as fol lows:

K
dP

dt
VG

37.6 bar

0.024 s
m= 





= 



max

/ ( . )1 3 0 020 1 3 86 0/ .= bar m/s

The max i mum pres sure, Pmax, and the def la gra tion index, KG, are impor tant in 
char ac ter iz ing the behav ior of the com bus tion and in design ing pro tec tion sys -
tems. Typ i cal values are shown in Table 2.2. The max i mum pres sure values are
fairly con sis tent between research ers. How ever, there is wide vari abil ity in the def -
la gra tion indi ces reported by dif fer ent inves ti ga tors, most likely the result of sen si -
tiv ity to gas com po si tion, humid ity, igni tion strength, etc. (Mashuga and Crowl,
1998). Nei ther the max i mum pres sure nor the def la gra tion index are inher ent
phys i cal prop er ties of the chem i cal, but are impor tant quan ti ties derived from
specific experimental procedures and conditions.

Figure 2.6 is a plot of the max i mum pres sure, Pmax, as a func tion of meth ane
con cen tra tion in air. As the meth ane con cen tra tion decreases, a point is reached
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Figure 2.6. Max i mum pres sure as a func tion of volume percent con cen tra tion for meth -
ane in air in a 20-liter test  sphere.  The ini tial tem per a ture and pres sure is 25°C and 
1 atm (Mashuga and Crowl, 1998).  The stoichiometric con cen tra tion is 9.51% meth ane. 



where the con cen tra tion is too lean to sup port com bus tion. This is called the lower
flammability limit (LFL). As the meth ane con cen tra tion is increased, a point is
reached where the mix ture is too rich in fuel to sup port com bus tion. This is called
the upper flammability limit (UFL). The upper and lower flammability limits are 
also called the upper and lower explo sion limits, UEL and LEL. Note that the
flammability limits are nor mally defined with respect to fuel mix tures with air, but
they can also be defined for other gas mix tures, such as with oxygen enriched air or 
even pure oxygen. Flammability limits will differ widely in enriched oxygen
atmo spheres or with other oxi dants such as chlo rine. Other inert gases besides
nitro gen, such as carbon diox ide or argon, will affect the flammability limits. The
limits are nor mally also spec i fied for ambi ent tem per a ture and pres sure. Increased
tem per a ture or pres sure will typ i cally expand the flammability limits—some mix -
tures which are not flam ma ble at ambi ent tem per a ture and pres sure may become
flammable at increased temperature or pressure.

A ref er ence is some times made to a deton able limit, which is the lim it ing
con cen tra tion at which a det o na tion can occur in a gas mix ture. These limits are
fre quently con fused with explo sion limits. The deton able limits are not
well-defined and are highly sen si tive to the spe cific appa ra tus and igni tion source
and are not routinely used. 

From a tech ni cal stand point, it is dif fi cult to pro vide a pre cise def i ni tion to a
flammability limit. From a prac ti cal stand point, the Amer i can Soci ety for Test ing
and Mate ri als (ASTM) defines a fuel mix ture with air as flam ma ble if the pres sure
increase during the com bus tion pro cess is more than 7% of the ini tial pres sure, as
described in ASTM E918 (1992). Mix tures that pro duce smaller pres sure increases
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TABLE 2.2
Max i mum Pres sures and Def la gra tion Indi ces for a Number of Gases and Vapors

Maximum Pressure Pmax (barg)
Deflagration Index KG

(bar-m/sec)

Chemical
NFPA

68 1998
Bartknecht

1993
Senecal

1998
NFPA

68 1998
Bartknecht 

1993
Senecal

1998

Hydrogen 6.9 6.8 6.5 659 550 638 

Methane  7.05 7.1 6.7  64  55 46

Ethane 7.8 7.8 7.4 106 106 78

Butane 8.0 8.0  92  92

Isobutane 7.4 67

Propane 7.9 7.9 7.2  96 100 76

Pentane  7.65 7.8 104 104

Ethylene 8.0 171 

Methyl Alcohol 7.5 7.2  75 94

Ethyl Alcohol 7.0 78

Ethyl benzene 6.6 7.4  94  96



(or none at all) are called not flam ma ble. The flammability limits are defined at the
fuel con cen tra tions where the pres sure increase is exactly 7%. Other def i ni tions and
meth ods (Checkel, Ting et al., 1995) to deter mine the flammability limits are avail -
able. Flammability limits for a number of common mate ri als are pro vided in Appen -
dix C. Flammability limit data are nor mally avail able on mate rial safety data sheets
(MSDS) pro vided by the chem i cal man u fac turer. An excel lent sum mary of
flammability limits is pro vided by Britton (2002a).

Another dif fi culty in char ac ter iz ing flammability is that the param e ters
(flammability limits, def la gra tion index and all other param e ters) are not fun da -
men tally based. They are actu ally phenomenological descriptors based on a par tic -
u lar exper i men tal appa ra tus and pro ce dure. Thus, the exper i men tal appa ra tus and
pro ce dure frequently becomes the issue. 

Other quan ti ties some times reported for gas or vapor com bus tion are the
flame speed, fun da men tal burn ing veloc ity, burn ing veloc ity, lam i nar burn -
ing veloc ity and tur bu lent burn ing veloc ity. Wide vari abil ity exists in the def i ni -
tions and usage of these terms. 

Glassman (1996) defines the flame speed as the speed at which the com bus -
tion wave moves rel a tive to the unburned gases in the direc tion normal to the wave
sur face. He states that this is also called the burn ing veloc ity, normal com bus tion
veloc ity, or flame veloc ity. He also describes sev eral exper i men tal pro ce dures to
deter mine flame speeds. 

NFPA 68 (1998) defines the fun da men tal burn ing veloc ity as the “burn ing
veloc ity of a lam i nar flame under stated con di tions of com po si tion, tem per a ture
and pres sure of the unburned gas.” 

Grossel (2002) pro vides con sid er ably more detail on these def i ni tions. He
states:

Burn ing veloc ity is the speed at which the flame front prop a gates rel a tive to the
unburned gas. This dif fers from flame speed. The lam i nar burn ing veloc ity is
the speed at which a lam i nar (planar) com bus tion wave prop a gates rel a tive to the
unburned gas mix ture ahead of it. The fun da men tal burn ing veloc ity is sim i lar,
but gen er ally not iden ti cal to the observed lam i nar burn ing veloc ity. This is
because (the fun da men tal burn ing veloc ity) is a char ac ter is tic param e ter refer ring 
to stan dard ized unburned gas con di tions (nor mally 1 atm and 25°C), and which
has been cor rected for nonidealities in the mea sure ment. The tur bu lent burn ing
veloc ity exceeds the burn ing veloc ity mea sured under lam i nar con di tions to a
degree depend ing on the scale and inten sity of tur bu lence in the unburned gas.

Clearly, care must be exer cised in the usage of these terms.

2.1.1. Flammability Dia gram

Hazard rec og ni tion for flam ma ble mate ri als involves deter min ing the con di tions
(tem per a ture, pres sure and com po si tion) under which the mate rial is flam ma ble.
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For com po si tion effects, a gen eral way to rep re sent the flammability of a gas or
vapor is by a tri an gu lar dia gram, as shown in Figure 2.7. Con cen tra tions of fuel,
oxygen and inert (in volume or mole %) are plot ted on the three axis. Each apex of
the tri an gle rep re sents either 100% fuel, oxygen, or nitro gen. The tick marks on
the scales show the direc tion in which the scale moves across the figure. Thus,
point A rep re sents a mix ture com posed of 60% meth ane, 20% oxygen and 20%
nitro gen. The zone enclosed by the dashed line rep re sents all mix tures which are
flam ma ble. Since point A lies out side the flam ma ble zone, a mix ture of this com -
po si tion would not be flam ma ble.

The air line on Figure 2.7 rep re sents all pos si ble com bi na tions of fuel plus air.
The air line inter sects the nitro gen axis at 79% nitro gen (and 21% oxygen) which
is the com po si tion of pure air. The upper and lower flammability limits (in air) are
shown as the inter sec tion of the flammability zone bound ary with the air line.

The stoichiometric line rep re sents all stoichiometric com bi na tions of fuel plus 
oxygen. The com bus tion reac tion can be writ ten in the form,

(1) Fuel + z O2 → Com bus tion prod ucts (2-2)

where z is the stoichiometric coef fi cient for oxygen. The inter sec tion of the
stoichiometric line with the oxygen axis (in volume % oxygen) is given by

100
1

z

z+




 (2-3)

The stoichiometric line is drawn from this point to the pure nitro gen apex.
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Figure 2.7. Flammability dia gram for meth ane at an ini tial tem per a ture and pres sure of
25°C and 1 atm (Mashuga and Crowl, 1998).



Expres sion (2-3) is derived by real iz ing that, on the oxygen axis, no nitro gen
is pres ent. Thus, the moles pres ent are fuel (1 mole) plus oxygen (z moles). The
total moles are thus 1 + z and the mole or volume per cent of oxygen is given by
Expres sion (2-3) above.

An impor tant point on Figure 2.7 is the lim it ing oxygen con cen tra tion
(LOC), shown as point LOC on the Figure. The LOC is deter mined by draw ing a
line just tan gent to the nose of the flammability zone and par al lel to the fuel axis.
The LOC is the oxygen con cen tra tion below which fire or explo sion is not pos si ble 
for any mix tures. The LOC is fre quently called the min i mum oxygen con cen tra tion 
(MOC), the max i mum oxygen con cen tra tion (MOC), the max i mum safe oxygen
con cen tra tion (MSOC), or other names. The LOC depends on the fuel, tem per a -
ture, pres sure and inert spe cies. Values of the LOC for a number of common mate -
ri als are pro vided in Table 2.3. Also shown in the table are LOC values using
carbon diox ide as the inert species—these values are different from the nitrogen
values.

The shape and size of the flammability zone on a flammability dia gram
changes with a number of param e ters, includ ing the fuel, tem per a ture, pres sure
and inert spe cies. Thus, the flammability limits and LOC also change with these
param e ters.

Appen dix A derives sev eral equa tions that are useful for work ing with
flammability dia grams. These results show that:

1. If two gas mix tures, R and S, are com bined, the result ing mix ture com po si -
tion lies on a line con nect ing the points R and S on the flammability dia -
gram. The loca tion of the final mix ture on the straight line depends on the
rel a tive moles in the mix tures com bined—if mix ture S has more moles, the 
final mix ture point will lie closer to point S. This is iden ti cal to the lever
rule, which is used for phase dia grams.

2. If a mix ture R is con tin u ously diluted with mix ture S, the mix ture com po -
si tion will follow along the straight line between points R and S on the
flammability dia gram. As the dilu tion con tin ues, the mix ture com po si tion
will move closer and closer to point S. Even tu ally, at infi nite dilu tion, the
mix ture com po si tion will be at point S.

3. For sys tems having com po si tion points that fall on a straight line pass ing
through an apex cor re spond ing to one pure com po nent, the other two com -
po nents are pres ent in a fixed ratio along the entire line length.

4. The LOC can be esti mated by read ing the oxygen con cen tra tion at the
inter sec tion of the stoichiometric line and a hor i zon tal line drawn through
the LFL (see Appen dix A). This is equiv a lent to the equa tion

LOC = z(LFL) (2-4)

where z is the stoichiometric coef fi cient defined in Equa tion (2-2).
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TABLE 2.3
Lim it ing Oxygen Con cen tra tions (LOC)
These are the volume per cent oxygen con cen tra tion above which com bus tion can occur. 
(NFPA 69, 2002)

Gas or Vapor N2 /Air CO2 /Air

Methane 12  14.5

Ethane 11  13.5

Propane 11.5 14.5

n-Butane 12  14.5

Isobutane 12  15  

n-Pentane 12  14.5

Isopentane 12  14.5

n-Hexane 12  14.5

n-Heptane 11.5 14.5

Ethylene 10  11.5

Propylene 11.5 14  

1-Butene 11.5 14  

Isobutylene 12  15  

Butadiene 10.5 13  

3-Methyl-1-butene 11.5 14  

Benzene 11.4 14  

Toluene  9.5 —

Styrene  9.0 —

Ethylbenzene  9.0 —

Vinyltoluene  9.0 —

Diethylbenzene  8.5 —

Cyclopropane 11.5 14  

Gasoline

 (73/100) 12  15  

 (100/130) 12  15  

 (115/145) 12  14.5

Kerosene 10 (150°C) 13 (150°C)

JP-1 fuel 10.5 (150°C) 14 (150°C)

JP-3 fuel 12  14.5

JP-4 fuel 11.5 14.5

Natural gas 12  14.5

n-Butyl chloride 14  —

12 (100°C) —

         (continued on next page)



Flammability dia grams are very useful to track the gas com po si tion during a
pro cess oper a tion to deter mine if a flam ma ble mix ture exists during the pro ce dure. 
For exam ple, con sider a stor age vessel con tain ing pure meth ane whose inside
walls must be inspected as part of its peri odic main te nance pro ce dure. For this
oper a tion, the meth ane must be removed from the vessel and replaced by air for the 
inspec tion work ers to breathe. The first step in the pro ce dure is to depressurize the
vessel to atmo spheric pres sure. At this point the vessel con tains 100% meth ane,
rep re sented by point A on Figure 2.8. If the vessel is now opened, and air allowed
to enter, the com po si tion of gas within the vessel will follow the air line on Figure
2.8 until the vessel gas com po si tion even tu ally reaches point B, pure air. Note that
at some point in this oper a tion the gas com po si tion passes through the
flammability zone. If an igni tion source of suf fi cient strength were present, then a
fire or explosion would result.

22 2 Fundamentals of Fires and Explosions

TABLE 2.3 (cont.)

Gas or Vapor N2 /Air CO2 /Air

Methylene chloride 19  (30°C) —

17 (100°C) —

Ethylene dichloride 13  —

11.5 (100°C) —

Methyl chloroform 14  —

Trichloroethylene 9 (100°C) —

Acetone 11.5 14  

n-Butanol NA 16.5 (150°C)

Carbon disulfide 5  7.5

Carbon monoxide  5.5  5.5

Ethanol 10.5 13  

2-Ethyl butanol 9.5 (150°C) —

Ethyl ether 10.5 13  

Hydrogen 5  5.2

Hydrogen sulfide   7.5 11.5

Isobutyl formate 12.5 15  

Methanol 10  12  

Methyl acetate 11  13.5

Methyl ether 10.5 13  

Methyl formate 10  12.5

Methyl ethyl ketone 11  13.5

Vinyl chloride 13.4 —



The pro ce dure is reversed for plac ing the vessel back into ser vice. In this case
the pro ce dure begins at point B on Figure 2.8, with the vessel con tain ing air. If the
vessel is closed and meth ane pumped in, then the gas com po si tion inside the vessel 
will follow the air line and end up at point A. Again the mix ture is flam ma ble as the 
gas com po si tion moves through the flammability zone.

An inerting pro ce dure can be used to avoid the flammability zone for both
cases. This will be dis cussed in more detail in Sec tion 3.4 on Inerting and Purg ing.

The deter mi na tion of a com plete flammability dia gram requires sev eral hun -
dred tests using the device shown in Figure 2.3. Dia grams with exper i men tal data
for meth ane and eth yl ene are shown in Fig ures 2.9 and 2.10, respec tively. Data in
the center region of the flammability zone are not avail able since the max i mum
pres sure exceeds the pres sure rating of the vessel or unsta ble com bus tion or a tran -
si tion to det o na tion is observed here. For these data, a mix ture is con sid ered flam -
ma ble if the pres sure increase after igni tion is greater than 7% of the orig i nal
ambi ent pres sure, in accor dance with ASTM E918 (1992). Note that many more
data points are shown than required to define the flammability limits. This was
done to obtain a more com plete under stand ing of the pres sure versus time behav -
ior of the com bus tion over a wide range of mix tures. This infor ma tion is impor tant
for mitigation of the explosion, should it occur.
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Figure 2.8. The gas con cen tra tion during an oper a tion to remove a vessel from ser vice.



A number of fea tures are shown on Fig ures 2.9 and 2.10. First, the
flammability zone is much larger for eth yl ene than methane—the upper
flammability limit of eth yl ene is cor re spond ingly higher. Second, the com bus tion
pro duces copi ous amounts of soot in the upper, fuel-rich parts of the flammability
zone. Finally, the lower bound ary of the flammability zone is mostly hor i zon tal
and can be approx i mated by the LFL.

For most sys tems, detailed exper i men tal data of the type shown in Figure 2.9
or 2.10 are unavail able. Sev eral meth ods have been devel oped to approx i mate the
flammability zone:

Method 1:
Shown by Figure 2.11
Given: Flammability limits in air, LOC, flammability limits in pure oxygen
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Figure 2.9. Exper i men tal flammability dia gram for meth ane (Mashuga and Crowl, 1999).



Pro ce dure:
1. Draw flammability limits in air as points on the air line.
2. Draw flammability limits in pure oxygen as points on oxygen scale.
3. Use Equa tion (2-3) to locate the stoichiometric point on the oxygen axis

and draw the stoichiometric line from this point to the 100% nitro gen apex.
4. Locate the LOC con cen tra tion on the oxygen axis and draw a line par al lel

to the fuel axis until it inter sects with the stoichiometric line. Draw a point
at this inter sec tion.

5. Con nect all the points shown.

The flammability zone derived from this approach is only an approx i ma tion
of the actual zone. Note that the lines defin ing the zone limits on Fig ures 2.9 and
2.10 are not exactly straight. This method also requires flammability limits in pure
oxygen—data that might not be readily avail able. Flammability limits in pure
oxygen for a number of common hydro car bons are pro vided by Table 2.4.
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Figure 2.10. Exper i men tal flammability dia gram for ethylene (Mashuga and Crowl, 1999).
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Figure 2.11. Method 1 for the approx i ma tion of the flammability zone.

TABLE 2.4
Flammability Limits in Pure Oxygen (Lewis and Von Elbe, 1987)

Limits of Flammability in Pure Oxygen

Compound Formula Lower Upper

Hydrogen H2  4.0 94

Deuterium D2  5.0 95

Carbon monoxidea CO 15.5 94

Ammonia NH3 15.0 79

Methane CH4  5.1 61

Ethane C2H6  3.0 66

Ethylene C2H4  3.0 80

Propylene C3H6  2.1 53

Cyclopropane C3H6  2.5 60

Diethyl ether C4H10O  2.0 82

Divinyl ether C4H6O  1.8 85

aThe limits are insensitive to water vapor partial pressure above a few mm Hg.



Method 2:
Shown by Figure 2.12.
Given: Flammability limits in air, LOC
Pro ce dure: Use steps 1, 3 and 4 from Method 1. In this case, only the points at

the nose of the flammability zone can be con nected. The flammability zone from
the air line to the oxygen axis cannot be detailed with out addi tional data, although
it extends all the way to the oxygen axis and typ i cally expands in size. The lower
bound ary can also be approx i mated by the LFL.

Method 3:
Shown by Figure 2.13.
Given: Flammability limits in air
Pro ce dure: Use steps 1 and 3 from Method 1. Esti mate the LOC using Equa -

tion (2-4). This is only an esti mate, and usu ally (but not always) pro vides a con ser -
va tive LOC. 

For meth ods 2 and 3, only the flammability zone to the right of the air line can
be drawn. As will be seen later, this is the por tion of the flammability dia gram that
rep re sents those sit u a tions most com monly encoun tered in pre vent ing fires and
explo sions.
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Figure 2.12. Method 2 for the approx i ma tion of the flammability zone. Only the area to
the right of the air line can be deter mined.



2.1.2. Esti mat ing Flammability Limits

Appen dix C con tains flammability limit data for a number of common mate ri als.
These limits were deter mined using a number of exper i men tal meth ods. It is
always rec om mended that the flammability limits be deter mined under con di tions
as close as pos si ble to actual pro cess con di tions.

In many cases such data are dif fi cult to obtain, or an imme di ate esti mate is
required for screen ing pur poses. Sev eral meth ods are avail able to esti mate both the 
upper and lower flammability limits. These meth ods are sat is fac tory for most
common hydrocarbons—their appli ca bil ity to other mate ri als has not been con -
firmed. Com par i son of the pre dicted results with the actual data shows that the
meth ods work better for the lower flammability limit than for the upper. The upper
limit is typ i cally more dif fi cult to pre dict since more com plex reaction chemistry
occurs here.

Jones (1938) found that for many hydro car bons, the upper and lower
flammability limits are approx i mated by

LFL = 0.55Cst (2-5)

UFL = 3.5Cst (2-6)
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Figure 2.13. Method 3 for the approx i ma tion of the flammability zone. Only the area to
the right of the air line can be deter mined.



where LFL and UFL are the lower and upper flammability limits, respec tively
(volume % fuel in air), and Cst is the stoichiometric con cen tra tion of fuel in air.

For the com bus tion reac tion writ ten by the stoichiometric equa tion,

CmHxOy + z O2 → m CO2 + (x/2) H2O (2-7)

it fol lows that the stoichiometric coef fi cient, z, is given by,

z = m + x/4 – y/2 (2-8)

where z has units of moles O2/mole fuel.
The stoichiometric per cent age con cen tra tion in air is given by,
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where the number 0.21 rep re sents the oxygen con tent in air.
Sub sti tut ing z from Equa tion (2-8) into Equa tion (2-9), and sub sti tut ing the

result into Equa tions (2-5) and (2-6), results in the fol low ing equa tions for esti mat -
ing the flammability limits.

LFL =
0.55(100)

4 76 119 2 38 1. m x y+ − +. . (2-10)

UFL =
3.5(100)

4 76 119 2 38 1. m x y+ − +. . (2-11)

Another method (Suzuki, 1994; Suzuki and Koide, 1994) cor re lated the
flammability limits as a func tion of the heat of com bus tion of the fuel. A good fit
was obtained for 112 organic mate ri als con tain ing carbon, hydro gen, oxygen,
nitro gen and sulfur. The result ing cor re la tions are,

LFL =
c

c c
2− + + +3 42

0 569 0 0538 180
.

H
H H

∆
∆ ∆. . . (2-12)

UFL =  6.30 c c∆ ∆H H+ +0 567 2352. . (2-13)
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where LFL and  UFL are the lower and upper flammability limits, respec tively
(volume % fuel in air), and ∆Hc is the heat of com bus tion for the fuel, in 103

kJ/mol.
Equa tion (2-13) is appli ca ble only over the UFL range of 4.9% to 23%. If the

heat of com bus tion is pro vided in kcal/mole, it can be con verted to kJ/mol by mul -
ti ply ing by 4.184. 

The pre dic tion capa bil ity of Equa tions (2-5) through (2-13) is only modest, at
best. For hydro gen the pre dic tions are poor. For meth ane and the higher hydro car -
bons the results are improved. Thus, these meth ods should only be used for a quick 
ini tial esti mate, and should not replace actual exper i men tal data.

Flammability limits can also be esti mated using cal cu lated adi a batic flame
tem per a tures (CAFT) (Hansel, Mitch ell et al., 1991; Melhem, 1997). The pro ce -
dure for cal cu lat ing the adi a batic flame tem per a ture is described in Sec tion 2.6 on
Kinet ics and Thermochemistry. It is based on the prem ise that the flammability
limits are mostly ther mal in behav ior and are not highly depend ent on kinet ics. A
typ i cal adi a batic flame tem per a ture of 1200K is used to define the flammability
limits, although other values are used depend ing on whether more or less con ser -
va tive results are required. The CAFT approach is capa ble of esti mat ing the
flammability behav ior for any mix ture of gases, includ ing air. Thus, it is pos si ble
to esti mate the entire flammability zone in a tri an gle dia gram using this approach.
Unfor tu nately, this has not been extensively studied as of this writing.

Britton (2002b) pro posed using a heat of oxi da tion to esti mate flammability
limits. The heat of oxi da tion is defined as the heat of com bus tion divided by the
stoichiometric ratio for oxygen. Britton found that the heat of oxi da tion can be cor -
re lated with the flammability limits for hydro car bons.

2.1.3. Tem per a ture Effect on Flammability

In gen eral, the size of the flammability zone shown in Figure 2.7 increases with
increas ing tem per a ture. For mix tures in air, the UFL increases and the LFL
decreases, broad en ing the range over which the mix ture is flam ma ble. Some mate -
ri als (such as decane) which are not flam ma ble at ambi ent con di tions may become
flam ma ble at increased tem per a ture.

A set of empir i cal equa tions to esti mate the effect on the flammabiltiy limits
with tem per a ture are avail able (Zabetakis, Lambiris et al., 1959)

LFL LFL
c

T H
T= − −25

0 75
25

.
( )

∆ (2-14)

UFL UFL
c

T H
T= + −25

0 75
25

.
( )

∆ (2-15)
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where LFLT is the lower flammability limit at tem per a ture T (volume % fuel 
in air)

LFL25 is the lower flammability limit at 25°C (volume % fuel in air)
∆Hc is the heat of com bus tion of the fuel (kcal/mole)
T is the tem per a ture (°C)
UFLT is the upper flammability limit at tem per a ture T (volume % fuel 

in air)
UFL25 is the upper flammability limit at 25°C (volume % fuel in air).

2.1.4. Pres sure Effect on Flammability

In gen eral, pres sure has little effect on the LFL, except at low pres sures (below
about 50 mm Hg for most vapors) where com bus tion is not pos si ble. The UFL
gen er ally increases as the pres sure increases and decreases as the pres sure
decreases. As the pres sure increases the flammability range gen er ally increases.
Some mate ri als (such as jet fuel) which are not flam ma ble at ambi ent pres sure may 
become flam ma ble at increased pres sure.

An empir i cal expres sion to esti mate the change in upper flammability limit
with pres sure is avail able (Zabetakis, 1965)

UFLP = UFL + 20.6(log P + 1) (2-16)

where UFLP is the upper flammability limit at pres sure P (volume % fuel in air),
UFL is the upper flammability limit at 1 atm (volume % fuel in air), and P is the
pres sure (mega Pas cals abso lute).

2.1.5. Flammability of Gas eous Mix tures

The flam ma ble behav ior of mix tures of gases is not com pletely under stood at this
time—it is best to deter mine this behav ior exper i men tally under con di tions as
close as pos si ble to pro cess con di tions.

There are two meth ods com monly used to esti mate the flammability limits of
mix tures.

The first method is called Le Chatelier’s rule (Le Chatelier, 1891). The fol low -
ing empir i cal equa tions for the flammability limits are pro vided.
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where LFLmix is the lower flammability of the mix ture (volume % fuel in air)
LFLi is the lower flammability limit for flam ma ble spe cies i (volume 

% fuel in air)
UFLmix is the upper flammability limit of the mix ture (volume % fuel in

air)
UFLi is the upper flammability limit for flam ma ble spe cies i (volume %

fuel in air)
yi is the mole frac tion for flam ma ble spe cies i on a flam ma ble spe cies

 basis
Le Chatelier’s rule pro vides flammability limit esti mates that are close to

exper i men tal values for many simple hydro car bons, but has no fun da men tal basis.
The method applies only to mix tures with air.

The second approach uses the cal cu lated adi a batic flame tem per a ture (CAFT) 
method dis cussed in Sec tion 2.1.2 and in more detail in Sec tion 2.6 on Kinet ics
and Thermochemistry. In this case, a com mer cial equi lib rium soft ware pack age is
rec om mended to per form the exten sive cal cu la tions since the number of spe cies
involved is typically large.

2.1.6. Min i mum Igni tion Ener gies

The min i mum igni tion energy (MIE) is defined as the “min i mum amount of
ther mal energy released at a point in a com bus ti ble mix ture that will cause indef i -
nite flame prop a ga tion away from that point, under spec i fied test con di tions”
(NFPA 68, 1998). The igni tion of a flam ma ble mate rial is a com plex sub ject which 
is dis cussed in more detail else where (Lewis and von Elbe, 1987; Glassman,
1996). Using a sim plis tic anal y sis, ade quate energy must be pro vided to a small
volume of flam ma ble mass over a short enough period of time to increase the tem -
per a ture to the point where the reac tion gen er ates enough energy to sus tain itself.
Since com plex chain branch ing reac tions are pos si ble, a time delay or induc tion
time might be exhib ited. 

The MIE depends on the spe cific chem i cal or chem i cals, con cen tra tions, pres -
sure, tem per a ture and the mode of igni tion. For a spark igni tion, the MIE depends
also on the spark gap size and the dura tion of the spark. Thus, from a prac ti cal
stand point, the MIE is dif fi cult to char ac ter ize and is highly depend ent on the
exper i men tal con fig u ra tion. Lim ited MIE data are avail able and con sid er able vari -
a tion between research ers is noted. Table 2.5 pro vides MIE data for a number of
common com bus ti ble gases. More infor ma tion is pro vided else where (Lewis and
von Elbe, 1987; Glassman, 1996).

In gen eral, the fol low ing state ments apply to prac ti cal usage,

• For most flam ma ble gases, the MIE is typ i cally no lower than 0.10 mJ,
although 0.25 mJ is com monly used. Spe cific chem i cals (e.g., hydro gen)
have lower values.
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• For flam ma ble gases in air, the lowest MIE (LMIE) is found near the
stoichiometric con cen tra tion (but not nec es sar ily at the stoichiometric con -
cen tra tion) and the MIE increases as the fuel con cen tra tion increases or
decreases from the LMIE value (Britton, 1999).

• For most flam ma ble dusts, a typ i cal value for the MIE is about 10 mJ, although 
wide vari abil ity is expected depend ing on dust type, par ti cle size, etc.

• As the tem per a ture increases, the MIE decreases.
• As the pres sure increases, the MIE decreases.
• An increase in inert gas con cen tra tion increases the MIE.

The most impor tant con cept to remem ber is that the energy required to ignite a
flam ma ble gas or vapor is very low. The MIE of 0.25 mJ rep re sents the kinetic
energy con tained in a small coin as it impacts a sur face after being dropped from a
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TABLE 2.5
Min i mum Igni tion Energy (MIE) for Selected Gases (Glassman, 1996)

Chemical Minimum Ignition Energy (mJ)

Acetylene 0.020

Benzene 0.225

1,3-Butadiene 0.125

n-Butane 0.260

Cyclohexane 0.223

Cyclopropane 0.180

Ethane 0.240

Ethene 0.124

Ethylacetate 0.480

Ethylene oxide 0.062

n-Heptane 0.240

Hexane 0.248

Hydrogen 0.018

Methane 0.280

Methanol 0.140

Methyl acetylene 0.120

Methyl ethyl ketone 0.280

n-Pentane 0.220

2-Pentane 0.180

Propane 0.250



height of a few mil li me ters A static elec tric ity dis charge felt by a person has an
energy of greater than about 20 mJ—orders of mag ni tude greater than the MIE.
Thus, flam ma ble gases and vapors are readily ignited. This is the prin ci ple reason
why the elim i na tion of igni tion sources cannot be relied on as the pri mary defense
against fires and explo sions of gases and vapors.

2.1.7. Autoignition Tem per a ture

As the tem per a ture of a flam ma ble mix ture of gas or vapor is increased, a tem per a -
ture is even tu ally reached where the mix ture will ignite with out the need for an
exter nal igni tion source—the mix ture will ignite spon ta ne ously. This tem per a ture
is called the autoignition tem per a ture (AIT). A fuel at a high enough tem per a -
ture, when released and mixed with air to form a flam ma ble mix ture, can ignite in
this fash ion. A cold fuel released and mixed with hot air or con tact ing a hot sur face 
will also autoignite.

The AIT depends on many fac tors, includ ing the par tic u lar fuel, pres sure, test
vessel volume, pres ence of cat a lytic mate ri als, flow con di tions and so forth. It is
impor tant to deter mine the AIT under test con di tions that rep li cate as close as pos -
si ble the actual process conditions.

Appen dix C pro vides AIT values for a number of chem i cals. Wide vari abil ity
exists in pub lished AIT values—care must be employed in their use. If a number of 
dif fer ing lit er a ture values are reported, the lowest value is usu ally selected to
ensure a con ser va tive design.

In gen eral, the AIT

• Decreases with increas ing pres sure.
• Increases as mix tures become rich or lean.
• Decreases with increased oxygen con cen tra tion.
• Decreases in the pres ence of cat a lytic sur faces (which may include rusty

pipes) and in the pres ence of com bus tion sensitizers (like NOx).

The AIT also typ i cally decreases as the test volume increases and is lower
under flow con di tions. An igni tion delay or induc tion time is also pos si ble. 

2.1.8. Exam ple Appli ca tions

EXAMPLE 2.1

A vessel con tains a gas mix ture com posed of 50% meth ane and 50% nitro gen. If
the mix ture escapes from the vessel and mixes with air, will it become flam ma ble?

Solu tion A flammability dia gram for this case is shown in Figure 2.14. The
ini tial con cen tra tion of the mix ture is denoted as point A. As the gas escapes and
mixes with air the com po si tion will follow the straight line shown, even tu ally
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dilut ing to the point of becom ing pure air—shown as point B on Figure 2.14. Since 
the straight line moves through the flammability zone, the gas mix ture will at some 
point become flam ma ble. Thus, if an igni tion source of suf fi cient energy is pres -
ent, a fire or explo sion may result.

EXAMPLE 2.2

Esti mate the LFL and UFL for hydro gen, meth ane, butane, and hexane and com -
pare to pub lished values. Use two meth ods: Equa tion (2-10) and (2-11) and Equa -
tion (2-12) and (2-13).

Solu tion: The two meth ods are applied using the equa tions indi cated. The
com plete results are shown in Table 2.6. The exper i men tal values for the
flammability limits were obtained from Appen dix C. As expected, the pre dic tive
meth ods pro duce only modest results, when com pared to actual exper i men tal data.

EXAMPLE 2.3

Esti mate the UFL and LFL for a vapor mix ture com prised of 63.5% ethyl ace tate,
20.8% ethyl alco hol and 15.7% tolu ene, by volume. 

Solu tion: The flammability limits for these spe cies are pro vided in Appen dix
C. These are shown in the fol low ing table:
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Figure 2.14. Flammability tri an gle for Exam ple 2.1.



Species LFL (Vol. % fuel in air) UFL (Vol. % fuel in air)

Ethyl Acetate, C4H8O2 2.5 9

Ethyl Alcohol, C2H6O 4.3 19

Toluene, C7H8 1.4 6.7

Equa tions (2-17) and (2-18) are used to deter mine the flammability limits of
the mix ture,
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The exper i men tally deter mined value of the LFL is 2.04% (Lewis and von
Elbe, 1987). Thus, the pre dic tion is only fair.

EXAMPLE 2.4 (CROWL AND LOUVAR, 1990)

A gas mix ture is com posed of 2.0% meth ane, 0.8% hexane and 0.5% eth yl ene, by
volume. The remain ing gas is air. Is the mix ture flam ma ble?
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TABLE 2.6
Results for Exam ple 2.2

Species
Stoichi-
ometry

Heat of
Combustion 
103 kJ/mol

Experimental
% Fuel in air

Eqs. (2-10),
(2-11)

Eqs. (2-12),
(2-13)

LFL UFL LFL UFL LFL UFL

Hydrogen, H2 m = 0

x = 2

y = 0

–0.2418 4  75  16.3 103 15.8 22.0

Methane, CH4 m = 1

x = 4

y = 0

–0.8903 5.3 15.0 5.2  33.3 5.2 18.3

Butane, C4H10 m = 4

x = 10

y = 0

–2.877 1.9  8.5 1.6   8.4 1.8 10.1

Hexane, C6H14 m = 6

x = 14

y = 0

–4.1945 1.1  7.5 1.2   7.69 1.2  7.0



Solu tion: Equa tions (2-17) and (2-18) are used to esti mate the flammability
limits of the mix ture. These equa tions require the mole frac tion on a flam ma ble
basis only. This is deter mined as fol lows:

Species Volume % Mole Fraction on Combustible Basis

Methane, CH4 2.0 2.0/3.3 = 0.61

Hexane, C6H14 0.8 0.8/3.3 = 0.24 

Ethylene, C2H4 0.5 0.5/3.3 = 0.15

 Total Combustibles 3.3

The LFL and UFL for each com bus ti ble spe cies are obtained from Appen dix
C. The required values are shown in the table below,

Species LFL UFL

Methane 5.3 15

Hexane 1.2 7.5

Ethylene 3.1 32

Equa tion (2-17) is used to esti mate the LFL,

LFL
LFL

0.61

5.3

0.24

1.2

0.15

3.1mix =
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3 1
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= 2.8%

Equa tion (2-18) is used to esti mate the UFL,

UFL
UFL

0.61

15

0.24

7.5

0.15

32.0mix =








 = + +

=

−

∑ yi

ii 1

3 1






−1

= 12.9%

The total com bus ti bles pres ent are 2.0 + 0.8 + 0.5 = 3.3%, which is between
the flammability limits. Thus, we can expect the mix ture to be flam ma ble.

2.2. Liq uids

An impor tant flammability char ac ter is tic for liq uids is the flashpoint tem per a -
ture, or simply the flashpoint. The flashpoint tem per a ture is useful for deter min -
ing the flammability hazard of the liquid. 

The flashpoint tem per a ture could be exper i men tally deter mined as fol lows: A
flam ma ble liquid is placed in an open cup, as shown in Figure 2.15. The liquid and
con tainer are slowly heated by a Bunsen burner below the cup. A small flame on
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the end of a wand pro vides an igni tion source imme di ately above the liquid sur -
face. Ini tially, when the wand is moved across the cup no flame or flash is pro -
duced. As the tem per a ture of the liquid increases, the vapor pres sure increases.
Even tu ally a tem per a ture is reached where the liquid pro duces enough vapor for
the air/vapor mix ture above the liquid level to become flam ma ble. This tem per a -
ture is the flashpoint tem per a ture. At this tem per a ture, the liquid is gen er ally not
capa ble of pro duc ing ade quate vapor to sup port a con tin u ous flame on its sur -
face—a flash is typ i cally observed and the flame goes out. As the tem per a ture is
increased fur ther, the fire point tem per a ture is reached where a continuous flame
or combustion is supported.

Appen dix C con tains flashpoint tem per a tures for a number of common mate -
ri als. In gen eral, the lower the flashpoint tem per a ture, the more haz ard ous the
mate rial. If a liquid is at a tem per a ture above its flashpoint tem per a ture, then suf fi -
cient vapor is pres ent to form a flam ma ble mix ture with air. If a liquid with a
flashpoint tem per a ture below room tem per a ture is stored in an open con tainer,
then flam ma ble vapors are likely to exist above the liquid—only an igni tion source 
is required to result in a fire or explosion.

The appa ra tus shown in Figure 2.15 is one of the sim plest flashpoint deter mi -
na tion meth ods (ASTM D9290, 1990a). It is called an open cup method for obvi -
ous rea sons. Open cup meth ods suffer from air drafts above the cup that reduce the
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Figure 2.15. Cleve land open cup flashpoint deter mi na tion (ASTM 1990a). The test flame 
appli ca tor is moved back and forth hor i zon tally over the liquid sample.



vapor con cen tra tion. Sev eral other exper i men tal meth ods are avail able to deter -
mine flashpoint tem per a tures that reduce the draft effect (ASTM D5687, 1987;
ASTM D3278, 1989; ASTM D9390, 1990b; ASTM E918, 1992). These meth ods
involve con tain ers that are ini tially closed, with a small shut ter which opens to
expose the vapor to the igni tion source. Because these meth ods reduce the draft,
the flashpoint tem per a ture mea sured is gen er ally lower than with open cup meth -
ods. The pro ce dure used with many of these meth ods is trial and error. A tem per a -
ture is set on the equip ment and if a flash is not observed when the shut ter is
opened the test is repeated at a higher tem per a ture with new liquid mate rial. An
accu rate deter mi na tion of the flashpoint using these meth ods requires many tests
producing a modest quantity of liquid waste.

The deter mi na tion of the flashpoint using a stan dard closed cup method can
be com pleted in sev eral hours using rel a tively low cost equip ment. The chem i cal
spe cies or mix ture tested must match closely the spe cies or mix ture actu ally pres -
ent in the process.

The stan dard flashpoint is always cal i brated and listed at 1 atm total pres sure.
It is pos si ble to deter mine a flashpoint at other pres sures. In gen eral, as the pres -
sure decreases, the flashpoint tem per a ture decreases and vice versa—at the same
tem per a ture and lower pres sure more of the liquid will vapor ize even tu ally pro vid -
ing a flam ma ble con cen tra tion. The flashpoints for mate ri als pro cessed in a facil -
ity at increased ele va tion would be lower than for the same mate ri als pro cessed at
sea level. Thus, diesel fuel, which is nor mally not flam ma ble at sea level, may
become flam ma ble as the truck drives into high altitudes.

Figure 2.16 is a plot of fuel vapor con cen tra tion versus tem per a ture and shows 
how the flashpoint tem per a ture is related to the vapor pres sure curve and the upper
and lower flammability limits. The sat u ra tion vapor pres sure curve is expo nen tial
and increases rap idly as the tem per a ture increases. The lower flammability limit
the o ret i cally inter sects the vapor pres sure curve at the flashpoint tem per a ture. At
higher tem per a tures an autoignition region is found—the autoignition tem per a ture 
(AIT) is the lowest tem per a ture in this region.

From a prac ti cal stand point, the flashpoint tem per a tures reported fre quently
do not cor re spond exactly with the inter sec tion of the lower flammability limit
with the vapor pres sure curve. This is due to the exper i men tal meth ods used to
deter mine flashpoints. In gen eral, the closed cup flashpoint values are in closer
agree ment with the lower flammability limit.

NFPA 30 (2000) uses the flashpoint tem per a ture to define the terms com bus -
ti ble and flam ma ble. A com bus ti ble liquid is any liquid having a flashpoint tem -
per a ture at or above 100°F (37.8°C). A flam ma ble liquid is one with a flashpoint
below 100°F. Thus, ker o sene (with a flashpoint of 104°F) would be clas si fied as
com bus ti ble, while gas o line (with a flashpoint well below room tem per a ture) is
clas si fied as flam ma ble.

The U. S. Depart ment of Trans por ta tion (DOT) defines a liquid as flam ma ble
if its flashpoint is not more than 141°F (60.5°C) (DOT, 2000). In prac tice, the head
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space of stor age tanks sub ject to solar radi a tion can easily reach 100°F and, con se -
quently, the DOT value is per haps more real is tic than NFPA’s 100°F and is cer -
tainly not overly con ser va tive.

Many sub stances do not have flashpoints and are con sid ered not flam ma ble
under NFPA 30 and the DOT rules. How ever, occa sion ally some one attempts to weld
or cut into a vessel which con tains such a mate rial and ignites the vapors with disas -
trous results. Under cer tain cir cum stances, if a mate rial does not have a flashpoint, it
does n’t always mean that the vapors can’t be ignited under all con di tions. 

If exper i men tal flashpoint data are not avail able, Satyanarayana and Rao
(1992) pro vide an empir i cal method for dif fer ent groups of organic com pounds.
They tested their cor re la tion with 1221 com pounds and found less than 1% abso -
lute error with exper i men tal data (based on °K). 

2.2.1. Flashpoints of Mix tures of Liq uids

For mis ci ble liquid mix tures com prised of a single flam ma ble liquid mixed with
non flam ma ble liq uids, the flashpoint of the mix ture will occur at a tem per a ture
where the par tial pres sure of the flam ma ble liquid in the mix ture is equal to the
vapor pres sure of the pure liquid at its flashpoint tem per a ture.

The pro ce dure to esti mate a flashpoint tem per a ture for this type of mix ture is
as fol lows:

1. Given: mole frac tion of flam ma ble liquid spe cies i in the liquid phase, xi;
flashpoint tem per a ture for pure liquid, TF; total pres sure.
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Figure 2.16. The rela tion ship between the var i ous flammability prop er ties.



2. Cal cu late the sat u ra tion vapor pres sure of the pure flam ma ble liquid at its
flashpoint tem per a ture, Pi

sat (TF), using pub lished vapor pres sure data or

equa tions.
3. Guess a flashpoint tem per a ture, TG, of the mix ture.
4. Cal cu late the sat u ra tion vapor pres sure of the pure flam ma ble liquid at the

guessed tem per a ture, Pi
sat (TG), using pub lished vapor pres sure equa tions.

5. Use a vapor–liquid equi lib rium model to esti mate the par tial pres sure of
the flam ma ble vapor above the liquid mix ture, pi. If the liquid mix ture is
ideal, this is given by,

p x P Ti i i= sat
G( ) (2-19)

where pi is the par tial pres sure of the flam ma ble vapor, xi is the mole frac -
tion of the flam ma ble liquid in the mix ture, and Pi

sat (TG) is the sat u ra tion

vapor pres sure of the flam ma ble liquid at the guessed tem per a ture.
6. If the par tial pres sure, pi, is less than Pi

sat (TF), then the guessed tem per a ture

is too low. If the reverse is true, then the guessed tem per a ture is too high.
7. Guess a new value for the flashpoint tem per a ture and return to step 4. Repeat 

the pro ce dure until a tem per a ture of suit able pre ci sion is deter mined.

For many liq uids the sat u ra tion vapor pres sure curve is given by the Antoine
equa tion,

ln( )P A
B

C Ti
sat = −

+ (2-20)

where A, B, and C are con stants and T is the abso lute tem per a ture.
Then, for ideal sys tems rep re sented by Equa tion (2-19), the flashpoint con di -

tion is given by,

p x P T P Ti i i i= =sat
G

sat
F( ) ( ) (2-21)

Equa tion (2-21) is com bined with Equa tion (2-20) and the result is either
numer i cally or alge bra ically solved for TG.

For mix tures com posed of sev eral flam ma ble liq uids, steps 5 and 6 are
replaced as fol lows:

5. Use a vapor–liquid equi lib rium pro ce dure to esti mate the par tial pres sures
of all the flammables in the vapor phase. Con vert the par tial pres sures to
mole frac tions and deter mine the mole frac tion for each flam ma ble spe cies 
on a com bus ti ble basis only.

6. Use Le Chatelier’s law, Equa tions (2-17) and (2-18), to deter mine the
flammability of the vapor mix ture. If the mix ture com po si tion is below the
LFL for the mix ture, the guessed tem per a ture is too low. If the reverse is
true, then the guessed tem per a ture is too high.
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The appli ca tion of the above pro ce dure to com plex mix tures has not been
exten sively tested. From a prac ti cal stand point, the flashpoint pro ce dure is simple
enough that an exper i men tal deter mi na tion is almost always done.

A common indus trial prac tice is to assume that the flashpoint of the mix ture is
never less than the lowest flashpoint of any of the pure com po nents. For ideal sys -
tems and most nonideal sys tems, this is true. How ever, for min i mum boil ing point
azeo tropes, the mix ture flashpoint can be sig nif i cantly less than any of the pure
com po nent flashpoints (Larson, 1998).

A more detailed method for esti mat ing flashpoints of nonideal liquid mix tures 
is pro vided by Henley (1998).

For nonmiscible liq uids the flashpoint may be dic tated by the phase struc ture
of the mix ture and is a com plex prob lem beyond the scope of this book.

2.2.2. Exam ple Appli ca tions

EXAMPLE 2.5 

Deter mine the flashpoint tem per a ture of a liquid mix ture of 50 mole per cent meth -
a nol and water.

Solu tion: The flashpoint for pure meth a nol is given in Appen dix C as 12.8°C.
The vapor pres sure for meth a nol is given in Antoine form, Equa tion (2-20), by
Crowl and Louvar (2002)

ln( )
.

.
P

Ti
sat 18.5875= −

− +
3626 55

34 29

where Pi
sat  is the sat u ra tion vapor pres sure, in mm Hg and T is the tem per a ture in K.

At the flashpoint tem per a ture of 12.8°C = 286 K, the vapor pres sure of the
pure meth a nol is

ln( )
.

.
.

.

P

P e

i

i

sat

sat

18.5875= −
− +

=

=

3626 55

34 29 286
418

418 65 4= .  mm Hg

The flashpoint of the mix ture will occur at the tem per a ture at which the par tial 
pres sure of the meth a nol above the mix ture is equal to 65.4 mm Hg. From Equa -
tion (2-21), assum ing an ideal liquid mixture,

( ) ( )0.50 65.4 mmHgsat
GP Ti =

P Ti
sat

G 65.4 0.50 = 131  mm Hg( ) =

Equa tion (2-20) is used to deter mine the new flashpoint tem per a ture,

ln( )131 = −
− +

18.5875
3626.55

34.29 T
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Solv ing for T results in a flashpoint of the mix ture of 299 K or 26°C. The
flashpoint of the mix ture increases as water is added.

This exam ple assumes ideal vapor liquid behav ior which is not valid for all
con cen tra tion ranges for this system. More com plex vapor–liquid equi lib rium
meth ods must be used with the same approach for nonideal sys tems.

2.3. Aero sols and Mists

Aero sols are liquid drop lets or solid par ti cles of size small enough to remain sus -
pended in air for pro longed peri ods of time. Mists are sus pended liquid drop lets
pro duced by con den sa tion of vapor into liquid or by the break ing up of a liquid
into a dis persed state by splash ing, spray ing or atom iz ing (Olishifski, 1971). Aero -
sols or mists are fre quently formed when liq uids are dis charged from pro cess
equip ment under high pres sure, or when pres sur ized liquified gases, such as LPG,
flash into vapor when the pres sure is sud denly reduced.

The com bus tion behav ior of aero sols and mists is not well under stood. Com -
bus tion models rep re sent ing the behav ior of a small, single drop of liquid match
exper i men tal data quite well. Efforts to model the com bus tion behav ior of clouds
of drop lets have not been as suc cess ful due to drop let inter ac tions and the tur bu -
lence cre ated by the rapid gen er a tion and expan sion of the com bus tion gases—
phe nom ena which are not well understood.

It is known that liq uids in aero sol or mist form may burn or explode at tem per -
a tures well below their flashpoint tem per a ture—the behav ior shown in Figure 2.16 
does not apply to aero sols and mists. The common home oil fur nace uses the atom -
iza tion of room tem per a ture oil to pro duce a com bus ti ble mist. The con cepts of
vapor flammability limits and liquid flashpoint tem per a tures are not ade quate to
describe the flammability of aero sols or mists. NFPA 68 (2002) uses the sug ges -
tion that a typ i cal LFL for a fine hydro car bon mist is 40 to 50 gm/m3, which is
approx i mately equal to the LFL for com bus ti ble hydro car bon gases in air at room
temperature.

2.4. Dusts

A dust is defined as “any finely divided solid, 420 µm or 0.016 in, or less in diam e -
ter (that is, mate rial capa ble of pass ing through a U.S. No. 40 stan dard sieve)
(NFPA 68, 2002)

The dusts of most solid com bus ti ble mate ri als, when dis persed in air and
ignited, can burn rap idly, intro duc ing the poten tial for a dust explo sion. Wood, alu -
mi num, coal, flour, milk powder, dyes and pharmaceuticals are exam ples of mate -
ri als that have caused explo sions. Grain dust is com bus ti ble and is respon si ble for
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explo sions in grain ele va tors. Many chem i cals used and pro duced by the chem i cal
indus try are in dust form. The explo sive behav ior of these mate ri als should be ade -
quately char ac ter ized prior to pro cess ing, handling, shipping and use.

Dusts can pres ent both fire and explo sion haz ards. First, dust layers, which
col lect on hot equip ment sur faces may heat, smoul der and catch on fire. The dust
layer pro vides ther mal insu la tion to the equip ment result ing in higher sur face tem -
per a tures and increased like li hood for igni tion. Second, dust par ti cles may entrain
with air form ing a com bus ti ble dust cloud. 

Dusts are unique in that other prop er ties affect their com bus tion behav ior,
includ ing mois ture con tent, par ti cle size, par ti cle size dis tri bu tion, par ti cle load -
ing, etc. Some times these addi tional prop er ties are com bined with the fire tri an gle
of Figure 2.2 to form a fire pen ta gon or hexa gon for dusts. These addi tional prop -
er ties make the char ac ter iza tion of dusts very dif fi cult—exper i men tal char ac ter -
iza tion at con di tions as close as pos si ble to process conditions is highly
recommended.

It is com monly believed that dusts burn in a fash ion sim i lar to gases—a belief
that is usu ally not cor rect. For instance, sup pose a mate rial combusts within a large 
cham ber and the com bus tion is relieved through a vent in the side of the cham ber.
If the com bus ti ble mate rial is a flam ma ble gas, the fire ball exit ing the vent will be
rel a tively small and can be almost trans par ent. If the mate rial is a dust, most of the
dust will burn out side the cham ber, result ing in a much larger, opaque flame and
con sid er able smoke. The dust burns exter nal to the cham ber due to two phe nom -
ena. First, the dust con tains a much larger quan tity of fuel than the gas and the
oxygen con tent within the cham ber is typ i cally inad e quate to combust all of the
dust. The com bus tion is com pleted by the addi tional oxygen avail able once the
unburnt dust is ejected from the cham ber. Second, most dusts burn slower than gas, 
with much of the dust burning after it is ejected from the chamber. 

Figure 2.17 shows an appa ra tus used to char ac ter ize the pres sure–time behav -
ior of dust cloud explo sions. It is sim i lar to the appa ra tus in Figure 2.3 used for
vapors. A min i mum test vessel volume of 20 liters is rec om mended in order to
min i mize the effects of sur face quench ing and to allow for scale-up of the results.
The dust is ini tially held in a con tainer out side the vessel and blown into the vessel
by air. The ini tial pres sure of the vessel is selected so that the addi tion of the dust
blow ing gas results in a total abso lute pres sure of 1 atm just prior to igni tion. The
ini tial tur bu lence of the mix ture can have a large effect on the exper i men tal results,
but the dust must also be prop erly dis persed and mixed with air prior to igni tion.
Thus, a time delay is set between the time the dust is blown in and the time the
igniter is acti vated so that much of the tur bu lence is dis si pated before igni tion.
How ever, the time delay must not be so long that the dust begins to settle out. Once
the igniter is acti vated the pres sure his tory of the explosion is tracked by a pressure
transducer. 

Figure 2.18 shows a typ i cal pres sure–time data curve from the dust cloud
explo sion appa ra tus. The pres sure rises rap idly to a max i mum over a period of
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 milliseconds and then decays slowly as the prod uct gases are cooled by the vessel
sur face. The behav ior is very sim i lar to the pres sure his tory for the vapor explo sion 
appa ra tus shown in Figure 2.4. 

A def la gra tion index is defined for dusts in an iden ti cal fash ion to vapors. For
dusts, the def la gra tion index is denoted by KSt where the “St” stands for “Staub,”
the German word for dust. 

K
dP

dt
VSt = 



 max

/1 3 (2-22)

As the KSt value increases, the dust explo sion becomes more vio lent.
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Figure 2.17. An apparatus for col lect ing explo sion data for dusts.

Figure 2.18. Pres sure data from dust explo sion device.



Table 2.7 shows how the KSt values are orga nized into four St-classes. The
St-class number increases as the def la gra tion index increases, that is, as the dust
explo sion becomes more vio lent.

Appen dix E con tains com bus tion data for a number of dust mate ri als. The test
vessel volume, mois ture con tent, igniter energy, par ti cle shape and par ti cle sur face 
reac tiv ity of the mate ri als in Appen dix E are unknown and could result in wide
vari abil ity in these results. Thus, the appli ca bil ity of the data to appar ently iden ti -
cal mate ri als is lim ited. Appen dix E includes the median par ti cle size of the dust
tested and the dust con cen tra tion under test con di tions—impor tant param e ters in
dust explosion characterization.

In gen eral, as the par ti cle size or mois ture con tent decreases, the def la gra tion
index, KSt, and the max i mum pres sure, Pmax, increase while the min i mum
explosible dust con cen tra tion (MEC), Cmin, and min i mum igni tion energy (MIE),
decrease. Over a lim ited range of par ti cle size, reduc ing the par ti cle size has more
effect on KSt and MIE than on Pmax. As the ini tial pres sure increases, the max i mum 
pres sure and, under cer tain con di tions, the max i mum rate of pres sure rise, gen er -
ally increase pro por tion ally. The min i mum igni tion energy (MIE) gen er ally
decreases with increased ini tial tem per a ture. As the oxygen con cen tra tion
decreases, the MIE increases, the max i mum pres sure and max i mum rate of pres -
sure rise of the dust in gen eral decrease, with the reverse occurring for oxygen
enriched systems (Eckhoff, 1997).

Dust clouds also exhibit a lim it ing oxygen con cen tra tion (LOC) below which
com bus tion of the dust cloud is not pos si ble. LOC values for a number of dusts are
shown in Table 2.8.

Dust explo sions in mines, grain ele va tors and other pro cess ing facil i ties can
occur in two or more stages. The first stage involves an explo sion, which may be
small and which may or may not be related to the dust. This first stage of the explo -
sion sus pends dust into the air which may be laying undis turbed within the pro cess 
or in sur round ing areas. The dust mixes with air and forms a com bus ti ble mix ture.
The second stage of the explo sion then involves the sus pended dust, which is fre -
quently larger and more dam ag ing than the first stage explo sion. Addi tional stages
of the explo sion may occur as more dust is disturbed.
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TABLE 2.7
St-Classes for Dusts

Deflagration Index
KSt (bar-m/sec) St-class Examples

0 St-0 Rock dust

1-200 St-1 Wheat grain dust

200-300 St-2 Organic dyes

>300 St-3 Aspirin, aluminum powder
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TABLE 2.8
Lim it ing Oxygen Con cen tra tion (LOC – vol. %) for Dust Clouds 
in Oxygen/Nitro gen Atmo spheres (Eckhoff, 1997)

Dust Type Median Particle Size (µm) Minimum O2 Concentration

Cellulosic Materials

 Cellulose 51 11

 Wood 27 10

Food and Feed

 Maize (corn) starch 17 9

 Rye flour 1150 29 13

Coals

 Brown coal 42 12

 Brown coal 63 12

 Brown coal 66 12

 Bituminous coal 17 14

Plastics, Resins, Rubber

 Polyacrylnitrile 26 11

 Polyacrylnitrile 26 10

Pharmaceuticals, Pesticides

 Methionine <10 12

Intermediate Products, Additives

 Barium stearate <63 13

 Benzoyl peroxide 59 10

 Methyl cellulose 29 15

 Methyl cellulose 49 14

 Methyl cellulose 70 10

 Paraformaldehyde 23  6

Other Technical Chemical Products

 Blue dye <10 13

 Organic pigment <10 12

Metals, Alloys

 Aluminum 22  5

 Aluminum 22  6

 Magnesium alloy 21  3

Other Inorganic Products

 Soot <10 12

 Soot 13 12

 Soot 16 12



There are many mech a nisms for the for ma tion of dusts. Many solids are fri a -
ble with dust for ma tion during pro cess ing and han dling. This includes mechan i cal
trans fer during load ing and unload ing, pneu matic trans port, siev ing, blend ing and
dump ing. Seg re ga tion and par ti cle size clas si fi ca tion can also occur during pneu -
matic trans fer—clouds enriched with finer par ti cles can be cre ated result ing in an
explo sion hazard not indi cated by the bulk mate rial. For these rea sons, dust explo -
sion test ing is often per formed on mate rial of much smaller par ti cle size to give a
conservative result.

Clearly, good house keep ing in pro cess ing areas is impor tant to pre vent and
mit i gate dust explo sions. Spe cial pro ce dures and equip ment are required to trans -
fer com bus ti ble dusts into and out of pro cess ing equip ment and to pro cess these
mate ri als safely (NFPA 654, 2000). 

Sev eral books dis cuss dust explo sions (Bartknecht, 1981; Eckhoff, 1997) and
numer ous NFPA pub li ca tions are avail able (NFPA 482, 1996; NFPA 499, 1997;
NFPA 480, 1998; NFPA 651, 1998; NFPA 664, 1998; NFPA 61, 1999; NFPA 120,
1999; NFPA 481, 2000; NFPA 654, 2000; NFPA 655, 2001).

2.5. Hybrid Mix tures

NFPA 68 (1994) defines a hybrid mix ture as “a mix ture of a flam ma ble gas with
either a com bus ti ble dust or a com bus ti ble mist.” Hybrid mix tures may occur in,
for instance, coal mining, spray drying of solids, or dump ing solid par ti cles into a
vessel con tain ing flam ma ble sol vents. Hybrid mix tures can also arise when par ti -
cles are pro cessed with a flam ma ble sol vent and later dried—during stor age resid -
ual sol vent is released and a hybrid mix ture is formed.

Bartknecht (1981) dis cusses hybrid mix tures and avail able exper i men tal data. 
He draws the fol low ing con clu sions:
 

1. Dust–air and gas–air mix tures that are not flam ma ble by them selves may
com bine to form a flam ma ble mix ture

2. The igni tion ener gies for the hybrid mix tures may be reduced from that of the
pure com po nents and is par tic u larly haz ard ous with readily ignited dusts.

3. The explo sion vio lence of com bus ti ble dusts [as mea sured by Pmax and
(dP/dt)max] can increase strongly with rising flam ma ble gas con cen tra tion, pos -
si bly increas ing the KSt value enough to move the mix ture to a higher St class.

2.6. Kinet ics and Thermochemistry

The com bus tion of a gas can be rep re sented by a single over all stoichiometric
reac tion. For meth ane the over all reac tion is

CH4 + 2O2 → CO2 + 2H2O
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For gas eous hydro car bons that con tain oxygen, nitro gen and sulfur a generic equa -
tion can be derived to describe the over all com bus tion reac tion. 

CmHxOyNuSv + (m + x/4—y/2 + v) O2 → mCO2 + (x/2)H2O + (u/2)N2 + vSO2

These reac tion equa tions pro vide infor ma tion on how the mol e cules and atoms are 
related stoichiometrically, but it does not tell us how they col lide and com bine.
Fur ther more, they assume that the com bus tion pro ceeds to stable com pounds.

From a molec u lar basis, atoms and/or mol e cules col lide and, if they have ade -
quate energy, they will react. Ele men tary reac tions are used to describe the actual
col li sion and reac tion mech a nism. For meth ane, sev eral dozen ele men tary reac -
tions involv ing dozens of chem i cal spe cies are used to rep re sent the com bus tion
pro cess. An Arrhenius expres sion can be writ ten for each reac tion to rep re sent the
reac tion rate. For instance, for the com bus tion of meth ane, the following
elementary reaction

CH4 + H⋅⇔ CH3⋅ + H2

describes the col li sion of atomic hydro gen with a meth ane mol e cule to pro duce the 
methyl free rad i cal and hydro gen.

The spe cies H⋅ and CH3⋅ in the ele men tary reac tion above are called free rad i -
cals, which only sur vive until they col lide or react with another spe cies. The con cen -
tra tions of these unsta ble spe cies are very low, typ i cally 10–3 mole frac tion or less.
Most of the ele men tary reac tion steps in a com bus tion pro cess involve free rad i cals.

Energy is released during the com bus tion pro cess. This energy heats the com -
bus tion prod ucts and any sur round ing pro cess equip ment result ing in a higher
tem per a ture. If the com bus tion occurs in a closed vessel, the pres sure will change
due to the change in tem per a ture and a change in the number of moles of gas deter -
mined by the reac tion stoichiometry.

The com plete numer i cal sim u la tion of the com bus tion pro cess is a very com -
plex task. This requires an unsteady mass and energy bal ance cou pled to the
dozens of ele men tary reac tions. In addi tion, the sim u la tion requires a model for
the tur bu lence induced by the rap idly gen er ated and expand ing com bus tion gases.
These sim u la tions pro vide the tem per a ture, pres sure and spe cies con cen tra tions as 
a func tion of dis tance and time. This is beyond the scope of this book.

An equi lib rium cal cu la tion can be used to deter mine the final state of the
combusting gases. This approach has become very pop u lar in the past few years due
to the avail abil ity of a number of equi lib rium codes. These codes include
CHEMKIN (avail able from Sandia Lab o ra to ries), STANJAN (avail able from W. C.
Reynolds, Dept. of Mechan i cal Engi neer ing, Stan ford Uni ver sity) and EQS4WIN
(avail able from Mathtrek Sys tems, Guelph, Ontario, Canada). An equi lib rium code
called Thermo Chem i cal Cal cu la tor (TCC) is also avail able for free on-line from
Stan ford Uni ver sity. The com mer cial con se quence mod el ing pack age SuperChems
(avail able from ioMosaic, Salem, NH) includes an equi lib rium pack age.
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These equi lib rium codes typ i cally pro vide the flex i bil ity to set a number of
param e ters con stant between the ini tial and final com bus tion state. If the com bus -
tion occurs in the open, such as an open flame, the pres sure and enthalpy are iden ti -
cal between the ini tial and final states. The equi lib rium code deter mines the final
gas com po si tion and tem per a ture. If the com bus tion occurs in a closed vessel, then
volume and inter nal energy are iden ti cal between the ini tial and final states. The
equi lib rium code deter mines the final tem per a ture, pressure and gas composition.

In theory, the results of the equi lib rium cal cu la tion should rep re sent the final
state of the com bus tion pro cess after a very long period of time—a descrip tion of
the tran sient heat, mass and kinetic pro cesses is not required. This approach
requires only ther mo dy namic data for all the chem i cal spe cies, includ ing prod ucts
and per haps the inter me di ate spe cies. The detailed ele men tary reac tions are not
required. The pro ce dure works as fol lows: given an ini tial mix ture of gases at a
spec i fied tem per a ture and pres sure and a com plete set of ini tial and prod uct spe -
cies, what is the final tem per a ture, pres sure and spe cies con cen tra tions that will
min i mize the Gibbs energy? The min i mum Gibbs energy require ment is shown to
cor re spond to the equilibrium case (Smith and Van Ness, 1987).

The equi lib rium method requires the spec i fi ca tion of a com pete set of prod uct
spe cies. This can pres ent a prob lem since dozens of free rad i cals and other inter -
me di ate spe cies are involved. Equi lib rium code pack ages are capa ble of auto mat i -
cally select ing these spe cies based on the ele men tal stoichiometric con straints.
Thus, for meth ane, the user can spec ify the pri mary stable spe cies of CH4, O2, H2O 
and CO2 and the code would select all the inter me di ate spe cies pos si ble based on
atomic carbon, hydro gen and oxygen. The result would include spe cies that would
not be pres ent in the actual com bus tion—the final numer i cal result would show a
zero or very low con cen tra tion for these spe cies. This pro ce dure is effec tive as
long as more spe cies are spec i fied than are actu ally pres ent. Equi lib rium codes
today are capable of easily handling hundreds of species.

2.6.1. Cal cu lated Adi a batic Flame Tem per a tures (CAFT)

The cal cu lated adi a batic flame tem per a ture (CAFT) is a pow er ful tool for esti mat -
ing the flammability limits of com plex gas mix tures (Hansel, Mitch ell et al., 1991;
Melhem, 1997). One pro ce dure is to use a CAFT limit of 1200 K for both the upper 
and lower flammability limits—other values are used depend ing on whether more
or less con ser va tive results are desired. A study has shown (Mashuga and Crowl,
1999) that this approach works rea son ably well for esti mat ing the entire
flammability zone on a flammability dia gram (see Figure 2.7). These stud ies have
also shown that the upper limit is esti mated suc cess fully only by includ ing the
inter me di ate unsta ble spe cies using an equi lib rium code. The lower limit can be
esti mated with or with out the inter me di ate spe cies.

Con sider a gas mix ture that is flow ing through a well-insu lated tube. At some
point in the tube the gas mix ture is ignited and a flame is sta bi lized. The pro cess
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occurs at con stant pres sure. The energy of com bus tion is used to heat the com bus -
tion prod ucts. The final tem per a ture is called the adi a batic flame tem per a ture.
This pro cess occurs in the open, so the pres sure is con stant and the ini tial and final
enthalpies are the same. Thus,

∆H = 0 (2-23)

where H is the total enthalpy (energy) and ∆ denotes the final minus the ini tial
state.

Since enthalpy is a state func tion, we can choose any path between the ini tial
and final states. In this case it is con ve nient to choose a path that is com prised of
two steps. First, the reac tion occurs at the ini tial tem per a ture to form prod ucts and
release the energy of com bus tion. The second step involves heat ing of the prod ucts 
to the final adi a batic tem per a ture. Com bin ing these steps with Equa tion (2-23)
results in

∆H = ∆HR
0 + ∆HP  = nR∆hR + nP∆hP = 0 (2-24)

where ∆HR
0 is the total enthalpy change of reac tion at the ini tial tem per a ture 

(energy)
∆HP  is the total enthalpy change due to the heat ing of the prod ucts 

(energy)
nR is the total moles of reac tants (moles)
∆hR is the molar enthalpy change of com bus tion (energy/mole)
nP is the total moles of prod uct gases (moles)
∆hP is the molar enthalpy change due to heat ing of the prod ucts 

(energy/mole)
The molar enthalpy change due to the heat ing of the com bus tion prod ucts is

deter mined from the heat capac ity of the prod ucts,

∆h C dT
T

T

P P
prodad= ∫

1
(2-25)

where C P
prod is the heat capac ity of the prod uct gases (energy/deg mole), T1 is the

ini tial tem per a ture (deg), and Tad is the adi a batic flame tem per a ture (deg).
The heat capac ity of the prod ucts, C P

prod is deter mined by

C y Ci
i

n

iP
prod

P=
=
∑

0
(2-26)

where yi is the mole frac tion of spe cies i (moles) and C
iP is the heat capac ity for

spe cies i (energy/deg mole).
The heat capac i ties of the gases are, in gen eral, a func tion of the tem per a ture.

Thus, the pro ce dure to solve for the adi a batic flame tem per a ture is trial and error,
as follows:
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1. Given: ini tial gas mix ture com po si tion, tem per a ture and pres sure; over all
reac tion stoichiometry; heat capac i ties of all spe cies, includ ing reac tants
and prod ucts; heat of com bus tion for the over all reac tion. If the heat of
com bus tion is not known, it can be deter mined from the heats of for ma tion
of the indi vid ual spe cies.

2. Deter mine the final spe cies com po si tion. This usu ally assumes com plete
reac tion until the lim it ing reac tant is con sumed. If oxygen is lim it ing,
assign the oxygen to the carbon to make CO first, then H2O and finally
CO2. Assume no nitro gen oxide for ma tion.

3. Guess an adi a batic flame tem per a ture.
4. Numer i cally inte grate Equa tions (2-25) and (2-26) using a spread sheet or

other math pack age and the equa tions for the heat capac i ties for the indi -
vid ual spe cies as a func tion of tem per a ture.

5. Deter mine the tem per a ture at which Equa tion (2-24) is sat is fied.
6. Guess a new tem per a ture based on the results of step 5 and return to step 4.

Con tinue the pro ce dure until a rea son ably pre cise esti mate of the tem per a -
ture is obtained.

Most equi lib rium codes are capa ble of deter min ing the CAFT auto mat i cally.
These codes would also deter mine the final gas com po si tion, with out spec i fy ing
any reac tions. Thus, step 2 in the above pro ce dure would be com pleted by the
code. The final gas com po si tion dra mat i cally affects the CAFT. The pres ence of a
number of inter me di ate or unsta ble spe cies, such as CO, NO⋅, H2, H⋅, OH⋅ and
others, will affect the final tem per a ture.

2.6.2. Exam ple Appli ca tion

The fol low ing exam ple will illus trate an adi a batic com bus tion cal cu la tion assum -
ing con stant heat capac i ties. Also, it will be assumed that no inter me di ate or unsta -
ble com bus tion spe cies are pres ent in the final gas mix ture and the reac tion goes to
com ple tion.

EXAMPLE 2.6

Meth ane is combusted with a stoichiometric amount of air. The heat of com bus -
tion for meth ane at 298K is –212,800 cal/gm-mole. The heat capac i ties of the
gases are assumed con stant and are pro vided in the table below.

Spe cies Heat Capac ity (cal/gm-mole °C)

CH4 19.7

O2  7.8

CO2  9.8

H2O 10.5

N2  7.8
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Deter mine the cal cu lated adi a batic flame tem per a ture (CAFT) for this system.

Solu tion: The pro ce dure shown in Equa tions (2-23) through (2-26) is used to
deter mine the CAFT. Since the heat capac i ties are con stant with tem per a ture, the
solu tion is direct rather than by trial and error. Step 1 is already com pleted by the
prob lem def i ni tion. The final spe cies com po si tion (Step 2) is deter mined assum ing 
com plete reac tion until the lim it ing reac tant is con sumed. In this case, the fuel is
pro vided in a stoichiometric mix and is con sumed. The ini tial gas com po si tion is:

Spe cies Moles Mole Frac tion, xi

CH4 1   0.0951

O2 2   0.1901

CO2 0   0.0   

H2O 0   0.0   

N2  7.52 0.7148

 Total: 10.52 1.0000

The final gas com po si tion is:

Spe cies Moles Mole Frac tion, xi

CH4 0   0.0   

O2 0   0.0   

CO2 1   0.0951

H2O 2   0.1901

N2   7.52 0.7148

 Total: 10.52 1.0000

Step 3 in the pro ce dure is not required since the solu tion is direct. For Step 4,
Equa tion (2-25) is inte grated directly since the heat capac i ties are con stant. The
heat capac ity of the final mix ture is given by Equa tion (2-26)

   C y C y C y CP
prod

N P
N

CO P
CO

H O P
H O

2

2

2

2

2

2= + +                                                     

          = (0.7148)(7.80 cal/gm-mole °C) + (0.0951)(9.8 cal/gm-mole °C) 
         + (0.1901)(10.5 cal/gm-mole °C)                                                  
          = 8.50 cal/gm-mole °C                                                                      

Sub sti tut ing into Equa tion (2-25),

∆h C dT C dT
T T

P P
prod

P
prodad ad= = =∫ ∫298 298

 (8.50 cal/gm-mol °C)(Tad – 298)
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For Step 5, Equa tion (2-24) is used

nR∆hR = –nP∆hP

(1 mole)(–212,800 cal/gm-mole)           
 = –(10.52 moles)(8.503 cal/gm-mole °C)(Tad – 298)

Solv ing gives 

Tad = 2403°C = 2676 K.

This exam ple assumes con stant heat capac i ties over the entire tem per a ture
range. If a more rig or ous approach with vari able heat capac i ties is used, the result -
ing tem per a ture is 2328 K. If we fur ther add CO to the spe cies list and per form an
equi lib rium cal cu la tion, the answer is 2260 K. Finally, if we select C, O, H, and N
as ele ments and select all 173 can di date spe cies in the ther mo dy namic data base,
and then per form an equi lib rium cal cu la tion, the answer is 2226 K. In this case,
CO, H2, OH⋅, O⋅, NO⋅, and H⋅ are pres ent in small amounts.

2.7. Gas Dynam ics

An explo sion results from the very rapid release of energy. The energy release
must be sudden enough to cause a local accu mu la tion of energy at the site of the
explo sion. This energy is then dis si pated by a vari ety of mech a nisms, includ ing
for ma tion of a pres sure wave, pro jec tiles, ther mal radi a tion, acous tic energy, or
phys i cal trans la tion of equip ment. The damage from an explo sion is caused by the
dis si pat ing energy. 

If the explo sion occurs in a gas, the energy causes the gas to expand rap idly,
forc ing back the sur round ing gas and ini ti at ing a pres sure wave which moves rap -
idly out ward from the blast source. The pres sure wave con tains energy which
results in damage to the sur round ings. For chem i cal plants, much of the damage
from explo sions is done by this pres sure wave. Thus, in order to under stand explo -
sion impacts, the dynam ics of the pres sure wave must be under stood. Many ref er -
ences are avail able in this area (Glasstone, 1962; Baker, 1983; Kinney and
Graham, 1985; Lees, 1986; Baker, Cox et al., 1988; AIChE, 1994; Lees, 1996).

A pres sure wave prop a gat ing in air is called a blast wave. If the pres sure front
has a very abrupt pres sure change, as shown in Figure 2.19 as a func tion of dis -
tance at a fixed time, and in Figure 2.20 as a func tion of time at a fixed loca tion, it is 
called a shock wave or shock front. A shock wave is expected from high explo -
sive mate ri als, such as TNT, but it can also occur from the sudden rup ture of a pres -
sure vessel. Fig ures 2.19 and 2.20 show the typ i cal abrupt rise in pres sure at the
shock front, fol lowed by a decrease in pres sure behind it. The max i mum pres sure
over ambi ent is called the peak overpressure. 
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The def i ni tions for shock and blast waves in the lit er a ture and common prac -
tice vary between ref er ence sources. It is clear that a shock wave involves a very
abrupt, almost instan ta neous, change in pres sure that results from the explo sion of
a mate rial such as TNT. A blast wave, on the other hand, is used more gen er ally to
include both shock waves and pres sure waves that do not have an abrupt pres sure
change, such as would occur from the com bus tion of a flammable gas.

Figure 2.20 shows the vari a tion in pres sure with time for a typ i cal shock wave
at a fixed loca tion some dis tance from an explo sion site in the open. The explo sion
occurs at time t0. There exists a small but finite time, t1, before the shock front trav -
els from its explo sive origin to the affected loca tion. The time, t1, is called the
arrival time. At t1, the shock front has arrived and a peak overpressure is observed
imme di ately fol lowed by a strong tran sient wind. The pres sure quickly decreases
to ambi ent at t2 but the wind con tin ues in the same direc tion as the shock wave for a 
short time. The time period t1 to t2 is called the overpressure or pos i tive phase dura -
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Figure 2.19. A typ i cal shock wave at a fixed time.

Figure 2.20. Shock wave pres sure at a fixed loca tion.



tion. The overpressure dura tion is typ i cally (but not always) the period of great est
destruc tion to free stand ing struc tures so its value is impor tant for esti mat ing
damage. The decreas ing pres sure con tin ues to drop below ambi ent to a max i mum
underpressure at t3. For most of the underpressure period (also called the neg a tive
pres sure period) from t2 – t4 the blast wind reverses direc tion and flows toward the
explo sion origin as required to con serve mass. There is some damage asso ci ated
with the underpressure period, but since the max i mum underpressure is only a few
psi for typ i cal explo sions, the damage is much less than that of the overpressure
period. The underpressure for very large explo sions and nuclear explo sions can be
quite large, how ever, result ing in con sid er able damage. Lower pres sure vapor
cloud def la gra tions and burst ing pres sure ves sels can have an underpressure of
com pa ra ble mag ni tude to the overpressure (Tang and Baker, 1999). After attain ing 
the max i mum underpressure at t3, the pres sure will approach ambi ent at t4. At this
time the blast wind and the direct destruc tion have ter mi nated.

An impor tant con sid er ation is how the pres sure is mea sured as the blast wave
passes. If the pres sure trans ducer is at right angles to the blast wave, the
overpressure mea sured is called the side-on overpressure (some times called the
free field overpressure). This is the overpressure shown in Fig ures 2.19 for a
shock wave. At a fixed loca tion, shown in Figure 2.20, the side-on overpressure
increases abruptly to its max i mum value (peak side-on overpressure) and then
drops off as the blast wave passes. If the pres sure trans ducer is placed in the middle 
of a large wall facing toward the oncom ing shock wave, then the pres sure mea -
sured is the reflected overpressure. The reflected overpressure is a man i fes ta tion
of the shock wave pres sure and the dynamic pres sure of the blast wind acting on an 
obsta cle in their path. The dynamic pres sure is defined as ½ρu2, where ρ is the
gas den sity and u is the gas veloc ity. The reflected pres sure for low side-on
overpressures is about twice the side-on overpressure and can reach as high as 8 or
more times the side-on overpressure for strong shocks (Baker, Cox et al., 1988).
The reflected overpressure is a max i mum when the blast wave arrives normal to
the wall or object of con cern and decreases as the angle changes from normal. Ref -
er ences often report overpressures with out spec i fy ing whether they are side-on or
reflected. Care should be exer cised in using such infor ma tion. 

A time trace for both side-on and dynamic overpressure recorded at a fixed
loca tion for a shock wave is shown in Figure 2.21. The rel a tive mag ni tudes of the
side-on and dynamic pres sures are a func tion of the side-on overpressure; at
side-on overpressures of less than about 70 psi the dynamic pres sure is less than
the side-on overpressure. The max i mum value of the dynamic pres sure is called
the peak dynamic pres sure. The peak dynamic pres sure decreases with increas -
ing dis tance from the explo sion sim i lar to peak shock overpressure, but at a dif fer -
ent rate. At a fixed loca tion the dynamic pres sure behaves sim i lar to side-on
overpressure as a func tion of time. How ever the pres sure decay after the shock is
often dif fer ent, as shown in Figure 2.21. The dynamic pres sure decays to zero
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some time later than the side-on overpressure due to the momen tum of the moving
air fol low ing behind the shock front

As the blast wave moves out from the explo sion origin, energy is dis si pated
and the blast wave decays. How ever, the volume affected increases as the cube of
the dis tance from the blast. Thus, it is impor tant to under stand the rela tion ship
between the overpressure and the dis tance from the explo sion. Figure 2.22 shows a 
blast wave at var i ous times as it moves out ward from its explo sive origin. As it pro -
ceeds the peak overpressure at the front decreases and the dura tion of the blast
wave increases. The last curve (t6) in Figure 2.22 shows an underpressure where a
par tial vacuum is pro duced. This phase is some what longer than its pos i tive phase
and has a rever sal in wind direc tion. 

The blast impulse is defined as the change in momen tum and has dimen sions
of force-time prod uct. For a blast wave, the area under the pressure–time curve is
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Figure 2.21. Side-on overpressure and dynamic pres sure at a fixed loca tion. For side-on 
overpressures of less than about 70 psi the dynamic pres sure is less than the side-on
overpressure, as shown.

Figure 2.22. Overpressure curves at var i ous times after the ini tial explo sion.



the impulse per unit of pro jected area (Kinney and Graham, 1985). The impulse is
reported sep a rately for each of the overpressure and underpressure peri ods.

Damage from blast waves depend on many fac tors, includ ing the shape, dura -
tion and mag ni tude of the blast wave; the stand off dis tance between the explo sion
and a recep tor; the ori en ta tion and size of the recep tor and the type of con struc tion
of the recep tor. Damage esti mates almost always require esti mates of peak
overpressure and impulse. It is gen er ally rec og nized that sim plis tic damage esti -
mates based on side-on overpressure only are ade quate for struc tural damage pre -
dic tions (Baker, Cox et al., 1988). More detail on this is pro vided in Sec tion 2.13.2.

2.7.1. Det o na tions and Def la gra tions

The dif fer ence between a det o na tion and def la gra tion depends on whether the
reac tion front prop a gates above or below the speed of sound in the unreacted mate -
rial. For ideal gases, the speed of sound or sonic veloc ity is a func tion of tem per a -
ture and molec u lar weight only and has a value of 344 m/s (1129 ft/s) for air at
20°C. Fun da men tally, the sonic veloc ity is the speed at which infor ma tion is trans -
mit ted through a gas.

In some reac tions the reac tion front is prop a gated by a strong pres sure wave
which com presses the unreacted mate rial ahead of the reac tion front, rais ing its
tem per a ture above its autoignition tem per a ture. This com pres sion occurs very rap -
idly, result ing in an abrupt pres sure change or shock in front of the reac tion front.
This is clas si fied as a det o na tion, result ing in a reac tion front and lead ing shock
wave which prop a gates into the unreacted mix ture at or above the sonic velocity. 

For a def la gra tion, the energy from the reac tion is trans ferred to the unreacted
mix ture by heat con duc tion and molec u lar dif fu sion. These pro cesses are rel a -
tively slow, caus ing the reac tion front to prop a gate at a speed less than the sonic
velocity.

Figure 2.23 shows the phys i cal dif fer ences between a det o na tion and a def la -
gra tion for a com bus tion reac tion which occurs in the gas phase in the open. For a
det o na tion the reac tion front moves at a speed greater than the speed of sound. A
shock front is found a short dis tance in front of the reac tion front. The reac tion
front pro vides the energy for the shock front and con tin ues to drive it at sonic or
greater speeds.

For a def la gra tion, the reac tion front prop a gates at a speed less than the speed
of sound. The pres sure front moves at the speed of sound in the unreacted gas and
moves away from the reac tion front. 

The pres sure fronts pro duced by det o na tions and def la gra tions in the open are
mark edly dif fer ent, as shown on Figure 2.23. A det o na tion pro duces a shock front
with an abrupt pres sure rise. The max i mum pres sure depends on the phase and
type of react ing mate rial. Gas eous det o na tions are in the 15–20 atm range,
whereas con densed phase mate ri als may exceed 100 kbar. The dura tion depends
on the explo sion energy and can be mil li sec onds to tens of mil li sec onds. The pres -
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sure front result ing from a def la gra tion in the open is char ac ter is ti cally long (mil li -
sec onds to hun dreds of mil li sec onds in dura tion), broad and smooth (with out an
abrupt shock front) and with a max i mum pres sure typ i cally one or two atmo -
spheres. The pres sure values shown on Figure 2.23 are only used to dem on strate
the dif fer ence between a det o na tion and deflagration—actual values will vary
considerably.

The behav ior of the reac tion and pres sure fronts will differ from those shown
in Figure 2.23 depend ing on the local geom e try con strain ing the fronts. Dif fer ent
behav ior will occur if the fronts prop a gate in a closed vessel, a pipe line, or through
a con gested pro cess unit. The par tic u lar case for prop a ga tion within a closed
sphere is pre sented in Fig ures 2.4 and 2.5 and dis cussed in Sec tion 2.1. The gas
dynamic behav ior for more com plex geom e tries is beyond the scope of this text. 

Figure 2.24 shows a def la gra tion wave prop a gat ing through air. The higher
pres sure part of the curve has a higher tem per a ture and hence a greater speed than
the lower pres sure parts. Thus, the higher pres sure part of the curve over takes the
for ward lower pres sure part, result ing in a steeper front part of the curve as the
pres sure wave prop a gates away from the blast. This pro cess may con tinue until the 
pres sure wave approaches the shape of a det o na tion blast wave. This pro cess is
called “shocking up.”

The damage due to either a det o na tion or def la gra tion is typ i cally dif fer ent.
The damage pro duced by a det o na tion of the same energy is typ i cally greater than
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Figure 2.23. Com par i son of det o na tion and def la gra tion gas dynam ics. The explo sion is
ini ti ated to the far left.



the damage from a def la gra tion, pri mar ily due to the much higher peak
overpressure for the det o na tion, although this is a sim pli fi ca tion of a com plex sit u -
a tion. A def la gra tion should not be dis counted due to the lower peak pres sure—the 
lower peak pres sure is offset by the much longer dura tion of the pres sure wave
which may be more dam ag ing for cer tain struc tural com po nents. This sub ject is
discussed in more detain in Section 2.13.2.
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Figure 2.24. A sequence of pres sure pro files for increas ing times, show ing how a def la -
gra tion wave approaches the shape of a det o na tion.



Con sider the spe cific exam ple of com bus tion occur ring within a pro cess
vessel result ing in vessel rup ture and explo sion. If the explo sion is due to a def la -
gra tion, only a few vessel pieces would be expected. Also, the wall thick ness will
be thin ner near the tear lines as the vessel wall is deformed just prior to rup -
ture—this is called stress frac ture or duc tile fail ure. If the explo sion is due to a det -
o na tion, many vessel pieces result since the vessel wall shat ters due to the abrupt
arrival of the shock front. The vessel pieces are also not thinned near the tear lines
since inad e quate time is avail able prior to rup ture for wall thin ning—this is called
brit tle frac ture. The dif fer ence in the two fail ure modes is a con se quence of the rate 
at which the explo sion pres sure is applied to the vessel wall. In the case of a def la -
gra tion, the pres sure is applied slowly and the wall has time to stretch, result ing in
a tear ing fail ure. For a det o na tion, the pres sure is applied so abruptly that the wall
does not have time to stretch before it fails.

2.7.2. Esti mat ing Peak Side-on Overpressures

For shock waves result ing from the det o na tion of high explo sives, a well-defined
rela tion ship exists between overpressure and mass of TNT det o nated. Figure 2.25
shows the scaled peak side-on overpressure and scaled impulse cor re lated as a
func tion of the scaled dis tance Z, which is defined as,

Z
R

W
=

1 3/ (2-27)

where Z is the scaled dis tance (dis tance/mass1/3), R is the dis tance from the explo -
sion center (dis tance), and W is the mass of TNT (mass).
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Figure 2.25. Scaled overpressure
and inpulse curves for a TNT explo -
sion on a sur face (Lees, 1996).



Figure 2.25 is in metric units with the mass in kilograms and the dis tance in
meters. 

The scaled overpressure is defined as

p
p

ps
o

a

= (2-28)

where ps is the scaled overpressure (unitless), po is the peak side-on overpressure
(pres sure), and pa is the abso lute ambi ent pres sure (pres sure). The term “over -
pressure” always refers to a gauge pres sure.

The scaled overpressure data in Figure 2.25 are for a TNT explo sion on the
ground at sea level. Overpressure cor re la tions are fre quently pre sented for free-air
explo sions, with a dis tant ground sur face. To con vert sur face data to free air data,
the mass of TNT is halved to account for the loss of energy reflected by the ground
surface.

The impulse and peak side-on overpressure are used to esti mate damage for a
number of cases. More detail on this is pro vided in Sec tion 2.13.2.

2.7.3. Exam ple Appli ca tions

EXAMPLE 2.7

Esti mate the peak side-on overpressure and impulse at a dis tance of 50 m from the
explo sion of 200 kg of TNT. The ambi ent pres sure is 101.3 kPa.

Solu tion: The scaled dis tance is deter mine from Equa tion (2-27),

Z
R

W
= = =

1 3/

50 m

(200 kg)
8.55 m kg

1/ 3
1/ 3

From Figure 2.25, this cor re sponds to a scaled overpressure of 0.18. Thus,
from Equa tion (2-28), the peak side-on overpressure is,

po = ps pa = (0.18)(101.3 kPa) = 18.3 kPA

The scaled impulse is read directly from Figure 2.25 and has a value of 32
kPa-ms/kg1/3. The impulse is then

(32 kPa-ms/kg1/3)(200 kg)1/3 = 187 kPa-ms

This overpressure might not appear to be sig nif i cant, but it is enough to cause
inju ries and exten sive damage to some types of build ings. 

EXAMPLE 2.8

Esti mate the dis tance to a peak side-on overpressure of 21 kPa for the explo sion of
200 kg of TNT. The ambi ent pres sure is 101.3 kPa.
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Solu tion: The prob lem is the reverse of Exam ple 2.8. The scaled overpressure 
is deter mined using Equa tion (2-28)

p
p

ps
o

a

21 kPa

101.3 kPa
0.207= = =

From Figure 2.25 this cor re sponds to a scaled dis tance, Z, of 8.0 m/kg1/3. The
dis tance is deter mined from Equa tion (2.7).

R = ZW1/3 = (8.0 m/kg1/3)(200 kg TNT)1/3 = 46.8 m

EXAMPLE 2.9

Esti mate the mass of TNT exploded if an overpressure of 10 kPa is mea sured at a
dis tance of 100 m from the blast origin. The ambi ent pres sure is 101.3 kPa.

Solu tion: The scaled overpressure is deter mined using Equa tion (2-28)

p
p

ps
o

a

10 kPa

101.3 kPa
0.0987= = =

From Figure 2.25 this cor re sponds to a scaled dis tance, Z, of 12 m/kg1/3. The
mass of TNT is deter mined from Equa tion (2-27),

W
R

Z
= 





=








 =

3 3
100 m

12 m kg
579 kg TNT

1/ 3

2.7.4. Pres sure Piling and Def la gra tion to Det o na tion Tran si tion

Hydro car bon com bus tion in an enclosed space can the o ret i cally result in a pres -
sure increase of from 6 to 10 times the ini tial abso lute pres sure (aver ag ing about
8 Po) (NFPA 68, 2002). How ever, if a com bus tion occurs in inter con nected ves -
sels, as shown in Figure 2.26, pres sure piling may result. This occurs if the com -
bus tion is a def la gra tion and is due to the pres sure front moving much faster than

2.7. Gas Dynam ics 63

Figure 2.26. Pres sure piling in inter con nected ves sels.



the reac tion front. The pres sure front will arrive in the con nected vessel of Figure
2.26 prior to the reac tion front. The pres sure front will increase the pres sure ahead
of the reac tion front (about 8 Po) result ing in a final pres sure after the reac tion front 
passes of about 8 × 8 Po = 64 Po.

A def la gra tion can change into a det o na tion by a pro cess called def la gra tion
to det o na tion tran si tion (DDT). It is more common in pipes and chan nels than in
open spaces or ves sels. Due to the geo met ric nature of pipes and chan nels, energy
from the def la gra tion can accu mu late in the pres sure wave. If enough energy accu -
mu lates, the result ing adi a batic com pres sion of the gas might lead to autognition
and initiation of a detonation.

Chem i cal plants are com plex pro cesses with inter con nected pipes, ves sels,
tanks, valves and so forth. If a com bus tion is ini ti ated inside the pro cess, the com -
bus tion may begin as a def la gra tion. How ever, the def la gra tion may prop a gate
down pipe lines and through other pro cess equip ment, with the pos si bil ity of a tran -
si tion to a det o na tion. Flame front accel er a tion can also occur out side of pro cess
pipes and equip ment if the volume has suf fi cient con ges tion and con fine ment
which results in flame speed accel er a tion due to com bus tion gen er ated tur bu lence.
See Grossel (2002) for more details on pressure piling and DDT.

2.8. Phys i cal Explo sions

A pres sure vessel con tains stored energy due to its inter nal pres sure and rep re sents
an explo sion hazard. If the vessel is overpressured beyond its mechan i cal strength, 
or the vessel integ rity is lost, the energy is released sud denly and sig nif i cant
damage can result. The damage is caused by the pres sure wave from the sudden
gas release which prop a gates rap idly out ward from the vessel. This pres sure wave
may be a shock wave, depend ing on the nature of the fail ure. Flying frag ments
from the vessel wall or struc ture can also cause damage. If the vessel con tents are
flam ma ble, a sub se quent fire or vapor cloud explo sion might result.

The energy con tained in the com pressed gas within the vessel is used to (1)
stretch and tear the ves sels walls, (2) pro vide kinetic energy to the frag ments, and
(3) pro vide energy for the pres sure wave. Some of the energy of expan sion also
becomes “waste” ther mal energy which is not con cen trated enough to cause any
ther mal damage.

If the vessel con tains all gas, the energy for the pres sure wave is derived from
the rapid expan sion of the released gas. If the vessel con tains a liquid with a pres -
sur ized vapor space, then the result is depend ent on the liquid tem per a ture. If the
vessel con tains both gas and liquid and the liquid is below its normal boil ing point
tem per a ture, then the pres sure energy is derived from the rapid expan sion of the
vapor space gases—the liquid remains unchanged and drains out. If the vessel con -
tains both gas and liquid and the liquid is stored under pres sure at a tem per a ture
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above its normal boil ing point, then the pres sure wave may derive addi tional
energy from the rapid flash ing of a por tion of the liquid. See Section 2.8.1.

There are four meth ods used to esti mate the energy of explo sion for a pres sur -
ized gas: Brode’s equa tion, isentropic expan sion, iso ther mal expan sion and ther -
mo dy namic avail abil ity. Only Brode’s equa tion will be pre sented here with the
other three meth ods pre sented in Appen dix B. Appen dix B also con tains exam ples
on how to use these equations.

Brode’s method (Brode, 1959) is per haps the sim plest approach. It deter mines 
the energy required to raise the pres sure of the gas at con stant volume from atmo -
spheric pres sure to the final gas pres sure in the vessel. The result ing expres sion is

E
P P V

=
−
−

( )2 1

1γ (2-29)

where E is the energy of explo sion (energy)
P2 is the burst pres sure of the vessel (force/area)
P1 is the ambi ent pres sure (force/area)
V is the volume of the vessel (volume)
γ is the heat capac ity ratio for the gas (unitless)

A por tion of the poten tial explo sion energy of vessel burst is con verted into
kinetic energy of the vessel pieces and other inef fi cien cies (such as strain energy in 
the form of heat in the vessel frag ments). For esti ma tion pur poses, it is not uncom -
mon to sub tract 50% of the total poten tial energy to cal cu late the blast pres sure
effects from vessel burst.

Phys i cal explo sions are dis cussed in greater detail else where, with curves pro -
vided to esti mate overpressures at a fixed dis tance from a burst ing pres sure vessel
(Baker, Cox et al., 1988; AIChE, 1994, 1999a).

2.8.1. BLEVEs

A BLEVE, or boil ing liquid expand ing vapor explo sion, occurs when a vessel
con tain ing liquid above its normal boil ing point fails cat a stroph i cally. The rapid
depressurization during vessel fail ure results in sudden flash ing of part of the
liquid into vapor. The damage is caused, in part, by the pres sure wave from the
rapid flash ing of the liquid and expan sion of the vapor. Pro jec tile damage from the
con tainer pieces and impinge ment damage from ejected liq uids and solids is also
pos si ble. Vessel fail ure can result from causes such as an exter nal fire, mechan i cal
impact, cor ro sion, exces sive inter nal pres sure or met al lur gi cal fail ure. 

Figure 2.27 shows a vessel exposed to an exter nal fire. The vessel walls below
the liquid level are pro tected by heat trans fer from the wall to the liquid, keep ing
the wall tem per a ture low and main tain ing the wall strength and struc tural integ rity. 
How ever, the vessel walls above the liquid level are not pro tected due to poor heat
trans fer between the metal wall and the vapor, result ing in an increase in wall tem -
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per a ture and even tual struc tural fail ure due to loss of metal strength. The fail ure
may occur at a vessel pres sure well below the rated pres sure of the vessel or the set
pres sure of the relief system. After the vessel fails, the liquid flashes almost instan -
ta neously into vapor, result ing in a pres sure wave and a vapor cloud. If the liquid is
flam ma ble and is ignited, a large fire ball will form. The damage effects for this
case include the overpressure from the vessel fail ure, ther mal radi a tion and pos si -
ble flame impinge ment from the fire ball. BLEVEs can occur with ves sels con tain -
ing noncombustible liq uids such as water. The damage effects for this case are due
to the overpressure from the vessel fail ure, frag ments from the vessel and
impingement of the escaping hot water.

Films of actual BLEVE inci dents involv ing flam ma ble liq uids clearly show
sev eral stages of BLEVE fire ball devel op ment and growth. At the begin ning of the
inci dent, a fire ball is formed quickly due to the rapid ejec tion of flam ma ble mate -
rial upon depressurization. This is fol lowed by a much slower rise of the fire ball
due to buoy ancy of the heated gases. A sig nif i cant part of the damage from these
types of BLEVEs is due to ther mal radi a tion from the large, rising fire ball, which
can reach 100 m or more in diam e ter, rise sev eral hun dred meters in height, and
last as long as 30 sec onds. Blast or pres sure effects from BLEVEs are gen er ally
lim ited to the near field (see Sec tions 2.9.1 to 2.9.3). Pro jec tiles from the explod -
ing vessel can be a sig nif i cant hazard and can result in damage or involvement of
adjacent units.

BLEVEs can happen quite quickly, with vessel fail ure occur ring as soon as
five min utes after ini tial fire expo sure. In some instances BLEVEs have been quite
delayed, with fail ure being many hours and some times days after ini tial fire expo -
sure.
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Figure 2.27. The mech a nism of BLEVE for ma tion due to exter nal fire. The metal wall
exposed to vapor will even tu ally fail at a pres sure below the ves sel’s rated pres sure.



Addi tional infor ma tion on BLEVEs is pro vided else where (AIChE, 1994;
Lees, 1996). Meth ods are avail able to esti mate BLEVE fire ball size, height and
dura tion and to deter mine ther mal radi a tion effects (AIChE, 1999a).

2.8.2. Rapid Phase Tran si tion Explo sions

A rapid phase tran si tion explo sion occurs when a liquid or solid under goes a
very rapid change in phase. If the phase change is from liquid to gas, or from solid
to gas (sub li ma tion), the volume of the mate rial will increase hun dreds or thou -
sands of times, fre quently result ing in an explo sion. This is the pro cess that causes
pop corn to pop when the mois ture within the kernel changes phase and expands
rap idly.

The most common rapid phase tran si tion explo sion is due to the sudden expo -
sure of a mate rial to another mate rial which is at a high enough tem per a ture to
cause the phase change. Key fac tors in rapid phase tran si tion explo sions include a
large tem per a ture dif fer ence, a boil ing point for the mate rial chang ing phase that is 
much lower than the tem per a ture of the heat source, a large dif fer ence in heat
capac ity and a large area of con tact between the mate rial and the heat source.

Figure 2.28 illus trates a case his tory show ing how this may occur. A hot oil at
a tem per a ture of 250°C was pumped into a dis til la tion column for pro cess ing. Ini -
tially, valves A and B were closed. Due to a pre vi ous main te nance oper a tion, water 
was pres ent in the blocked-off pipe sec tion between valves A and B. Valve A was
acci dently opened during the oper a tion, expos ing the water to the high tem per a -
ture oil. The water flashed explo sively, result ing in exten sive inter nal damage to
the column.

In any sit u a tion where a rel a tively low boil ing point mate rial may be brought
into con tact with a high tem per a ture mate rial there should be an eval u a tion of the
poten tial for a rapid phase tran si tion explosion.
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Figure 2.28. The open ing of Valve A
exposed the water to the high-tem per -
a ture oil, result ing in an explo sion
caus ing severe damage to the
column.



2.9. Vapor Cloud Explo sions

A vapor cloud explo sion, or VCE, occurs when a large quan tity of flam ma ble
vapor or gas is released, mixes with air and is sub se quently ignited. The vapor or
gas fuel is usu ally released due to the loss of pro cess con tain ment. This could
include the fail ure of a pipe, stor age vessel or a pro cess reac tor. The rapid dis -
charge of flam ma ble pro cess mate rial through a relief system may also result in a
VCE. The vapor may also orig i nate from liquid stored under pres sure to main tain
it in the liquid state—the dis charged liquid will flash rap idly into vapor at ambi ent
pres sure. The result ing explo sion pro duces an overpressure which prop a gates out -
ward from the explo sion site as a blast wave. Sig nif i cant damage from the result -
ing fire ball is also pos si ble due to ther mal radi a tion.

Addi tional infor ma tion on VCEs is pro vided else where (AIChE, 1994; Lees,
1996; AIChE, 1999b).

Sev eral con di tions must gen er ally be pres ent for a VCE to result in dam ag ing
overpressure.

• The released mate rial must be flam ma ble.
• A cloud of suf fi cient size must form prior to igni tion. If the cloud is too

small, or is ignited early in the release, only a small fire ball will result with -
out sig nif i cant overpressures. A jet or pool fire may sub se quently form.

• The vapor cloud must mix with air to pro duce a suf fi cient mass in the flam ma -
ble range of the mate rial released. With out suf fi cient air mixing, a dif fu sion
con trolled fire ball may result with out sig nif i cant overpressures devel op ing.

• The speed of the flame prop a ga tion must accel er ate as the vapor cloud
burns. With out this accel er a tion, only a flash fire will result, which may
pro duce sig nif i cant damage due to ther mal radi a tion and direct flame
impinge ment. 

These con di tions are illus trated in Figure 2.29.
To com pli cate mat ters, the above quan ti ties are related to each other. For

exam ple, the method and quan tity of release will affect the degree of mixing with
air and the size of the cloud. These inter re lated qual i ta tive fea tures make the char -
ac ter iza tion of vapor cloud explo sions very difficult.

Flame accel er a tion is an impor tant part of the vapor cloud explo sion. The
flame accel er ates when tur bu lence stretches and tears the flame front increas ing its 
sur face area. The pri mary tur bu lence sources are flow tur bu lence estab lished in the 
unburned gas as it flows ahead of the flame front, pushed by the expand ing com -
bus tion prod ucts behind it; and tur bu lence caused by the inter ac tions of the gas
with obsta cles it encoun ters. In either case the tur bu lence results from the motion
of the gas. As the tur bu lence increases, stretch ing the flame front, the rate at which
the fuel is combusted increases because the area of the stretched and torn flame
front has increased. As the rate of com bus tion increases the push on the unburned
gases increases, caus ing them to move even faster, increas ing the tur bu lence fur -
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ther. This cre ates a feed back mech a nism that accel er ates the flame speed. Tur bu -
lence from the release could be a con trib ut ing factor near the point of release, but
flame front accel er a tion to dam ag ing overpressures can occur even in ini tially qui -
es cent gas in a con gested or con fined pro cess area. A con gested pro cess area, pop -
u lated with pipes, pumps, valves, ves sels, and other pro cess equip ment is adequate 
to result in significant flame speed acceleration.

In the past, a VCE was com monly called an uncon fined vapor cloud explo sion 
(UVCE). How ever, as dis cussed above, the degree of con fine ment sig nif i cantly
affects the behav ior of a VCE. The com bus tion of a vapor com pletely in the open
typ i cally will result in a flash fire with out sig nif i cant overpressures. Thus, the
word “uncon fined” has been dropped from the terminology.

Most VCEs result in def la gra tions—det o na tions are unlikely. Increas ing
levels of con fine ment and con ges tion increase the explo sion overpressure. While
vapor cloud det o na tions are rare, the higher overpressures can approach the sever -
ity of detonations.

Lenoir and Dav en port (1992) have sum ma rized over 200 VCE inci dents. All
(with pos si bly one excep tion) were def la gra tions rather than det o na tions. They
found that VCEs accounted for 37% of the number of prop erty losses in excess of
$50 mil lion (cor rected to 1991 dol lars) and accounted for 50% of the over all dol -
lars paid in insur ance claims. Of the ten larg est prop erty losses in the pro cess
indus try, seven were due to VCEs. 

The major con cerns for anyone involved with risk assess ment related to vapor
cloud explo sions is the overpressure and/or impulse as a func tion of dis tance from
the explo sion. Once these are known the damage effects can be esti mated. Addi -
tional detail on damage esti mates is pro vided in Sec tion 2.13.

2.9. Vapor Cloud Explo sions 69

Figure 2.29. Con di tions required for a vapor cloud explo sion. An igni tion source is also
required, but these are abun dant.



Some meth ods to deter mine the overpressure/impulse require an esti mate of
the flam ma ble mass. Esti ma tion of the total flam ma ble mass within the vapor
cloud is dif fi cult. A detailed mono graph on this com plex sub ject is pro vided else -
where (AIChE, 1999b). Ide ally, a dis per sion model could be used to deter mine the
flam ma ble mass in the vapor cloud that is between the upper and lower
flammability limits. Dis per sion mod el ing of flam ma ble gases is com plex and the
models have not been val i dated for con gested vol umes. At flam ma ble con cen tra -
tions the cloud is typ i cally dense. The dense gas prob lem is three dimen sional,
requir ing numer i cal or ana lyt i cal inte gra tion of the con cen tra tion pro files within
the cloud. It is also not clear what con cen tra tion to use for the extent of cloud com -
bus tion. The dis per sion models do not account for vari a tions in instan ta neous
cloud con cen tra tions which may result in non uni form burn ing of the vapor cloud.
Fur ther more, there is some evi dence that a fuel–air mix ture will burn beyond the
flammability limits by overdriving it with an ener getic igni tion source. As a result
of these dif fi cul ties, some risk ana lysts use a con ser va tive con cen tra tion limit to
define the com bus ti ble cloud equal to one-half of the lower flammability limit
(AIChE, 1999a, 2000). Dis per sion mod el ing is discussed further in several CCPS
books (AIChE, 1996a; Hanna and Britter, 2002).

Four meth ods are avail able to esti mate the overpressure and/or impulse as a
func tion of dis tance from the explo sion. These meth ods are: TNT equiv a lency,
TNO multi-energy, Baker–Strehlow, and com pu ta tional fluid dynam ics (CFD).
Details and exam ples on the appli ca tion of these meth ods are pro vided else where
(AIChE, 1994, 1999a, 2000).

2.9.1. TNT Equiv a lency

TNT equiv a lency is a simple method for equat ing a known energy of a com bus ti -
ble fuel to an equiv a lent mass of TNT. This model has been described in many ref -
er ences (Rob in son, 1944; Decker, 1974; Stull, 1977; Lees, 1986; Baker, Cox et al., 
1988; AIChE, 1994; Lees, 1996; Crowl and Louvar, 2002). The approach is based
on the assump tion that an explod ing fuel mass will behave like explod ing TNT on
an equiv a lent energy basis. The equiv a lent mass of TNT is esti mated using the fol -
low ing equa tion,

W
mE

E
=

η c

TNT
(2-30)

where W is the equiv a lent mass of TNT (mass)
η is the empir i cal explo sion effi ciency (unitless)
m is the mass of flam ma ble gas (mass)
Ec is the heat of com bus tion of the flam ma ble gas (energy/mass)
ETNT is the energy of explo sion of TNT (energy/mass) 
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A typ i cal value for the energy of explo sion of TNT is 1100 cal/gm (4602 kJ/kg 
= 1980 Btu/lb). The energy of explo sion for TNT is some what dif fi cult to mea sure
with a range of values reported.

The explo sion effi ciency rep re sents one of the major prob lems in the equiv a -
lency method. The explo sion effi ciency is used to adjust the esti mate for a number
of fac tors, includ ing incom plete mixing of the com bus ti ble mate rial with air,
incom plete con ver sion of the ther mal energy to mechan i cal energy, and so forth.
The explo sion effi ciency is empir i cal with most flam ma ble cloud esti mates vary -
ing between 1 and 10% as reported by a number of sources (Brasie and Simpson,
1968; Gugan, 1979; Lees, 1986; Lenoir and Dav en port, 1992; Lees, 1996). Others
have reported 5, 10, and 15% for flam ma ble clouds of pro pane, diethyl ether, and
acetylene (AIChE, 1994). 

Although VCEs are most com monly def la gra tions, the TNT equiv a lency
method assumes a det o na tion and does not con sider the effects due to flame accel -
er a tion from var i ous levels of con fine ment and con ges tion. The TNT equiv a lency
method also uses an overpressure curve that applies to point source det o na tions of
TNT. As a result, the overpressure curve for TNT tends to overpredict the
overpressure near the VCE, and to underpredict at dis tances away from the VCE.
Finally, for large releases, a prob lem occurs in spec i fy ing the center of the explo -
sion. Should the center be at the release point, the igni tion source (if known), or the 
geo met ric center of the cloud? See Wood ward (AIChE, 1999b) for much more
discussion on these issues.

The advan tage of the TNT equiv a lency method is that it is easy to apply due to
the simple cal cu la tions. 

The pro ce dure to esti mate the damage asso ci ated with an explo sion using the
TNT equiv a lency method is as fol lows:

1. Deter mine the total quan tity of flam ma ble mate rial involved in the explo -
sion. This can be esti mated from the total quan tity released or from a dis -
per sion model (AIChE, 1999b).

2. Esti mate the explo sion effi ciency and cal cu late the equiv a lent mass of
TNT by Equa tion (2-30).

3. Use the scal ing law given by Equa tion (2-27) and Figure 2.25 to esti mate
the peak side-on overpressure.

4. Use Tables 2.9 and 2.10 to esti mate the damage for common struc tures and 
pro cess equip ment. Addi tional detail on damage esti mates is pro vided in
Sec tion 2.13.2.

The pro ce dure can be applied in reverse to esti mate the quan tity of mate rial
involved based on damage esti mates.

2.9.2. TNO Multi-Energy Method

The TNO method iden ti fies the con fined vol umes in a pro cess, assigns a rel a tive
degree of con fine ment, and then deter mines the con tri bu tion to the overpressure
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TABLE 2.9
Damage Esti mates for Common Struc tures Based on Overpressure (Clancey, 1972)a 

Pressure

Damagepsig kPa

0.02 0.14 Annoying noise (137 dB if of low frequency 10–15 Hz)

0.03 0.21 Occasional breaking of large glass windows already under strain

0.04 0.28 Loud noise (143 dB), sonic boom, glass failure

0.1 0.69 Breakage of small windows under strain

0.15 1.03 Typical pressure for glass breakage

0.3 2.07 "Safe distance" (probability 0.95 of no serious damage below this value);
projectile limit; some damage to house ceilings; 10% window glass broken

0.4 2.76 Limited minor structural damage

0.5–1.0 3.4–6.9 Large and small windows usually shattered; occasional damage to window 
frames

0.7 4.8 Minor damage to house structures

1.0 6.9 Partial demolition of houses, made uninhabitable

1–2 6.9–13.8 Corrugated asbestos shattered; corrugated steel or aluminum panels,
fastenings fail, followed by buckling; wood panels (standard housing)
fastenings fail, panels blown in

1.3 9.0 Steel frame of clad building slightly distorted

2 13.8 Partial collapse of walls and roofs of houses

2–3 13.8–20.7 Concrete or cinder block walls, not reinforced, shattered

2.3 15.8 Lower limit of serious structural damage

2.5 17.2 50% destruction of brickwork of houses

3 20.7 Heavy machines (3000 lb) in industrial building suffered little damage;
steel frame building distorted and pulled away from foundations.

3–4 20.7–27.6 Frameless, self-framing steel panel building demolished; rupture of oil
storage tanks

4 27.6 Cladding of light industrial buildings ruptured

5 34.5 Wooden utility poles snapped; tall hydraulic press (40,000 lb) in building
slightly damaged

5–7 34.5–48.2 Nearly complete destruction of houses

7 48.2 Loaded, lighter weight (British) train wagons overturned

7–8 48.2–55.1 Brick panels, 8–12 in. thick, not reinforced, fail by shearing or flexure

9 62.0 Loaded train boxcars completely demolished

10 68.9 Probable total destruction of buildings; heavy machine tools (7,000 lb)
moved and badly damaged, very heavy machine tools (12,000 lb) survive

300 2068 Limit of crater lip

aThese values should only be used for approx i mate esti mates. 
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from this con fined volume. Semi-empir i cal curves are used to deter mine the
overpressure. Full details are pro vided else where (TNO, 1997; Eggen, 1998;
Mercx, A. C. van den Berg et al., 1998).

The basis for this model is that the energy of explo sion is highly depend ent on
the level of con fine ment and con ges tion and less depend ent on the fuel in the
cloud.

The pro ce dure for employ ing the multi-energy model to a vapor cloud explo -
sion is given by the fol low ing steps (AIChE, 1994):

1. Per form a dis per sion model to deter mine the extent of the cloud. Gen er -
ally, this is per formed assum ing that equip ment and build ings are not pres -
ent, due to the lim i ta tions of dis per sion mod el ing in con gested areas.
Sev eral CCPS books dis cuss this issue (AIChE, 1999b; Hanna and Britter,
2002).

2. Con duct a field inspec tion to iden tify the con gested areas. Nor mally,
heavy vapors will tend to move down hill.

3. Iden tify poten tial sources of strong blast pres ent within the area cov ered by 
the flam ma ble cloud. Poten tial sources of strong blast include:
• Con gested areas and build ings such as pro cess equip ment in chem i cal

plants or refin er ies, stacks of crates or pal lets, and pipe racks; 
• Spaces between extended par al lel planes, for exam ple, those beneath

closely parked cars in park ing lots and open build ings in mul ti story
park ing garages;

• Spaces within tube like struc tures, for exam ple, tun nels, bridges, cor ri -
dors, sewage sys tems, cul verts;

• An intensely tur bu lent fuel–air mix ture in a jet result ing from release at
high pres sure.

The remain ing fuel–air mix ture in the cloud is assumed to pro duce a blast
of minor strength.
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 Legend to Table 2.10
A. Win dows and gauges broken

B. Lou vers fall at 0.2–0.5 psi

C. Switchgear is dam aged from roof col lapse

D. Roof col lapses

E. Instru ments are dam aged

F. Inner parts are dam aged

G. Brick cracks

H. Debris—mis sile damage occurs

I. Unit moves and pipes break

J. Brac ing falls

K. Unit uplifts (half tilted)

L. Power lines are sev ered

M. Con trols are dam aged

N. Block walls fall

O. Frame col lapses

P. Frame deforms

Q. Case is dam aged

R. Frame cracks

S. Piping breaks

T. Unit over turns or is destroyed

U. Unit uplifts (0.9 tilted)

V. Unit moves on foundation



4. Esti mate the energy of equiv a lent fuel-air charges.
• Con sider each blast source sep a rately.
• Assume that the full quan ti ties of fuel-air mix ture pres ent within the

par tially con fined/obstructed areas and jets, iden ti fied as blast sources
in the cloud, con trib ute to the blasts.

• Esti mate the vol umes of fuel–air mix ture pres ent in the indi vid ual areas
iden ti fied as blast sources. This esti mate can be based on the over all
dimen sions of the areas and jets. Note that the flam ma ble mix ture may
not fill an entire blast-source volume and that the volume of equip ment
may be con sid ered where it rep re sents an appre cia ble pro por tion of the
whole volume.

• Cal cu late the com bus tion energy E (in Joules) for each blast by mul ti pli -
ca tion of the indi vid ual vol umes of the mix ture by 3.5 × 106 J/m3. This
value is typ i cal for the heat of com bus tion of an aver age stoichiometric
hydro car bon–air mixture.

5. Esti mate strengths of indi vid ual blasts based on a scale from 1 to 10, with
10 being the stron gest. Some com pa nies have defined pro ce dures for this;
how ever, many risk ana lysts use their own judg ment.
• A safe and most con ser va tive esti mate of the strength of the sources of a

strong blast can be made if a max i mum strength of 10 is assumed—rep -
re sen ta tive of a det o na tion. How ever, a source strength of 7 seems to
more accu rately rep re sent actual expe ri ence. Fur ther more, for side-on
overpressures below about 0.5 bar, no dif fer ences appear for source
strengths rang ing from 7 to 10.

• The blast result ing from the remain ing uncon fined and unob structed
parts of a cloud can be mod eled by assum ing a low ini tial strength. For
extended and qui es cent parts, assume min i mum strength of 1. For more
nonquiescent parts, which are in low-inten sity tur bu lent motion, for
instance, because of the momen tum of a fuel release, assume a strength
of 3.

6. Once the energy quan ti ties E and the ini tial blast strengths of the indi vid ual 
equiv a lent fuel–air charges are esti mated, the Sachs-scaled side-on
overpressure and pos i tive-phase dura tion at some dis tance R from a blast
source is read from the blast charts in Figure 2.30 after cal cu la tion of the
Sachs-scaled dis tance:

R
R

E P
=

( ) /
a

1 3 (2-31)

where R  is the Sachs-scaled dis tance from the charge (dimensionless)
R  is the dis tance from the charge (m)
E  is the charge com bus tion energy (J)
Pa is the ambi ent pres sure (Pa)
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The blast peak side-on overpressure and pos i tive-phase dura tion are cal cu -
lated from the Sachs-scaled quan ti ties:

Ps = ∆Ps ⋅ Pa (2-32)

and

t t
E P

cd d
a=













( ) /1 3

0 (2-33)

 where Ps is the side-on blast overpressure (Pa)
∆Ps is the Sachs-scaled side-on blast overpressure (dimensionless)
Pa is the ambi ent pres sure (Pa)
td is the pos i tive-phase dura tion (s)
td is the Sachs-scaled pos i tive-phase dura tion (dimensionless)
E is the charge com bus tion energy (J)
c0 is the ambi ent speed of sound (m/s)

If sep a rate blast sources are located close to one another, they may be ini ti -
ated almost simul ta neously. In sit u a tions where it is not pos si ble to rule out 
the events occur ring simul ta neously, the blasts should be super im posed.
The most con ser va tive approach to this issue is to assume a max i mum ini -
tial blast strength of 10 and to sum the com bus tion energy from each
source in ques tion. Fur ther def i ni tion of this impor tant issue, for instance
the deter mi na tion of a min i mum dis tance between poten tial blast sources
so that their indi vid ual blasts may be con sid ered sep a rately, is a sub ject in
pres ent research.
  If envi ron men tal and atmo spheric con di tions are such that vapor cloud 
dis per sion can be expected to be very slow (during stable atmo spheric
con di tions), the pos si bil ity of a vapor cloud det o na tion should also be con -
sid ered if, in addi tion, a long igni tion delay is likely. In that case, the full
quan tity of fuel mixed within deton able limits should be assumed for a
fuel–air charge whose ini tial strength is max i mum 10.

Three ref er ences (van Winderden, van den Berg et al., 1989; Kinsella, 1993;
TNO, 1997) are avail able to assist the user in selec tion of the blast strength, the
igni tion energy and par tial con fine ment. How ever, it is not clear how the results
from each blast strength should be com bined. The TNO method also assumes a
ground level explo sion.

2.9.3. Baker–Strehlow–Tang Method (AIChE, 1999a)

The Baker–Stehlow–Tang method is based on a flame speed, which is selected
based on three fac tors: the reac tiv ity of the released mate rial, the flame expan sion
char ac ter is tics of the pro cess unit (which relates to con fine ment and spa tial con fig -
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u ra tion), and the obsta cle den sity within the pro cess unit. A set of semi-empir i cal
curves is used to deter mine the overpressure. 

This method is a mod i fi ca tion of the orig i nal work by Strehlow (Strehlow,
Luckritz et al., 1979), with added ele ments of the TNO multi-energy method. A
com plete descrip tion of the pro ce dure is pro vided by Baker et al. (Baker, Tang et
al., 1994; Tang and Baker, 1999).

In Strehlow’s model a curve is selected based on flame speed, which affords
the oppor tu nity to use empir i cal data in the selec tion. The pro ce dures from the
TNO multi-energy method were adopted for deter mi na tion of the energy term.
Spe cif i cally, con fine ment is the basis of the deter mi na tion of the size of the flam -
ma ble vapor cloud that con trib utes to the gen er a tion of the blast overpressure. As
in the TNO model, mul ti ple blast sources can ema nate from a single release. 

Baker et al. (1994) state that exper i men tal data sug gest that the com bined
effects of fuel reac tiv ity, obsta cle den sity and con fine ment can be cor re lated to
flame speed. They describe a set of 27 pos si ble com bi na tions of these param e ters
based on 2, 2.5 or 3D flame expan sions (Baker, Doolittle et al., 1997). The results
are shown in Table 2.11. 

For 3D sym me try the flame is free to expand spher i cally from a point igni tion
source. The over all flame sur face increases with the square of the dis tance from
the point igni tion source. The flame-induced flow field can decay freely in three
direc tions. There fore, flow veloc i ties are low, and the flow field dis tur bances by
obsta cles are small.

In 2D sym me try, that is, a cylin dri cal flame between two plates, the over all
flame sur face area is pro por tional to the dis tance from the igni tion point. Con se -
quently, defor ma tion of the flame sur face will have a stron ger effect than in the
point-sym me try case.

The 2.5D sym me try was adopted for sit u a tions in which there is some form of
con fine ment that is more restric tive than 3D but does not merit a 2D rating. A
common sit u a tion where this applies is a light weight or low strength roof that cre -
ates 2D con fine ment, but the roof blows off during the explo sion cre at ing a vent. It
is very common to find com pres sor shel ters with a light roof that pro vides weather
pro tec tion for main te nance. Another sit u a tion where 2.5D applies is a plane of
very high con ges tion or a plane with par tial 2D con fine ment. An exam ple of this
sit u a tion is a pipe rack with such a dense layer of pipes that 3D confinement is not
conservative.

1D flame speeds are pro vided in Table 2.11 but this con fig u ra tion is rarely
encoun tered in actual plants. In 1D sym me try, for example, a planar flame in a
tube, the pro jected flame sur face area is con stant. There is hardly any flow field
decay, and flame defor ma tion has a very strong effect on flame accel er a tion. 

The flame speeds in Table 2.11 are expressed in Mach number units, with the
Mach number defined as the local flow veloc ity divided by the local speed of
sound. Note that the values in Table 2.11 rep re sent the max i mum flame speed for
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each case and will pro duce a con ser va tive result. The 3D flame speeds in Table
2.11 are the result of exten sive test ing con ducted for a joint indus try research pro -
gram (Baker, 2003). The actual exper i men tal 3D flame speed values have been
scaled-up to account for the size of a typ i cal plant. The 2D flame speeds in Table
2.11 are the higher of (1) the orig i nal 2D values pro vided in pre vi ous pub li ca tions
(Baker, Doolittle et al., 1997) and (2) recent exper i men tal 2D flame speeds
scaled-up to account for the size of a typ i cal plant. For most of the cases, the
scaled-up exper i men tal value is lower than that pro vided in Table 2.11 giving a
conservative result. 
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TABLE 2.11
Flame Speed in Mach Number for Soft Igni tion Sources (Baker, 2003)

1D Flame Expansion Case
(not used)

Obstacle Density

High Medium Low

High 5.2 5.2 5.2 

Reactivity Medium 2.27 1.77 1.03

Low 2.27 1.03  0.294

2D Flame Expansion Case
Obstacle Density

High Medium Low

High DDTa DDT 0.59

Reactivity Medium 1.6 0.66 0.47

Low 0.66 0.47  0.079

2.5D Flame Expansion Case
Obstacle Density

High Medium Low

High DDT DDT 0.47

Reactivity Medium 1.0 0.55 0.29

Low 0.50 0.35  0.053

3D Flame Expansion Case
Obstacle Density

High Medium Low

High DDT DDT 0.36

Reactivity Medium 0.50 0.44 0.11

Low 0.34 0.23  0.026

aDDT = Def la gra tion to det o na tion tran si tion



Reac tiv ity is clas si fied as low, medium, and high accord ing to the fol low ing
rec om men da tions of TNO (Zeeuwen and Wiekema, 1978). Meth ane and carbon
mon ox ide are the only mate ri als regarded as low reac tiv ity, whereas only hydro -
gen, acet y lene, eth yl ene, eth yl ene oxide, and pro pyl ene oxide were con sid ered to
be highly reac tive. All other fuels are clas si fied as medium reac tiv ity. Fuel mix -
tures are clas si fied accord ing to the con cen tra tion of the most reactive component. 

Obsta cle den sity is clas si fied as low, medium and high, as shown in Table
2.13, as a func tion of the block age ratio and pitch. The block age ratio is defined as
the ratio of the area blocked by obsta cles to the total cross-sec tion area. The pitch is 
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TABLE 2.12
Geo met ric Con sid er ations for the Baker–Strehlow Vapor Cloud Explo sion Model
(Baker et al., 1994)

Dimension Description Geometry

3D “Unconfined volume,” almost completely free
expansion

2.5D Compressor shelters with lightweight roofs;
dense pipe racks

Between 3-D and 2-D

2D Platforms carrying process equipment; space
beneath cars; open-sided multistory buildings

1D Tunnels, corridors, or sewage systems

TABLE 2.13
Con fine ment Con sid er ations for the Baker–Strehlow Vapor Cloud Expan sion Model
(Baker et al., 1994)

Type
Obstacle Blockage

Ratio per Plane
Pitch for Obstacle

Layers Geometry

Low Less than 10% One or two layers of
obstacles

Medium Between 10% and 40% Two to three layers of
obstacles

High Greater than 40% Three or more fairly
closely spaced obstacle
layers



defined as the dis tance between suc ces sive obsta cles or obsta cle rows. There is a
value for the pitch which results in max i mum flame front accel er a tion: when the
pitch is too large, the wrin kles in the flame front will burn out and the flame front
will slow down before the next obsta cle is reached. When the pitch is too small, the 
gas pock ets between suc ces sive obsta cles are rel a tively unaf fected by the flow
(Baker, Tang et al., 1994). Addi tional infor ma tion is avail able else where (Hanna
and Britter, 2002).

Low den sity assumes few obsta cles in the flame’s path, or the obsta cles are
widely spaced (block age ratio less than 10%), and there are only one or two layers
of obsta cles. At the other extreme, high obsta cle den sity occurs when there are
three or more fairly closely spaced layers of obsta cles with a block age ratio of 40% 
or greater per layer. Medium den sity falls between the two cat e go ries.

A high obsta cle den sity may occur in a pro cess unit in which there are many
closely spaced struc tural mem bers, pipes, valves, and other tur bu lence gen er a tors.
Also, pipe racks in which there are mul ti ple layers of closely spaced pipes must be
con sid ered high density. 

Once the flame speed is deter mined from Table 2-11, then Figure 2.31 is used
to deter mine the side-on overpressure and Figure 2.32 is used to deter mine the
impulse of the explo sion. The curves on these fig ures are labeled with the flame
veloc ity, Mf. Mf denotes the flame veloc ity with respect to a fixed coor di nate
system, and is called the “appar ent flame speed”—this is the value that should be
used in pre dict ing the scaled overpressure from Figure 2.31. The flame speed is
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Figure 2.31. Baker–Strehlow model for vapor cloud explo sions. This curve pro vides the
scaled overpressure as a func tion of the Sachs scaled dis tance (Tang and Baker, 1999).



expressed in Mach number, and is cal cu lated in rela tion to the ambi ent speed of
sound.

Fig ures 2.31 and 2.32 are based on free air bursts—for a ground or near
ground level explo sion, the energy is mul ti plied by a factor of two to account for
the reflected blast wave.

The pro ce dure for imple ment ing the Baker–Strehlow method is sim i lar to the
TNO Multi-Energy method, with the excep tion that steps 4 and 5 use Table 2.11
and Fig ures 2.31 and 2.32.

The TNO multi-energy and Baker–Strehlow–Tang meth ods are anal o gous,
although the TNO method tends to pre dict a higher pres sure in the near field and
the Baker–Strehlow–Tang method tends to pre dict a higher pres sure in the far
field. Both meth ods require more infor ma tion and detailed cal cu la tions than TNT
equiv a lency and both meth ods pre dict a pres sure which is the same at any given
dis tance from the blast.

2.9.4. Computational Fluid Mechanics (CFD) Method

This approach solves the cou pled time-depend ent equa tions of energy, mass and
momen tum trans fer as the reac tion and pres sure fronts prop a gate. This approach
requires a com plete spec i fi ca tion of the geom e try and some def i ni tion of the com -
bus ti ble fuel con cen tra tion. The com bus ti ble fuel con cen tra tion is approached by
assum ing a simple stoichiometric cloud—more com pli cated clouds can be defined 
based on dis per sion cal cu la tions. Some times it is nec es sary to use CFD to char ac -

82 2 Fundamentals of Fires and Explosions

Figure 2-32. Baker–Strehlow model for vapor cloud explo sions. This curve pro vides the
scaled impulse as a func tion of the Sachs scaled dis tance (Tang and Baker, 1999).



ter ize the time-depend ent cloud as it spreads out from the release point until it
reaches an igni tion point. Thus, the CFD approach requires much more detail, time 
and effort than the other meth ods, but can pro vide a more accu rate pre dic tion
when prop erly used. The CFD method is becom ing more pop u lar due to the avail -
abil ity of CFD soft ware and increased com puter speeds.

2.9.5. Exam ple Appli ca tions

EXAMPLE 2.10

Esti mate the dis tance for a 3 psi side-on overpressure from a vapor cloud explo -
sion (VCE) from the rup ture of a hold ing tank con tain ing 18 tons of hexane. Use
the TNT equiv a lency method.

Solu tion: The scaled pres sure is 

ps
3 psi

14.7 psi
= = 0 204.

From Figure 2.25 this rep re sents a scaled dis tance of 8.0 m/kg1/3. Con vert ing
the units,

8.0 m kg

(0.3048 m ft)(1lb 0.4536 kg)
= 20.2 ft lb

1/ 3

1/ 3
1/ 3

The heat of com bus tion for hexane is found in Appen dix A with a value of
4194.5 kJ/mol. The units are con verted to:

4194.5 kJ

mol

1 mol

86 gm

453.6 gm

1 lb























 =0.9484 Btu

1 kg
 Btu lb21 000,

The energy of explo sion for TNT is 1980 Btu/lb. Equa tion (2-30) is used with
an explo sion effi ciency of 10%, although this value is uncer tain and fairly arbi -
trary. The equiv a lent mass of TNT is then,

W
mE

E
= =

η c

TNT

(0.10)(18 tons)(2000 lb ton)(21,000 Btu lb)

1980 Btu lb
38,200 lb TNT=

Equa tion (2-27) is used to cal cu late the dis tance a 3 psi overpressure will be
gen er ated for the 38,200 lb equiv a lent mass of TNT.

R = ZW1/3 = (20.2 ft/lb1/3)(38,200 lb)1/3 = 678 ft

EXAMPLE 2.11

A VCE due to the rup ture of a pro pane tank results in minor damage to houses
reported 300 m away. Use the TNT equiv a lency method to esti mate the amount of
pro pane respon si ble for the damage.
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Solu tion: From Table 2.9 the overpressure con sis tent with the explo sion
descrip tion is 4.8 kPa. This is a scaled overpressure of

ps
4.8 kPa

101.3 kPa
0.040= =

Using Figure 2.25 this overpressure cor re sponds to a scaled dis tance of 25
m/kg1/3. From Equa tion (2-27) the total equiv a lent mass of TNT respon si ble for
the reported damage is esti mated.

W
R

Z
= 





=








 =

3 3
300 m

25 m kg
1728 kg

1/ 3

Use an energy of explo sion for TNT of 4602 kJ/kg and an explo sion effi ciency 
of 5% listed for pro pane. From Appen dix A the heat of com bus tion for pro pane is
2220 kJ/mole or 50,452 kJ/kg. The mass of pro pane is esti mated from Equa tion
(2-30),

m
WE

E
= =TNT

c

(1728 kg)(4602 kJ kg)

(0.05)(50,452 kJ kg)η
= 3150 kg propane

EXAMPLE 2.12 (AIChE, 1999a)

Con sider the explo sion of a propane–air vapor cloud con fined beneath a stor age
tank. The tank is sup ported 1 meter off the ground by con crete piles. The con cen -
tra tion of vapor in the cloud is assumed to be at stoichiometric con cen tra tions.
Assume a cloud volume of 2094 m3, con fined below the tank, rep re sent ing the
volume under neath the tank. Deter mine the overpressure from this vapor cloud
explo sion at a dis tance of 100 m from the blast using:

a. the TNO multi-energy method
b. the Baker–Strehlow method 

Solu tion a: The heat of com bus tion of a stoichiometric hydro car bon-air mix -
ture is approx i mately 3.5 MJ/m3 and, by mul ti ply ing by the con fined volume, the
result ing total energy is (2094 m3)(3.5 MJ/m3) = 7329 MJ. To apply the TNO
multi-energy method a blast strength of 7 was chosen. The Sachs scaled dis tance is 
deter mined using Equa tion (2-31). The result is

R
R

E P
= =

×
=

( )
.

/
a

1/ 3

100 m

[(7329  J) / (101,325 Pa)]1 3 610
2 4

The curve labeled “7” on Figure 2.30 is then used to deter mine the scaled
overpressure value of about 0.13. The result ing side-on overpressure is deter mined 
from Equa tion (2-32)

Ps = ∆Ps ⋅ Pa = (0.13)(101,325 Pa) = 13,170 Pa = 1.9 psi
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Solu tion b: The Baker–Strehlow pres sure curves apply to free air blasts.
Since the vapor cloud for this exam ple is at ground level, the energy of the cloud is
dou bled to account for the strong reflec tion of the blast wave. The result ing total
explo sion energy is thus 2 × 7329 MJ or approx i mately 14,600 MJ.

The next step is to deter mine the flame speed using Table 2.11. Because the
vapor cloud is enclosed beneath the stor age tank the flame can only expand in two
direc tions. There fore, con fine ment is 2D. Based on the descrip tion of the piles the
obsta cle den sity is chosen as medium. The fuel reac tiv ity for pro pane is medium.
The result ing flame speed from Table 2.11 is 0.66. The Sachs scaled dis tance is
deter mined from Equa tion (2-31) using a dis tance of 100 m. The result is

R
R

E P
= =

×
=

( ) /
a

1/ 3

100 m

[(14,600  J) / (101,325 Pa)]1 3 610
191.

The scaled pres sure is found from Figure 2.31 and has a value of about 0.13.
The result ing overpressure is (0.13)(101,325 Pa) = 13,200 Pa = 1.9 psi. The TNO
multi-energy method pro duces the same result.

2.10. Run away Reac tions

Figure 2.33 shows a batch reac tor system. An exo ther mic reac tion occurs within
the reac tor. The reac tion tem per a ture is con trolled by the cool ing water flow
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Figure 2.33. A batch reac tor.



through the coils. The con tents are well stirred, mean ing that the tem per a ture and
spe cies con cen tra tions are uni form within the reac tor. This is clas si fied as a uni -
form reac tion, as shown in Figure 2.1.

Assume that at some point the cool ing water flow is lost. Since the reac tion is
exo ther mic, the loss of cool ing will result in a higher tem per a ture in the reac tor.
The higher tem per a ture will increase the reac tion rate result ing in a higher rate of
heat gen er a tion. The result is a run away reac tion, where the reac tor tem per a ture
increases expo nen tially. For very reac tive chem i cals, such as acrolein,
hydroxylamine, and eth yl ene oxide, the tem per a ture can increase sev eral hun dred
degrees Celsius per minute. 

The high tem per a ture causes increased pres sure within the reac tor due to an
increase in the vapor pres sure of the liquid and/or gen er a tion of noncondensible
gas eous prod ucts. It is also pos si ble that the high tem per a tures could result in an
addi tional decom po si tion reac tion. The “decomp” might be more exo ther mic than
the orig i nal, desired reac tion. In either case, the pres sure can rap idly exceed the
burst pres sure of the vessel, and result in an explosion.

Run away reac tions are pos si ble when ever an exo ther mic reac tion is encoun -
tered. This can occur within a reac tor, stor age vessel or even an open pool or con -
tainer.

Table 2.14 shows the lead ing causes for vessel overpressure in the United
States during the period 1980 to 1991. Clearly, the larg est number of losses is due
to run away reac tions, com pris ing 29% of the total losses.

Table 2.15 shows the common causes for run away reac tions based on a U.K.
study. Loss of tem per a ture con trol, includ ing inad e quate cool ing or exces sive
heat ing, is the larg est cause. This is fol lowed by incor rect charg ing (wrong, too
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TABLE 2.14
Causes of Vessel Overpressure Losses in the United States During 1980–1991
for Gross Losses Over $100,000 (Leung, 1997)

Cause Number of Losses Percent

Runaway Reaction 7 29

Plugged/No Relief 4 17

Scale-up 3 13

Unusual Procedure 3 13

Contamination 2  8

Inadequate Cooling 2  8

Instrument Failure 1  4

Unknown 2  8

 Total 24 



much, or too little mate rial), reac tion chem is try (unknown exo ther mic behav ior, or 
unknown decom po si tion at a higher tem per a ture), con tam i na tion of reac tants or
vessel, incor rect agi ta tion (too little, too much, failed, or delayed), and incor rect
batch con trol (incor rect sequencing of operations). 

After a run away reac tion is ini ti ated the high pres sure and burst ing of the reac -
tor might occur within min utes, or it might take hours, depend ing on the par tic u lar
reac tive system, heat trans fer, etc. With every thing else being equal, larger reac tion 
ves sels will run away faster than smaller ves sels since the sur face to volume ratio is
smaller and heat losses to the sur round ings are less.

A number of fac tors have been iden ti fied that can lead to run away reac tion, as
shown in Table 2.16. When any two or more of these fac tors are pres ent, there is a
poten tial for a ther mal run away. Thus, for a loss of cool ant acci dent involv ing a
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                                          TABLE 2.15
                                          Common Causes for Run away Based 
                                          on U.K. Study (Leung, 1997)

Temperature control
 Inadequate cooling
 Excessive heating

24%

Incorrect charging 18%

Reaction chemistry
 Unknown exothermal
 Unknown decomposition

16%

Contamination 14%

Incorrect agitation 11%

Incorrect batch control 10%

                                TABLE 2.16
                                Some Fac tors That Can Lead to Reac tor Run away 
                                (AIChE, 1995a; Regenass, 1984)

When any two or more of these factors are present,
there is a potential for a thermal runaway.

1. High heat release of intended reaction

2. High heat release of potential decomposition

3. High heat release of competing reactions

4. Accumulation of reactants or intermediates

5. Insufficient heat removal

6. Thermally hazardous materials involved

7. High temperature

8. Loss of solvent used to control temperature

9. Improper mixing



very exo ther mic reac tion, the two fac tors in Table 2.16 are “insuf fi cient heat
removal” and “high heat release of intended reaction.”

An exam ple of a par tic u lar type of run away is the “sleep ing reac tion.” This
occurs in semi-batch reac tors and has resulted in a number of explo sions in the
chem i cal indus try. The prob lem is caused by a low reac tor tem per a ture while a
reac tant is being added. The low tem per a ture causes a lower reac tion rate, result -
ing in an accu mu la tion of reac tant in the reac tor vessel. The reac tant con cen tra tion
will increase beyond the normal con cen tra tion expected during addi tion. If the
reac tor tem per a ture is then increased, a run away may occur if the heat gen er a tion
rate from the reac tion exceeds the capac ity of the heat removal system. For this
case, the two con di tions from Table 2.16 are the accu mu la tion of reactants and
insufficient heat removal.

Another exam ple is a run away reac tion caused by inad e quate mixing. Sup -
pose two liquid mate ri als with dif fer ing den si ties and miscibilities are reacted in a
semi-batch reac tor. The first mate rial is added to the reac tor and then the second
mate rial is added slowly to con trol the reac tion energy gen er a tion. How ever, due to 
an oper a tor error, the mixer is not started prior to the addi tion of the second mate -
rial. This results in a strat i fi ca tion of the liq uids in the reac tor vessel, with one
liquid layer on top of the other. If the mixer is started after appre cia ble mate rial has
been added, a run away and explo sion can occur. Even if the agi ta tion is not started, 
the reac tion at the liquid inter face may cause the phases to mix sud denly lead ing to
a run away. The two fac tors from Table 2.16 are the accu mu la tion of reactants and
improper mixing.

2.10.1. Steady-State and Dynamic Reac tor Behav ior

An intro duc tion to reac tor system dynam ics is required to under stand the causes
and behav ior of run away reac tions. More detailed infor ma tion is avail able else -
where (Benuzzi and Zaldivar, 1991; AIChE, 1995b).

Con sider a semi-batch reac tor where one reac tant is fed at a con stant rate
during the reac tion. The tem per a ture of the reac tor is con trolled by both the feed
rate and heat trans fer through the cool ing coils. Dif fer en tial equa tions can be writ -
ten rep re sent ing the time rate of change of both the mass and energy within the
reac tor vessel. The time deriv a tives are set to zero to solve for the steady state tem -
per a ture and reac tant con cen tra tion. The steady state tem per a ture and reac tant
con cen tra tion equa tions are alge bra ically com bined, result ing in the following
algebraic equation,

( ) ( )

( )
( ) ( )( )

−
+

= − + −∆H mMR T

m MR T
mC T T UA T TP w0 (2-34)

where (–∆H) is the enthalpy change during reac tion (energy/mass)
m is the feed rate of reac tant (mass/time)
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M is the total reac tion mass in the reac tor (mass)
R(T) is the Arrhenius reac tion rate (time–1)
CP is the heat capac ity of the feed (energy/mass-deg)
T is the tem per a ture of the reac tor (deg)
T0 is the feed tem per a ture (deg)
(UA) is the heat trans fer coef fi cient for the cool ing coils 

(energy/deg-time)
Tw is the tem per a ture of the cool ing water in the cool ing coils (deg)

The left hand side (LHS) of Equa tion (2-34) is defined as the energy gen er a -
tion by the chem i cal reac tion. The right hand side (RHS) of Equa tion (2-34) is the
energy removal. This includes the energy required to heat the incom ing cold reac -
tant stream and the energy removed by the cool ing coils. A plot of both the energy
gen er a tion and removal curves versus the reac tor tem per a ture will yield a steady
state curve, as shown in Figure 2.34. The inter sec tions of the two curves indi cates
the loca tions of the steady states.

The energy gen er a tion term is the stan dard Arrhenius form, increas ing expo -
nen tially with reac tor tem per a ture and then flat ten ing out due to reac tant con -
sump tion, as shown by the LHS of Equa tion (2-34). The energy removal term is
linear with reac tor tem per a ture, as shown by the RHS of Equa tion (2-34). Both
curves can be plot ted together, as shown in Figure 2.34a.

For a con tin u ous reac tor, with both con tin u ous input and output flows, the
heat gen er a tion and removal curves are sim i lar in shape to the semi-batch case,
shown in Figure 2.34a. For this case, energy is also removed by the flow of hot
mass out of the reac tor. This addi tional energy removal term has the net effect of
reduc ing the slope of the energy removal line.

For a batch reac tor, a steady state never occurs since the reac tant con cen tra -
tion decreases until the reac tant is all con sumed. How ever, if the assump tion is
made that the con cen tra tion remains rel a tively con stant over short time inter vals,
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Figure 2.34. Energy gen er a tion and removal curves. The inter sec tions rep re sent the
steady states, some of which are unsta ble.



then the results of Figure 2.34b are obtained. In this case the energy gen er a tion
curve increases expo nen tially as the reac tor tem per a ture increases, but does not
flat ten at higher tem per a tures since the reac tant con cen tra tion is assumed constant.

All three types of reac tors, semi-batch, batch, and con tin u ous, can be rep re -
sented by curves sim i lar to those shown in Figure 2.34.

The inter sec tions of the heat gen er a tion and removal terms are the steady
states for the reac tor. Steady states A and C on Figure 2.34a are stable, whereas
state B is unsta ble. States A and C are stable since an increase in reac tor tem per a -
ture will result in greater heat removal than gen er a tion, driv ing the system back to
the steady state. State B is unsta ble since an increase in tem per a ture will result in
greater heat gen er a tion than heat removal, driv ing the system away from the steady 
state.

The stable steady states define the normal oper at ing tem per a tures of the reac -
tor. For the batch reac tor, only one stable, oper at ing tem per a ture is observed at
point A on Figure 2.34b. For the semi-batch and con tin u ous reac tors, two stable
tem per a ture states are pos si ble, points A and C on Figure 2.34a. The high tem per a -
ture state (point C) rep re sents the tem per a ture with high reac tant con ver sion—
most of the reac tant is con sumed. This is typ i cally the normal and desired oper at -
ing state of the reac tor. The low tem per a ture state (point A) is called the extin -
guished state, rep re sent ing a state with low reac tant con sump tion. This state is
nor mally not desired due to low reaction conversion.

Figure 2.35 shows the effect on the steady states as the tem per a ture of the
cool ing water, Tw, is increased and the heat trans fer coef fi cient is assumed con -
stant. This shifts the energy removal line to the right. Both the upper and lower
steady state tem per a tures are increased as the cool ing water tem per a ture is
increased. Note that a crit i cal tem per a ture is even tu ally reached, Tcrit i cal, where the
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Figure 2.35. Effect of increas ing the cool ing water tem per a ture on the reac tor steady
state.



heat removal curve is just tan gent to the heat gen er a tion curve. Any increase in the
cool ing water tem per a ture above Tcrit i cal results in a single, high tem per a ture steady 
state. The tran si tion from one steady state to another might pres ent a safety prob -
lem since the reac tor expe ri ences a rapid tem per a ture and reactant conversion
change.

Figure 2.36 shows the effect on the steady states as the heat trans fer coef fi -
cient of the cool ing coils is reduced and the cool ing water tem per a ture is assumed
con stant. In this case the slope of the energy removal line is decreased as the heat
trans fer coef fi cient decreases. Both the upper and lower steady state tem per a tures
increase as the heat trans fer coef fi cient decreases. Note that a crit i cal con di tion
exists here also where the energy removal curve is tan gent to the energy gen er a tion 
curve—any fur ther decrease in the heat trans fer coef fi cient will result in a single,
high tem per a ture steady state. This tran si tion from a low tem per a ture to a high
tem per a ture steady state might pres ent a safety prob lem due to the sudden increase 
in temperature.

If the cool ing coil heat trans fer coef fi cient is zero, that is, no energy removal
through the coils, then the energy removal curve would be hor i zon tal with a slope
of zero. In real ity, some heat trans fer to the sur round ings through the reac tor wall
is always pres ent and the zero slope con di tion is not achieved.

An inter est ing sit u a tion occurs when cool ing is lost to the reac tor. This would
occur due to an inter rup tion in cool ing water supply, acci den tal clos ing of a supply
valve, plug ging of a supply line, and so forth. This case can be rep re sented by a
sharp decrease in the heat trans fer coef fi cient of the cool ing coils, shown in Figure
2.36. Thus, if cool ing is lost, the steady state tem per a ture of the reac tor will
increase sud denly to a new, much larger value.
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Figure 2.36. Effect of decreas ing the heat trans fer coef fi cient of the cool ing coil.



The dia grams of Fig ures 2.34 through 2.36 pres ent only the steady state cases
and do not con sider reac tor dynam ics. If the com plete reac tor dynam ics are con -
sid ered, the reac tor will most likely make a high tem per a ture excur sion when a
new, higher tem per a ture steady state is defined, as shown in Figure 2.37. The reac -
tor tem per a ture will rap idly over shoot the final steady state value and then asymp -
tot i cally approach that final steady state. This over shoot may cause a tran sient high 
tem per a ture and pres sure effect within the reac tor result ing in possible reactor
failure.

2.10.2. Exper i men tal Char ac ter iza tion

Sev eral com mer cial exper i men tal devices are avail able to char ac ter ize the ther mal 
behav ior of reac tions. These include:

1. APTAC™—Auto matic Pres sure Track ing Adi a batic Cal o rim e ter
2. ARC™—Accel er at ing Rate Cal o rim e ter
3. RSST™—Reac tive System Screen ing Tool
4. VSP™—Vent Sizing Pack age

These devices are described in more detail else where (AIChE, 1995a). An
addi tional device, called a DSC for Dif fer en tial Scan ning Cal o rim e ter, is also fre -
quently used as an ini tial screen ing tool.

The pri mary pur pose of these devices is to deter mine the adi a batic self-heat
rate of the reac tion system. The adi a batic self-heat rate is the max i mum tem per a -
ture rate of the mate rial with out heat losses. Once the self-heat rate is deter mined,
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Figure 2.37. Exam ple tem per a ture his tory for a loss of cool ing inci dent. An over shoot or 
excur sion in tem per a ture is observed.



then it is pos si ble to design an ade quate pro tec tion system. The exper i men tal pre -
ci sion of the devices varies, but is typ i cally on the order of 0.02 to 0.1°C/min.

These devices use a small sample, typ i cally 5–30 ml, although the DSC uses
mil li gram sized sam ples. The sample is loaded into the test cell at a spec i fied com -
po si tion. The device heats the sample using a vari ety of meth ods. One method is to
heat to a fixed tem per a ture and then wait while look ing for sample self-heat ing.
Another method is to heat the sample at a fixed tem per a ture rate while observ ing
the self-heat rate of the sample.

Figure 2.38 pres ents data obtained from the RSST™ for the reac tion of meth a -
nol and acetic anhy dride. The heat-up rate is 0.5°C/min and the test sample is pres -
sur ized with nitro gen at 300 psig to sup press liquid boil ing and vapor strip ping. The
max i mum tem per a ture occurs at about 4900 sec onds into the run with a value of
172°C. The slope of the tem per a ture curve can be numer i cally deter mined and
plotted versus –1000/T, as shown at the bottom of Figure 2.38. The straight line
result over a large tem per a ture range con firms a first-order reac tion for this system.
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Figure 2.38. Ther mal data from RSST for meth a nol–acetic anhy dride at 300 psig.



Scal ing of exper i men tal results to a large scale reac tion system rep re sents a
major prob lem. The idea is for the exper i men tal device to mimic pro cess con di -
tions as closely as pos si ble. How ever, for a large reac tor, the sur face to volume
ratio is quite small. This is not true for a small sample. One method of char ac ter iz -
ing this scal ing is by the φ factor, defined as

φ = +1
m C

m C

r P

s P

r

s

(2-35)

where ms is the mass of the react ing sample (mass)
C Ps

is the spe cific heat capac ity of the react ing sample (energy/mass-deg)
mr is the mass of the reac tor (mass)
C Pr

is the spe cific heat capac ity of the reac tor (energy/mass-deg)
Phys i cally, the φ factor rep re sents the fol low ing

φ = +1
Heat capacity of reactor vessel

Heat capacity of the reactor contents (2-36)

Clearly, for a very large reac tor, φ → 1 since the sample heat capac ity is much
larger than the reac tor vessel heat capac ity. Typ i cal pro cess reac tors have a φ factor 
of about 1.1. For a small sample typ i cally found in a cal o rim e ter, the φ factor will
be much greater than 1 since the heat capac ity of the test cell is com pa ra ble to the
sample heat capac ity. Ide ally, the cal o rim e ter should have a φ factor which is as
close to 1 as pos si ble in order to match pro cess con di tions. The ARC™ has a φ
factor of about 1.5 to 3.0, while the VSP™ and APTAC™ approach 1.05.

A common exper i men tal approach to achieve a low φ factor is to use a
thin-walled test cell as shown in Figure 2.39. In order to pre vent the test cell from
rup tur ing due to reac tion pres sure, a pres sure con trol system is used to ensure that
the pres sure out side the test cell is nearly iden ti cal to the pres sure inside the test
cell. This is the approach used in the VSP™ and APTAC™.

A more com plete dis cus sion of the exper i men tal char ac ter iza tion of the ther -
mal behav ior of ener getic mate ri als is well beyond the scope of this book. This
char ac ter iza tion is described in much greater detail else where (ESCIS, 1993;
AIChE, 1995a, 1995b).

2.11. Con densed Phase Explo sions 

A con densed phase explo sion occurs when a solid or liquid mate rial explodes
directly from the bulk state. High explo sives, such as TNT, are a common exam ple 
of a con densed phase explo sive.

There are many solid and liquid mate ri als capa ble of under go ing very sudden
and explo sive decom po si tion or reac tion due to expo sure to, for exam ple, shock,
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tem per a ture, pres sure, and con tam i na tion. Exam ples of these mate ri als include
many per ox ide and nitrate materials.

The 1947 explo sion in Texas City is an excel lent exam ple of a con densed
phase explo sion due to the sudden decom po si tion of ammo nium nitrate con tained
in the hull of the ship Grandcamp (Lees, 1996). The ammo nium nitrate was
exposed to fire in the ship’s hold for some time prior to the explo sion. This explo -
sion resulted in 552 fatal i ties and almost com plete destruc tion of every thing for
miles from the blast.

The equi lib rium state for a system is defined as the state with the min i mum
Gibbs energy. Many chem i cals, how ever, dem on strate a metastable state, shown in 
Figure 2.40 as the high level trough denoted as point A. If energy is pro vided that
exceeds the trough or acti va tion energy, then a reac tion will occur moving the
mate rial to the new equi lib rium state, denoted as point B. The reac tion may occur
very sud denly, with the poten tial release of large vol umes of gas or vapor. An
explo sion may result, with damage due to the blast wave, ther mal energy or
projectiles.

The exper i men tal char ac ter iza tion of these mate ri als is beyond the scope of
this book. Addi tional infor ma tion is pro vided else where (AIChE, 1995a).
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Figure 2.39. An exper i men tal setup to achieve low φ factor. The con trol system bal ances
the pres sure inside and out side the sample con tainer, pre vent ing its rup ture.



2.12. Fire balls, Pool, Flash, and Jet Fires

The pri mary effects of fire balls, pool, flash, and jet fires are due to ther mal radi a -
tion and direct flame con tact.

A fire ball results from a burn ing fuel-air cloud. The inner core of the cloud
con sists almost entirely of fuel, whereas the outer layer (where igni tion first
occurs) con sists of a flam ma ble fuel-air mix ture. As the buoy ancy forces of the hot 
com bus tion gases increase, the burn ing cloud tends to rise, expand, and assume a
spher i cal shape. Most BLEVEs involv ing flam ma ble or com bus ti ble liq uids result
in fire balls since the liquid first flashes into vapor and then burns on the outer sur -
face as the fuel mixes with air. Fire balls are typ i cally of short dura tion, but very
high ther mal radi a tion flux. A fire ball result ing from a BLEVE may be up to sev -
eral hundred feet in diameter.

Pool fires are the result of sur face burn ing of flam ma ble or com bus ti ble
liquid. These fires tend to be local ized in effect and are mainly of con cern for
estab lish ing the poten tial for domino effects and employee safety zones, rather
than for assess ing com mu nity risk.

A pool fire begins typ i cally with the release of flam ma ble or com bus ti ble
mate rial from pro cess equip ment. If the mate rial is a liquid, stored at a tem per a ture 
below its normal boil ing point, the liquid will col lect in a pool. The geom e try of
the pool is dic tated by the sur round ings, for exam ple, diking, but an uncon strained
pool in an open, flat area is pos si ble. An uncon strained pool is also pos si ble if the
liquid quan tity spilled is inad e quate to com pletely fill a diked area or over flows the 
dike. If the liquid is stored under pres sure above its normal boil ing point, then a
frac tion of the liquid will flash into vapor, with a por tion of the unflashed liquid
remain ing to form a pool in the vicinity of the release. 

Impor tant ques tions for pool fires are: Where can the liquid go? How far can it 
travel? This is par tic u larly true of spills from rail road tank cars or road way trucks
which might be off-site or at a loca tion with out ade quate spill con tain ment or
emer gency response.
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Figure 2.40. A Gibbs energy plot
dem on strat ing a metastable equi lib -
rium state, point A. The system will
move to a new equi lib rium state,
point B, if the acti va tion energy is
pro vided.



Pool fire mod el ing is well devel oped  (Mudan and Croce, 1988; AIChE,
1999a). The deter mi na tion of the ther mal effects depends on the type of fuel, the
geom e try of the pool, the dura tion of the fire, flame tilt (due to wind or buoy ancy),
the loca tion of the radi a tion recep tor with respect to the fire, and the ther mal
behav ior of the receiver, to name a few. These effects are treated using sep a rate, but 
inter linked models. 

For large hydro car bon pool fires, espe cially those involv ing high molec u lar
weight fuels, large amounts of soot are usu ally gen er ated, obscur ing the radi at ing
flame from the sur round ings, and absorb ing much of the radi a tion. Flame tur bu -
lence and wind causes the smoke layer to open up occa sion ally expos ing the hot
flame and increas ing the radi a tive flux temporarily.

Typ i cal sur face emit ted radi a tive flux values for LPG and LNG pool fires are
about 250 kW/m2 (79,000 Btu/hr-ft2). Upper values for other hydro car bon fires lie
in the range 110–170 kW/m2 (35,000–54,000 Btu/hr-ft2), but smoke obscuration
often reduces this to 20–60 kW/m2 (6300–19,000 Btu/hr-ft2). For com par i son,
solar radi a tion inten sity on a clear, hot summer day is about 1 kW/m2 (320
Btu/hr-ft2). 

A flash fire is the non ex plo sive com bus tion of a vapor cloud result ing from a
release of flam ma ble or com bus ti ble mate rial into the open air. Pre mix ing with air
of some part of the vapor cloud is required for a flash fire. A flash fire is non ex plo -
sive since the flame speed has not accel er ated suf fi ciently to pro duce dam ag ing
overpressures. Flash fires do not create a blast; how ever, a delayed igni tion of a
flam ma ble vapor which has accu mu lated in a con gested area, such as a pro cess
plant, may result in a vapor cloud explosion.

The lit er a ture pro vides little infor ma tion on the effects of ther mal radi a tion
from flash fires. Fur ther more, flash com bus tion of a vapor cloud nor mally lasts no
more than a few sec onds. There fore, the total inter cepted radi a tion by an object
near a flash fire is sub stan tially lower than in the case of a pool fire.

Jet fires result from the com bus tion of a mate rial as it is being released from a
pres sur ized pro cess unit. The veloc ity of the released mate rial con trib utes sig nif i -
cantly to the behav ior of the jet fire. First, the release veloc ity must be high enough
to entrain a con sid er able quan tity of air into the jet. Second, the flame will sta bi lize 
at a point in the jet where the tur bu lent flame speed is the same as the local mixed
gas veloc ity. As the release veloc ity is increased the air entrain ment increases, the
con cen tra tion of fuel in the jet decreases, and the flame point will move down -
stream from the release point. Con di tions are even tu ally reached where the flame
point is so far down stream that the fuel con cen tra tion is below the flammability
limit and flame blow-off occurs.

Flame sta bi li za tion of a jet could also be achieved by an obstruc tion or obsta -
cle in the jet’s path.

Jet fire mod el ing is not as well-devel oped as pool fire mod el ing. A review of
avail able models is pre sented else where  (AIChE, 1999a).
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2.13. Explo sion Effects

Explo sions can injure or kill people and damage equip ment by sev eral mech a -
nisms, includ ing ther mal expo sure, overpressure, and flying debris or mis siles.

2.13.1. Ther mal Expo sure

Under spe cific con di tions and, depend ing on the type of mate rial, the release and
igni tion of a com bus ti ble mate rial may result in a pool fire, flash fire, jet fire or a
fire ball. The energy con veyed to the sur round ings due to ther mal radi a tion and
con vec tion are also depend ent on the release and the release envi ron ment. The
main hazard asso ci ated with large fires is ther mal radi a tion. Ther mal radi a tion
effects may be dif fi cult to esti mate since the radi a tion varies with the fourth power
of tem per a ture and are thus sub ject to large error.

Reviews of ther mal radi a tion effects are avail able  (Buettner, 1957; Stoll and
Green, 1958). Table 2.17 pro vides human ther mal expo sure data based on the time
to reach the pain thresh old. The ther mal radi a tion expo sure for a hot summer day is 
pro vided for per spec tive, although great vari abil ity in this value is expected based
on loca tion and time of day.

Mudan  (1984) has reviewed the work of Eisenberg et al.  (1975) on burns and
fatal i ties from ther mal radi a tion. Figure 2.41 shows the injury and fatal ity levels
for ther mal radi a tions. Schubach (1995) pro vides a review of ther mal radi a tion and 
sug gests an inten sity of 4.7 kW/m2 to rep re sent the thresh old injury. This radi a tion
would cause injury after 30 sec onds of expo sure pos si bly affect ing per sons unable
to seek shel ter. Fur ther details in ther mal expo sure is pro vided by Hymes (1983).
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TABLE 2.17
Human Ther mal Expo sure Data Based on Time to Pain Thresh old (API 521, 1999)

Radiation intensity

Time to pain threshold (sec)(Btu/hr-ft2) (kW/m2)

320 1.00 Hot summer day

500 1.74 60

740 2.33 40

920 2.90 30

1500 4.73 16

2200 6.94 9

3000 9.46 6

3700 11.67 4

6300 19.87 2



The effect of ther mal radi a tion on pro cess equip ment and build ing mate ri als
depends on the dura tion and nature of the expo sure. Ther mal radi a tion may be
reflected, par tially absorbed or pass through to other mate ri als. It is the radi a tion
absorbed by a mate rial that pro duces heat result ing in damage to the mate rial. The
absorbed radi a tion depends on the color and nature of the mate rial. The ther mal
radi a tion passes through thin mate ri als while most of it is reflected by white mate -
ri als. Black mate ri als, how ever, absorb a much larger pro por tion of the inci dent
radi a tion. Table 2.18 shows the effects of ther mal radi a tion on per son nel and mate -
ri als. Wood-based con struc tion mate ri als will fail due to com bus tion, whereas
steel fails due to ther mal low er ing of the yield stress. Steel struc tures heated to
500–600EC will fail rap idly under normal loads as, for exam ple, is pro posed for
the col lapse of the World Trade Center towers on September 11, 2001.

2.13.2. Overpressure Expo sure

Due to the geom e try and size of the human body, a blast or shock wave results in
ini tial com pres sion fol lowed by a drag force often result ing in body trans la tion
with pos si ble sub se quent impact. Fast com pres sion and decom pres sion of the
human body results in trans mis sion of pres sure waves that damage air-con tain ing
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Figure 2.41. Injury and fatal i ties for ther mal radi a tions (Mudan, 1984).



organs (lungs, ears, sinuses, and orbital bones near the sinus cav i ties) and the inter -
faces between tis sues of vary ing den sity. 

The lungs are very sus cep ti ble to overpressure, which results in lung hem or -
rhage. Hem or rhage may lead to death within min utes due to obstruc tion of the air -
ways by fluid. Lung damage can occur at overpressures as low as 15 psig (103
kPa).

The extent of ear drum damage is a func tion of age, peak overpressure, and
dura tion of the expo sure. Damage may occur at overpressures from 5 to 45 psig
(34.5 to 310 kPa), with an expected 50% prob a bil ity of rup ture at about 25 psig
(172 kPa). 

Human injury from blast debris depends on many fac tors. These include
veloc ity, angle of impact, size, den sity, mass and the por tion of the body involved.
Glass is one of the more common and poten tially more inju ri ous blast debris—it
shat ters easily and gen er ates large quan ti ties of glass shard missiles.

Human injury also results from the accel er a tive com po nent of blast wave
trans la tion, par tic u larly by abrupt decel er a tion from impact against a solid object.
An impact veloc ity of 10 ft/sec (3.0 m/s) is unlikely to pro duce sig nif i cant inju ries.
Impacts of 10 to 20 ft/sec (3.0 to 6.0 m/s) will result in some fatal i ties. Above 20
ft/sec (6 m/s) the like li hood of fatal injury increases sharply with increasing
velocity.

Damage to houses and other unreinforced struc tures can occur at over -
pressures as low as 0.4 psig (2.7 kPa), with com plete demo li tion of the struc ture
around 3 psig (28 kPa). These overpressures are well below the pres sures for sig -
nif i cant human injury from the direct effects of the blast or shock wave. How ever,
any humans within these struc tures are likely to be seri ously injured or killed. To
ade quately address the risk to humans inside of build ings, the anal y sis must
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TABLE 2.18
Effects of Ther mal Radi a tion on Per son nel and Mate ri als (World Bank, 1985)

Radiation intensity
(kW/m2) Observed effect

37.5 Damage to process equipment

25.0 Minimum energy required to ignite wood at indefinitely long exposures
unpiloted

12.5 Minimum energy required for piloted ignition of wood, melting plastic
tubing

 9.5 Pain threshold reached after 8 sec; second degree burns after 20 sec

 4.0 Sufficient to cause pain to personnel if unable to reach cover within 20
sec; however blistering of the skin (second degree burns) is likely; 0%
lethality

 1.6 Will cause no discomfort for long exposure



address the poten tial for the explo sion event, the poten tial for fatal i ties due to
build ing damage, and the amount of time people spend in the build ing (AIChE,
1996b).

When a high explo sive, such as TNT, det o nates, adja cent objects are broken
into a large number of small frag ments with high veloc ity and chunky shape 
(AIChE, 1994). In con trast, a BLEVE or other deflagrative explo sion pro duces
only a few frag ments, vary ing in size, shape and ini tial veloc i ties. Frag ments may
travel long dis tances because large, half-vessel frag ments can “rocket” and
disk-shaped frag ments can “fris bee.” Baker et al.  (1988), Brown  (1985, 1986),
and AIChE/CCPS (AIChE, 1994; AIChE, 1999a) pro vide equa tions for pre dic tion 
of pro jec tile effects. These pro jec tiles can cause human injury and damage to
nearby equip ment and com mu ni ties. In addi tion, damage to equip ment in adja cent
pro cess ing units from these pro jec tiles can cause sub se quent release of flam ma ble
and/or toxic mate ri als, result ing in an expansion of the accident.

There are two main con sid er ations in eval u at ing the effect of a blast or shock
wave on equip ment or struc tures. The first is the load ing, that is, the forces from
the blast or shock wave acting on the struc ture. The second is the response of the
struc ture to the load ing. The response of the struc ture results in damage which
could include total destruc tion of the struc ture; an inter me di ate response such as
deflected steel frames, col lapsed roofs, dished walls, cracked masonry and broken
win dows; or no damage at all. 

Figure 2.42 shows the inter ac tion of a shock wave with a rigid struc ture. In the 
first sequence the shock wave is about to inter act with the struc ture. In the second
sequence the shock wave has impacted the front of the struc ture result ing in a
reflected shock wave and a result ing overpressure. Weak waves will result in
reflected overpressures just greater than double the inci dent side-on overpressure,
while strong shock waves can result in overpressures as high as eight times the
side-on overpressure. The reflected wave trav els left due to its inter ac tion with the
struc ture—as it does a rar efac tion front moves down ward along the struc ture. This
wave con tin ues to the end of the struc ture where it dif fracts around the edge as in
the third sequence. The vor ti ces pro duced result in areas of high and low pres sure,
caus ing vari able forces on the struc ture. In the fourth sequence the struc ture expe -
ri ences the tran sient blast wind which exerts drag forces.

The blast impulse is defined as the change in momen tum and has dimen sions
of force-time prod uct. For a blast wave, the area under the pres sure—time curve is
the impulse per unit of pro jected area (Kinney and Graham, 1985) 

Numer ous fac tors deter mine the response of a struc ture to a blast wave. These
include strength and mass of the struc ture, design and duc til ity of the mate ri als of
con struc tion. The damage also depends on how quickly the struc ture responds to
the blast wave. Small, rigid struc tures will respond much more quickly to a blast
wave than large, flimsy struc tures. A mea sure of this response is called the nat u ral
period of vibra tion. If the dura tion of the blast wave is long com pared to the nat u ral 

2.13. Explo sion Effects 101



period of vibra tion of the struc ture, then the load ing can be approached as sud -
denly applied, con stant pres sure and the blast damage is deter mined from the peak
overpressure. If the dura tion of the blast wave is short com pared to the nat u ral
period of vibra tion of the struc ture, then the damage is deter mined from the
impulse. This is shown in Figure 2.43 which is a pres sure impulse dia gram for a
struc tural com po nent with a single degree of free dom exposed to an ideal shock
wave. The line on Figure 2.43 rep re sents a line of con stant damage. The impul sive
and pres sure regions are clearly shown. The dynamic region is where the damage
depends on both the overpressure and the impulse.

A sig nif i cant per cent age of the acci dent sce nar ios for the chem i cal pro cess ing 
indus try are in the dynamic region. Thus, great cau tion must be exer cised when
using damage tables that rely on peak overpressure only, such as Tables 2.9 and
2.10. How ever, for very pre lim i nary damage esti mates, the overpressure alone can
be used. Oswald (2001) pro vides detailed pres sure-impulse dia grams for many
types of con struc tion com monly found in chem i cal plants. Com pu ta tion fluid
dynamic (CFD) codes can also be used to more detailed estimates.

Many risk ana lysts use 3 psi (20.7 kPa) as a con ser va tive end point for quan ti -
ta tive risk cal cu la tions. That is, for overpressures greater than 3 psi (20.7 kPa), the
struc tures are con sid ered com pletely dam aged and all of the humans in the struc -
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Figure 2.42. Inter ac tion of a blast wave with a rigid struc ture (ASCE, 1997).



tures result in fatal i ties. This assumes that humans are within the dam aged build -
ings and fatal i ties are almost cer tain due to the col laps ing struc ture (AIChE,
1999a, 2000). Oswald and Baker (1999) pro vide con sid er ably more detail on fatal -
i ties due to building collapse.

Struc tures can be designed for blast resis tance—this sub ject is beyond the
scope of this book. More detailed infor ma tion can be found else where (ASCE,
1997).

2.14. Igni tion Sources

The fire tri an gle in Figure 2.2 shows that an igni tion source is one of the require -
ments for a fire or explo sion. As was dis cussed in Sec tion 2.1, igni tion sources are
too numer ous and elu sive to depend on elim i na tion of igni tion sources as the sole
defense against fires and explo sions. The cur rent prac tice to pre vent fires and
explo sions is to focus strongly on pre vent ing flam ma ble mix tures while at the
same time striv ing to elim i nate igni tion sources. An under stand ing of igni tion
sources is essen tial to this prac tice.

Table 2.19 shows the results of a survey per formed by Fac tory Mutual Engi -
neer ing based on over 25,000 fires. The results show that elec tri cal, smok ing, fric -
tion, hot sur faces, open flames and sparks account for a large per cent age of the
igni tions. The hot sur face of an exposed light bulb, elec tric motor, or piece of pro -
cess equip ment can pro vide a suit able igni tion source. A more detailed dis cus sion
of igni tion sources is pro vided else where (Bond, 1991). Most of the igni tion
sources shown in Table 2.19 can be con trolled using proper man age ment sys tems
(such as a hot-work permit system) and by proper equip ment and pro cess design
(such as using elec tri cally rated equipment).
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Figure 2.43. Pressure–impulse dia gram for a single degree of free dom (Baker and Cox,
1988; Lees, 1996).



When flam ma ble or com bus ti ble mate ri als are pres ent the elec tri cal equip -
ment must be spe cially designed to reduce the prob a bil ity of caus ing an igni tion.
The area where the flam ma ble or com bus ti ble mate ri als are used is called a “clas si -
fied” area. The elec tri cal equip ment is des ig nated for use in clas si fied areas. The
spe cific clas si fi ca tion and elec tri cal equip ment required is a func tion of the phys i -
cal prop er ties of the flam ma ble or com bus ti ble mate rial and the prob a bil ity of
having a com bus ti ble mix ture in the area. More detailed information is provided in 
Section 3.13.

The type of fire that occurs depends on when and how the flam ma ble mate rial
is ignited. For mate ri als released below their autoignition tem per a ture an igni tion
source is required. Each release has a finite prob a bil ity of igni tion. For liquid
releases, the igni tion can occur via the vapor cloud (for flash ing or evap o rat ing liq -
uids), with the flame trav el ing upwind via the vapor to ignite the liquid pool. For
liq uids stored below their normal boil ing point with out flash ing, the igni tion can
still occur via the flam ma ble vapor from the evap o rat ing liquid. Both of these cases 
may result in an ini tial flash fire due to burn ing of vapors—this may cause ini tial
ther mal haz ards. If the release of flam ma ble mate rial con tin ues after igni tion, then
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                          TABLE 2.19
                          Igni tion Sources of Major Fires 
                          (National Safety Coun cil, 1974)

Electrical (wiring of motors) 23%

Smoking 18%

Friction (bearings or broken parts) 10%

Overheated materials (abnormally high temperatures)  8%

Hot surfaces (heat from boilers, lamps, etc.)  7%

Burner flames (improper use of torches, etc.)  7%

Combustion sparks (sparks and embers)  5%

Spontaneous ignition (rubbish, etc.)  4%

Cutting and welding (sparks, arcs, heat, etc.)  4%

Exposure (fires jumping into new areas)  3%

Incendiarism (fires maliciously set)  3%

Mechanical sparks (grinders, crushers, etc.)  2%

Molten substances (hot spills)  2%

Chemical action (process not in control)  1%

Static sparks (release of accumulated energy)  1%

Lightning (where lightning roods are not used)  1%

Miscellaneous  1%



a jet fire is also likely. If the igni tion occurs at the very begin ning of the release,
then inad e quate time is avail able for the liquid to form a pool and a jet fire will
usually result.

2.14.1. Static Elec tric ity

Static elec tric ity is a seri ous prob lem in the chem i cal indus try—con sid er able
under stand ing and effort is required to con trol it. Static elec tric ity, how ever, is not
easily under stood and requires a fun da men tal under stand ing of its behav ior to con -
trol it prop erly. More detailed ref er ences on the sub ject are avail able (Pratt, 1997;
Britton, 1999; NFPA 77, 2000; Crowl and Louvar, 2002).

In order to under stand static elec tric ity, the engi neer must under stand (Louvar,
Maurer et al., 1994):

• How charge is gen er ated
• How charge is accu mu lated on objects
• How charges are dis charged
• How the dis charged energy is related to the min i mum igni tion energy (MIE)

of the mate rial.

Every object has an inher ent elec tric field as a result of the elec trons in the
mate rial. This includes con duc tive as well as nonconductive mate ri als. The elec tric 
field around iso lated objects is dif fer ent than the elec tric field around two objects
that are phys i cally con nected. When two con nected objects are sud denly sep a -
rated, the elec tric field changes and the elec trons must redis trib ute them selves to
form a new elec tric field. If both objects are con duc tive, the elec trons are able to
move rap idly through and between the objects as they are being sep a rated. The net
result after sep a ra tion is two objects at iden ti cal volt ages. How ever, if one or more
of the objects is nonconductive, the elec trons are unable to move rap idly as the
objects are being sep a rated. The final result after sep a ra tion is two objects with
oppo site, but equal charges. Sep a ra tion is one mechanism for static charge
generation.

Sep a ra tion mech a nisms for static charge gen er a tion include a vari ety of phys -
i cal trans port and pro cess ing mech a nisms, such as pour ing, flow ing, grind ing,
slid ing, pneu matic trans port, siev ing of pow ders, and atom iza tion of liquid. 

The micro scopic sep a ra tion of the liquid from any inter face (solid–liquid,
gas–liquid, liquid–liquid) gen er ates static elec tric ity. The charge car ried away by
the flow ing liquid is called a stream ing cur rent, and can result in sub stan tial
charge gen er a tion. The most common exam ple is the flow of liquid through a pipe.

Another mech a nism for charge gen er a tion is by induc tion. If con duc tive
object A is brought close to charged object B, the elec trons in object A are attracted 
to one end and are repelled at the other end. This results in oppo site charges on
oppo site ends of object A. If one end of object A is dis charged to ground (per haps
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via a spark), some of the elec trons are lost. If object B is then removed, a charge is
left on object A. 

Another mech a nism for charge gen er a tion is by trans port. This occurs when
charged liquid drop lets or solid par ti cles settle on an object, result ing in a trans fer
of charge to the object.

Two lab o ra tory exam ples of static elec tric ity gen er a tion are shown in Figure
2.44. In Figure 2.44a dry cel lu lose powder is poured out of a beaker with free fall
into an insu lated metal con tainer. A spe cial volt me ter, called an electrometer, is
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Figure 2.44. (a) Charge accu mu la tion by pour ing of cel lu lose powder. (b) Charge accu -
mu la tion by xylene flow.



con nected to the metal con tainer. This volt me ter has a very high input imped ance
(about 1012 ohms) to pre vent the static charge from leak ing to ground through the
meter. The exper i ment gen er ates 36 volts per gram of cel lu lose powder. The rapid
dump ing of much larger masses of powder into a pro cess tank would result in very
high charge gen er a tion and volt age, lead ing to a pos si ble discharge and dust
explosion.

In the second exper i ment, shown in Figure 2.44b, xylene is metered out of a
burette through a metal funnel with a screen, into a beaker. The screen is essen tial
in this case to cause ade quate sep a ra tion—these types of screens are typ i cally used 
to screen out debris in the liquid. The electrometer records the volt age accu mu la -
tion on the funnel. The exper i ment results in the gen er a tion of about 30 volts per
100 ml of xylene. 

Charge accu mu la tion results from the com pet ing pro cesses of charge gen er a -
tion and charge dis si pa tion. If charge gen er a tion is larger than charge dis si pa tion,
then a net charge accu mu lates on an object. 

The volt age on a con duc tor is defined as the charge (in Cou lombs) divided by
the capac i tance (in Farads), or V = Q/C. The total energy accu mu lated on a con -
duc tor is cal cu lated using the fol low ing equa tions from elec tri cal theory,

J
Q

C
CV QV= = =

2
2

2

1

2

1

2 (2-37)

where J is the total energy accu mu lated (Joules)
C is the capac i tance (Farads)
Q is the charge (Cou lombs)
V is the volt age (Volts)

For unit con ver sions, a Farad is a Cou lomb/Volt and a Joule is a Cou lomb ×
Volt.

Equa tions are avail able to esti mate stream ing cur rents, capac i tances of var i -
ous shapes and for esti mat ing charge dis si pa tion through liquid pools (Louvar,
Maurer et al., 1994; Britton, 1999; Crowl and Louvar, 2002). 

For the exper i ments shown in Fig ures 2.44a and 2.44b, the total energy accu -
mu lated on the metal tray or beaker is rather small due to the low capac i tance of
these items. Since V = Q/C, if the capac i tance, C, is low, a small charge, Q, will
result in a large volt age, V.

A case his tory will dem on strate how a change in the pro ce dure resulted in sig -
nif i cant charge accu mu la tion and igni tion of a flam ma ble vapor. Two work ers
were severely burned when a small explo sion and fire occurred during the charg -
ing of powder into an open vessel con tain ing tolu ene. For many years the powder
charg ing oper a tion was done man u ally using 50-lb sacks. An effi ciency anal y sis
con cluded that the pro cess through put could be greatly improved by replac ing the
50-lb sacks with a flex i ble inter me di ate bulk con tainer (FIBC) hold ing 1 ton of
powder. The FIBC would be hoisted above the vessel by a crane and the nec es sary
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powder dumped in a matter of min utes. Two weeks after the instal la tion of the
FIBC, the explo sion occurred. The acci dent was attrib uted to igni tion of the flam -
ma ble vapors by charge gen er a tion and sub se quent spark ing due to the powder
dump ing. Pre vi ously, using the 50-lb sacks, the powder dump ing occurred slow
enough that the charge was able to dis si pate during the powder charg ing oper a tion. 
Dump ing of pow ders into ves sels with flam ma ble atmo spheres should be avoided,
unless suit able explo sion pro tec tion is provided (NFPA 68, 1994, NFPA 68 2002
#82; NFPA 69, 1997).

Sev eral types of dis charges are pos si ble with static elec tric ity (Louvar,
Maurer et al., 1994; Britton, 1999). A spark occurs when charge moves through
the air between two con duc tors, as shown in Figure 2.45. A spark is well defined
and has a sharp, needle like appear ance. The charge exits and enters both con duc -
tors from a single point. Energy levels for sparks can be as high as 1000 mJ, more
than enough to ignite both com bus ti ble dusts and vapors. A brush dis charge
occurs between a con duc tor and a non con duc tor, as shown in Figure 2.46. In this
case the dis charge exits from the con duc tor at a fixed point and has a fuzzy appear -
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Figure 2.45. A spark dis charge between two con duc tive objects.

Figure 2.46. A brush dis charge between a con duc tor and a non con duc tor.



ance towards the non con duc tor as the charge is absorbed across a part of its sur -
face. Brush dis charges have total energy levels up to about 4 mJ, enough to ignite
most flam ma ble vapors. Igni tion of dusts by brush dis charge has never been dem -
on strated exper i men tally (Britton, 1999). This is likely due to the low energy den -
sity in a brush dis charge (although the total energy may exceed the MIE for some
dusts). A corona dis charge is a spe cial case of a brush dis charge, occur ring
between a charged non con duc tor and a con duc tor with a small radius of cur va ture,
for example, a con duc tor with a pointed shape. These dis charges have lim ited
energy and are only capa ble of ignit ing the most sen si tive gases, for exam ple,
hydro gen. A prop a gat ing brush dis charge can occur between a grounded con -
duc tor and a charged insu la tor which is backed by a con duc tor, as shown in Figure
2.47. This sit u a tion occurs with, for instance, metal drums lined with
nonconductive plas tic. These dis charges are very impres sive and will ignite flam -
ma ble dusts and vapors, with energy levels on the order of sev eral thou sand
millijoules. Exper i ments have shown that prop a gat ing brush dis charges are not
pos si ble if the break down volt age of the insu la tor is 4 kV or less. A con i cal pile
dis charge (also called a bulk ing brush dis charge) is a form of brush dis charge
that occurs at the sur face of a pile of powder. The nec es sary con di tions for this dis -
charge are: a powder with high resis tiv ity (greater than 1010 ohm-m), a sig nif i cant
por tion of the par ti cles with diam e ters greater than 1 mm, a high charge-to-mass
ratio, and a fill ing rate above about 0.5 kg/s. These discharges have energies up to
several hundred mJ and can ignite gases and dusts.
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Figure 2.47. A prop a gat ing brush dis charge (Louvar et al., 1994).



Figure 2.48 sum ma rizes the var i ous types of dis charges, their ener gies, and
the types of mate ri als they can ignite. Almost all charge accu mu la tions are well
above the MIE of flam ma ble vapors and powders.

Figure 2.49 shows how charge accu mu la tion in a glass-lined vessel can result
in an explo sion. Flam ma ble liquid is splash filled into the vessel. Due to splash ing
and mixing with air, a flam ma ble atmo sphere is pres ent in the head space of the
vessel. A stream ing cur rent is gen er ated as the liquid flows through the pipe prior
to dis charge into the vessel. Thus, the liquid drop ping into the vessel has a net
charge, which accu mu lates in the liquid. The glass lining of the vessel is
nonconductive so the charge is unable to dis si pate. Even tu ally the liquid level rises
and approaches a grounded metal ther mo cou ple. A spark or brush dis charge may
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Figure 2.48. Sum mary of dis charge types (Louvar et al., 1994).



result between the liquid and the ther mo cou ple depend ing on whether the liquid is
con duc tive or nonconductive. An explosion may result.

Another pos si ble charge accu mu la tion mech a nism is shown in Figure 2.50. In 
this case liquid is splash filled into the center of a very large stor age vessel. The
vessel is metal, con duc tive and grounded. As in the pre vi ous case, the liquid drop -
ping into the vessel is charged due to the stream ing cur rent in the pipe. Charge may 
accu mu late in the center of the liquid pool depend ing on rel a tive mag ni tudes of the 
charge gen er a tion rate and the charge dis si pa tion through the liquid to the
grounded vessel. The charge dis si pa tion through the liquid is a func tion of the
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Figure 2.49. Charge accu mu la tion in a glass-lined vessel due to liquid free fall. A spark
occurs between the liquid and the grounded thermowell.

Figure 2.50. Charge accu mu la tion on the center of a large pool of liquid. The charge
dis si pates slowly through the liquid to the grounded vessel.



 distance to the grounded vessel wall and the resis tiv ity of the liquid. If a charge
accu mu lates in the center of the liquid pool, a dis charge might occur between the
liquid and a grounded metal struc tural object within the vessel, result ing in a fire or 
explo sion. The charge relax ation time, τ is defined as the time for 37% (i.e., 1/e)
of the charge in the pool to dis si pate once the flow of liquid into the tank has been
stopped. The relax ation time is defined by the equa tion

Q Q e t= −
0

/ τ
(2-38)

where Q is the charge at time t
Q0 is the charge at t = 0
t is the time (time)
τ is the relax ation time (time)

If t = τ then from Equa tion (2-38), Q/Q0 = 0.37.
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3
PREVENTION AND MITIGATION OF

EXPLOSIONS

This chap ter will show how the fun da men tals of com bus tion and explo sion are
used to pre vent and/or mit i gate an explo sion.

In gen eral, a safety pro gram should have the fol low ing four com po nents:

1. Iden ti fi ca tion and char ac ter iza tion of the major haz ards in the pro cess.
2. Appli ca tion of inher ently safer design con cepts to elim i nate or min i mize

the haz ards.
3. Con trol of the haz ards to pre vent an inci dent.
4. Mit i ga tion of the impacts of an inci dent, should it occur.

Item 1 is dis cussed in detail else where (AIChE, 1992a). Item 2 is dis cussed in
Sec tion 3.2, with much more addi tional infor ma tion pro vided else where (Bol -
linger, Clark et al., 1996). Items 3 and 4 will be dis cussed gen er ally, with addi -
tional ref er ences pro vided in Section 3.1.

3.1. Addi tional Ref er ences

Table 3.1 pro vides detailed ref er ences on fires and explo sions. These ref er ences
are rec om mended for read ers who want addi tional details on man ag ing the par tic -
u lar haz ards shown. Across the top of Table 3.1 are the var i ous types of explo -
sions. The left-hand column on Table 3.1 pro vides spe cific topics related to
explo sions. The shaded table entries indi cates that no ref er ence is avail able or pro -
vided. The ref er ences shown in Table 3.1 are not defin i tive—they are pro vided
only to help the reader find a start ing point for more infor ma tion.

3.2. Inher ently Safer Design

A chem i cal pro cess is defined as inher ently safer if “it reduces or elim i nates the
haz ards asso ci ated with mate ri als and oper a tions used in the pro cess and this
reduc tion or elim i na tion is per ma nent and insep a ra ble” (Bol linger, Clark et al.,
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1996). A hazard is defined as a phys i cal or chem i cal char ac ter is tic that has the
poten tial for caus ing harm to people, the envi ron ment, or prop erty. This means
that the hazard is intrin sic to the mate rial, or to its con di tions of stor age or use.
These haz ards cannot be changed—they are basic prop er ties of the mate ri als and
the con di tions of usage. The inher ently safer approach is to reduce the hazard by
reduc ing the quan tity of haz ard ous mate rial or energy, or by com pletely elim i nat -
ing the haz ard ous agent.

One tra di tional risk man age ment approach is to con trol the hazard by pro vid ing
layers of pro tec tion between it and the people, prop erty and sur round ing envi ron -
ment to be pro tected. These layers of pro tec tion may include oper a tor super vi sion,
con trol sys tems, alarms, inter locks, phys i cal pro tec tion devices, bar ri ers and emer -
gency response sys tems. This approach can be highly effec tive, but does have sig nif -
i cant dis ad van tages. This includes cost, fail ure of the pro tec tion layers, and impacts
real ized through another, unan tic i pated fail ure route or mech a nism. 

For these rea sons, the inher ently safer approach should be an essen tial aspect
of any safety pro gram. If the haz ards can be elim i nated or reduced, the exten sive
layers of pro tec tion to con trol those haz ards may not be required.

The four strat e gies for inher ently safer design are:

Min i mize: To reduce the quan tity of mate rial or energy con tained in the
man u fac tur ing pro cess or plant. This includes reduc ing inven to ries of haz -
ard ous chem i cals and reduc ing the size of the pro cess ing equip ment.

Sub sti tute: The replace ment of the haz ard ous mate rial or pro cess with an
alter na tive which reduces or elim i nates the hazard. This includes select ing
a sol vent that is less flam ma ble, or less toxic, or using reac tion chem is try
that uses less haz ard ous mate ri als.

Mod er ate: Using mate ri als under less haz ard ous con di tions. This includes
using lower tem per a ture or pres sures, or select ing reac tion chem is try
which oper ates at less severe con di tions.

Sim plify: Design ing to elim i nate unnec es sary com plex ity, thus reduc ing
the oppor tu ni ties for error and mis-oper a tion. This includes sim pli fy ing
con trol panel layout, label ing piping and equip ment, and select ing a chem -
is try that involves less pro cess ing steps.

Inher ently safer design is very impor tant for pre vent ing fires and explo sions.
Sev eral ques tions come to mind: Why are we using that flam ma ble sol vent—can
we use one that is not flam ma ble? Why are we oper at ing at this high pres sure—can 
we reduce the pres sure? Do we really need such a large inven tory of flam ma ble
sol vent? Can we use the flam ma ble sol vent at a tem per a ture that is below the
flashpoint tem per a ture? Why is our pro cess so com plex—can we sim plify the pro -
cess? All of these ques tions are related to inher ently safer design. Inher ently safer
design should be your first approach in the pre ven tion of fires and explosions.

Much more detail on inher ently safer design is pro vided by Bol linger et al.
(1996).
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3.3. Using the Flammability Dia gram to Avoid
Flam ma ble Atmo spheres 

Chap ter 2 stated that the elim i na tion of igni tion sources is not suf fi cient to pre vent
fires and explo sions—the igni tion ener gies are too low and igni tion sources too
plen ti ful to use this as the pri mary pre ven tion mech a nism. A more robust design
alter na tive is to pre vent the exis tence of flam ma ble mix tures as the pri mary con -
trol, fol lowed by the elim i na tion of igni tion sources as the sec ond ary con trol. The
flammability dia gram intro duced in Sec tion 2.1.1 is an impor tant tool for deter -
min ing if a flam ma ble mix ture exists, and to pro vide target con cen tra tions for
inerting and purg ing pro ce dures pre sented in Sec tion 3.4.

Sec tion 2.1.1 showed the gen eral shape of the flammability zone on a tri an gle
dia gram (Figure 2.7), how a flam ma ble vapor may be cre ated when a vessel is
taken out of ser vice (Figure 2.8), and how the flammability zone can be esti mated
using a few data points (Fig ures 2.11 to 2.13). This sec tion will pro vide more
details on how the flammability dia gram is used in common pro cess oper a tions to
ensure that flam ma ble mix tures do not occur.

Con sider again Figure 2.8 show ing the gas com po si tion as air is pumped into
a pro cess vessel. The objec tive is to avoid the flam ma ble region alto gether. The
pro ce dure is shown in Figure 3.1. The vessel is ini tially at point A con tain ing pure
fuel. If nitro gen is first pumped into the vessel, the gas com po si tion fol lows along
line AS shown in Figure 3.1. One approach would be to con tinue the nitro gen flow
until the vessel con tains pure nitro gen. How ever, this would require a large amount 
of nitro gen and would be costly. A more cost effec tive pro ce dure is to inert with
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Figure 3.1. A pro ce dure for avoid ing the flammability zone for taking a vessel out of
ser vice.



nitro gen until point S is reached, and then includ ing an appro pri ate margin of
safety (NFPA 69, 1997). Then, air can be intro duced, with the gas com po si tion fol -
low ing along line SR on Figure 3.1. In this case the flammability zone is avoided
and a safe vessel preparation procedure is ensured.

The prob lem now is to deter mine the loca tion of point S on Figure 3.1.
Clearly, the ideal approach is to have com plete flammability data, such as shown in 
Fig ures 2.9 and 2.10, par tic u larly around the nose of the flammability zone. For a
number of com pounds these data have been col lected and the results are shown in
Table 3.2 (Mashuga and Crowl, 1998). The out-of-ser vice fuel con cen tra tion
(OSFC) rep re sents the max i mum fuel con cen tra tion at point S on Figure 3.1 that
just avoids the flammability zone. From a prac ti cal stand point a fuel con cen tra tion
less than the values shown in Table 3.2 would be desired to ensure that the con cen -
tra tions stay well away from the flammability zone.

Figure 3.2 shows the pro ce dure for plac ing a vessel into ser vice. The vessel
begins with air, shown as point A. Nitro gen is pumped into the vessel until point S
is reached. Then fuel is pumped in, fol low ing line SR until point R is reached. The
prob lem is to deter mine the oxygen (or nitro gen) con cen tra tion at point S. This can 
be done using exper i men tal data, with the results shown in Table 3.2. The in-ser -
vice oxygen con cen tra tion (ISOC) rep re sents the max i mum oxygen con cen tra tion
at point S on Figure 3.2 that just avoids the flammability zone. From a prac ti cal
stand point an oxygen con cen tra tion some what less than the values shown in Table
3.2 would be desired to ensure that the con cen tra tions stay well away from the
flammability zone.
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Figure 3.2. A pro ce dure for avoid ing the flammability zone for placing a vessel into ser -
vice.
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TABLE 3.2
In-Ser vice Oxygen Con cen tra tion (ISOC) and Out of Ser vice Fuel Con cen tra tion
(OSFC) Deter mined from Pub lished Exper i men tal Data (Mashuga and Crowl, 1998)

Chemical OSFC (Vol. % Fuel) ISOC (Vol. % Oxygen)

Methane 14.5 13.0

Ethane 7.0 11.7

Propane 6.2 12.0

Butane 5.8 12.5

n-Pentane 4.2 12.0

n-Hexane 3.8 12.2

Natural Gas 11.0 12.8

Ethylene 6.0 10.5

Propylene 6.0 12.0

2-Methylpropene 5.5 12.5

1-Butene 4.8 11.7

3-methyl Butene 4.0 11.5

1,3-Butadiene 4.9 10.8

Acetylene 4.0  7.0

Benzene 3.7 11.8

Cyclopropane 7.0 12.0

Methyl Alcohol 15.0 10.8

Ethyl Alcohol 9.5 11.0

Dimethyl Ether 7.1 11.0

Diethyl Ether 3.8 11.0

Methyl Formate 12.5 11.0

Isobutly Formate 6.5 12.7

Methyl Acetate 8.5 11.7

Acetone 7.8 12.0

Methyl Ethyl Ketone 5.3 11.5

Carbon Disulfide 2.5  6.0

Gasoline (115/145) 3.8 12.0

JP-4 3.5 11.7

Hydrogen 5.0  5.7

Carbon monoxide 19.5  7.0



If a detailed flammability dia gram is lack ing, then the OSFC and ISOC can be
esti mated using a pro ce dure described in Appen dix A, Part B. 

Direct, reli able exper i men tal data under con di tions as close as pos si ble to pro -
cess con di tions is always rec om mended.

Care must be taken to ensure that the flammability zone for all oper a tions is
avoided by an appro pri ate safety margin. NFPA 69 (1997) requires a target oxygen 
con cen tra tion for stor age ves sels of at least 2% below the mea sured LOC, if the
oxygen con cen tra tion is con tin u ally mon i tored. If the LOC is less than 5%, the
target oxygen con cen tra tion is no more than 60% of the LOC. If the oxygen con -
cen tra tion is not con tin u ously mon i tored, then the equip ment must not oper ate at
more than 60% of the LOC, or 40% of the LOC if the LOC is below 5%.

3.4. Inerting and Purg ing

The flammability dia grams pre sented in Sec tion 3.3 pro vide target gas con cen tra -
tions to avoid the flammability zone. Inerting and purg ing pro ce dures are used to
achieve that con cen tra tion.

Inerting and purg ing are the oper a tions of using an inert gas to achieve a
desired gas con cen tra tion in a pro cess unit in order to render the atmo sphere non -
flam ma ble. The pro ce dures can be applied to any pro cess unit, includ ing pres sure
ves sels, stor age ves sels, drums, pipes, pipe lines, dis til la tion col umns, etc. Purg ing
usu ally refers to the pro cess of chang ing the gas con cen tra tion within a vessel or
pro cess, usu ally with either an inert gas (to decrease the oxygen con cen tra tion) or
a fuel gas (to increase the fuel con cen tra tion). Inerting usu ally applies to main tain -
ing an inert gas blan ket in a vessel or pro cess. The two terms are fre quently used
inter change ably. Blan ket ing, or pad ding, is the tech nique of con tin u ously main -
tain ing an atmo sphere that is either inert or fuel rich in the vapor space of a
container or vessel.

Since an inert gas is involved, care must be taken to pre vent asphyx i a tion of
work ers. A single breath of an inert gas is usu ally ade quate to cause loss of con -
scious ness—breath ing an inert gas is not the same as hold ing one’s breath. Pre cau -
tions must be taken to ensure that the inert gas does not escape to worker areas and
that work ers follow proper con fined space entry pro ce dures prior to enter ing any
enclosed space con tain ing an inert atmosphere.

Nitro gen is by far the most common gas used for inerting and purg ing pro ce -
dures. How ever, carbon diox ide, argon, com bus tion prod uct gases (such as diesel
exhaust) and even water vapor are some times used. Water vapor is used only on a
lim ited basis because it has the dis ad van tage that the vapor will con dense if the
tem per a ture drops, caus ing the loss of the inert blan ket. The shape of the
flammability zone on the tri an gu lar dia gram, and thus the flammability limits, the
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MOC, etc. change with the type of inert gas. The avail abil ity of spe cific data for the 
inert gas selected must be con sid ered in the selection.

Many mono mers (such as sty rene and acrylic acid) require inhib i tors to pre -
vent poly mer iza tion of the poly mer liquid in stor age. Some of these inhib i tors
require the pres ence of a small amount of oxygen to be effec tive. The inhib i tor
effec tive ness would be lost under an entirely oxygen free inert blan ket. This is an
impor tant con sid er ation in the design of inerting sys tems for such monomers.

 Sev eral dif fer ent inerting and purg ing pro ce dures are avail able. The selec tion
of a spe cific pro ce dure will depend on the design of the pro cess equip ment, the
util i ties avail able, the type and cost of the inert, the vacuum or pres sure rating of
the pro cess, the geo met ric con fig u ra tion of the pro cess and the time avail able to
perform the procedure.

3.4.1. Vacuum Purg ing

Vacuum purg ing is used if a vacuum system is avail able and the pro cess equip -
ment can with stand the effects of vacuum. This pro ce dure involves evac u at ing the
pro cess fol lowed by fill ing with an inert gas, with the pro ce dure being repeated
until the target gas con cen tra tion is achieved. 

Sup pose that a pro cess vessel must be inerted using a vacuum purg ing
method. The volume of the vessel is known. The oxygen con cen tra tion must be
reduced from an ini tial con cen tra tion, y0, to a final target oxygen con cen tra tion, yj.
The cycles used to accom plish this pro ce dure are shown in Figure 3.3. The vessel
is ini tially at abso lute pres sure PH and is vacuum purged using a vacuum at abso -
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Figure 3.3. Pres sure and oxygen con cen tra tion his to ries for vacuum purg ing with pure
inert gas.



lute pres sure PL. The objec tive of the cal cu la tion is to deter mine the number of
cycles required to achieve the desired oxygen concentration.

During evac u a tion of the vessel the com po si tion of the gas within the vessel
remains con stant. Thus, the oxygen mole frac tion remains con stant, but the
number of moles of oxygen is decreased. The vessel is repressurized back to PH
using pure inert. During this oper a tion, the number of moles of oxygen remains
con stant and the mole frac tion decreases.

The vessel ini tially has an oxygen mole frac tion of y0 . At the com ple tion of
the first evac u a tion, the number of moles of oxygen pres ent is

n y
P V

R Toxy
L

g

=








0 (3-1)

where noxy is the number of moles of oxygen (moles)
y0 is the ini tial mole frac tion con cen tra tion of oxygen (unitless)
PL is the low pres sure vacuum, in abso lute pres sure units (pres sure)
V is the volume of the pro cess or vessel (volume)
Rg is the ideal gas con stant (pres sure-volume/mole-deg)
T is the abso lute tem per a ture (deg)

This is also the total number of moles of oxygen pres ent at the end of the first
repressurization.

At the com ple tion of the first repressurization, the total number of moles pres -
ent is

n
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H

g

=
(3-2)

where ntot is the total number of moles of gas (moles) and PH is the high, or ambi -
ent pres sure, in abso lute pres sure units (pres sure).

The result ing mole frac tion of oxygen, y1, at the com ple tion of the first
vacuum cycle is thus,
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This is also the mole frac tion of oxygen at the com ple tion of the second evac u -
a tion.

At the com ple tion of the second repres sur iza tion, the oxygen mole frac tion,
y2, is given by
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Con tin u ing in this fash ion, the mole frac tion of oxygen at the end of the jth
vacuum cycle is given by,

y y
P

Pj

j

=






0

L

H
(3-5)

Figure 3.4 is a plot of Equa tion (3-5). Equa tion (3-5) assumes that the gas is
well-mixed between each cycle.

Frac tional cycles deter mined using Equa tion (3-5) would nor mally be
rounded up. Thus, if 1.2 cycles is cal cu lated, at least two cycles would be used. The 
actual number of cycles used would nor mally be greater than the number com -
puted, to pro vide a rea son able safety margin. 

The total moles of inert used, ∆ninert during the inerting pro ce dure is given by
the ideal gas law,

∆n j P P
V

R Tinert H L
g

= −( )
(3-6)

3.4.2. Pres sure Purg ing

Pres sure purg ing can be used if the pro cess equip ment is designed to with stand
pres sure. This pro ce dure involves pres sur iz ing the pro cess with inert gas fol lowed
by vent ing the pro cess back to ambi ent pres sure. The pro ce dure is repeated until
the target gas con cen tra tion is achieved. 

This pro ce dure is shown in Figure 3.5. In this case, the vessel is ini tially at PL
and is pres sur ized using a source of pure nitro gen at PH. The objec tive is to deter -
mine the number of cycles required to achieve a desired oxygen con cen tra tion.
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Figure 3.4. Plot of Equa tion (3-5) show ing the number of cycles required for inerting.



Since the vessel is pres sur ized with pure nitro gen, the number of moles of
oxygen remains con stant during pres sur iza tion while the mole frac tion decreases.
During depressurization, the com po si tion of the gas within the vessel remains con -
stant, while the total number of moles is reduced. Thus, the oxygen mole frac tion
remains unchanged.

Equa tion (3-3) pro vides the oxygen mole frac tion at the end of the first pres -
sur iza tion. This is also the oxygen mole frac tion at the end of the first de-pres sur -
iza tion (the end of the first pres sure cycle). It is readily shown that Equa tion (3-5)
pro vides the gen eral result.

3.4.3. Com bined Pressure–Vacuum Purg ing 

In some facil i ties, a pres sur ized inert source and vacuum are avail able and can be
used simul ta neously to purge a vessel. Com bined pressure–vacuum purg ing is
per formed by first evac u at ing the pro cess, fol lowed by pres sur iza tion with the
inert gas. The pro ce dure is repeated until the target con cen tra tion is achieved. 

This pro ce dure is shown in Figure 3.6. The first evac u a tion cycle occurs
between the ini tial pres sure, P0, and the final pres sure PL. During the evac u a tion
the moles of oxygen are reduced and the oxygen con cen tra tion remains con stant.
The oxygen mole frac tion at this point is the same as the ini tial mole frac tion. The
number of moles of oxygen is given by Equa tion (3-1) and is depend ent only on
the final pres sure, PL, and not on P0. Fur ther more, the remain ing cycles are iden ti -
cal to the vacuum purge oper a tion and Equa tion (3-5) is appli ca ble. This case is
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Figure 3.5. Pres sure and oxygen con cen tra tion his to ries for pres sure purg ing with pure
inert gas.



nearly iden ti cal to the vacuum purg ing case con sid ered ear lier, with the exception
of the first cycle.

The pro ce dure can also be per formed by pres sur iz ing first, as shown in Figure
3.7. For this case, during the first pres sur iza tion, between P0 and PH, the oxygen
con cen tra tion decreases but the number of moles of oxygen remains con stant. If
the ini tial oxygen mole frac tion is 0.21, the oxygen mole frac tion at the end of this
ini tial pres sur iza tion is given by
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0.21

H
(3-7)

After the first pres sur iza tion the remain ing cycles are iden ti cal to pres sure
purg ing alone and Equa tion (3-5) applies. How ever, the number of cycles, j, deter -
mined from Equa tion (3-5) is the number of cycles after the ini tial pres sur iza tion.
Thus, the total number of cycles is j + 1.

Pres sur iz ing first on a com bined pressure–vacuum purge requires more inert
gas and more inerting cycles to achieve the desired result. By pres sur iz ing on the
first cycle, the moles of oxygen in the vessel remains con stant. The reduc tion in
inert gas usage and cycles by evac u at ing first is achieved by the reduc tion in the
number of moles of oxygen in the vessel during the first ini tial evac u a tion. 

The equa tions devel oped for vacuum and pres sure purg ing apply for the case
of pure inert only. Many inert gas sep a ra tion pro cesses avail able today do not pro -
vide pure inert—they typ i cally pro vide inert in the 98%+ range. The equa tions
pro vided for pure nitro gen can be mod i fied to account for this. Assume that the
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Figure 3.6. Com bined pres sure–vacuum purge—evac u ate first.



inert con tains oxygen with a con stant mole frac tion of yoxy. For a pres sure purg ing
pro ce dure, the total moles of oxygen pres ent at the end of the first pres sur iza tion is
given by the moles ini tially pres ent plus the moles included with the inert. This
amount is
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The total moles in the vessel at the end of the first pres sur iza tion is given by
Equa tion (3-2). Thus, the mole frac tion of oxygen at the end of this cycle is
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This result is gen er al ized into the fol low ing recur sive equa tion for the oxygen
con cen tra tion at the end of the jth pres sure cycle,
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Equa tion (3-10) is used in place of Equa tion (3-5) for both pres sure and
vacuum purg ing.

3.4.4. Sweep Purg ing

Sweep purg ing can be used if the pro cess equip ment is unable to with stand the effects 
of pres sure or vacuum, such as a stor age tank. This involves using a continuous flow
of inert through the pro cess until the desired target con cen tra tion is achieved. 
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Figure 3.7. Com bined pres sure–vacuum purge—pres sur ize first.



Sweep purg ing cal cu la tions are per formed assum ing per fect mixing within
the vessel, con stant tem per a ture and con stant pres sure. Thus, the vol u met ric flow
of gas out of the vessel is equal to the flow in, and the outlet gas con cen tra tion is
equal to the gas con cen tra tion within the vessel. A total mass bal ance around the
vessel results in

V
dC

dt
C Q CQ= −0 v v (3-11)

where V is the vessel volume (volume)
C is the con cen tra tion of oxygen within the vessel (mass/volume)
C0 is the oxygen con cen tra tion in the inlet inert gas (mass/volume)
Qv is the vol u met ric flow rate of inert (volume/time).

Equa tion (3-11) can be rear ranged and inte grated from ini tial oxygen con cen -
tra tion, C1, to a target con cen tra tion of C2. A nonideal mixing factor, K, can also be
intro duced to account for the fact that the mixing will not be perfect.
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The quan tity Qv t rep re sents the total vol u met ric flow of inert required to meet
the target con cen tra tion. Once the vol u met ric flow of inert, Qv is spec i fied, then the 
time required to obtain the target con cen tra tion is deter mined. A value for K no
larger than 0.25 is rec om mended by NFPA 69 (1997).

3.4.5. Siphon Purg ing

Siphon purg ing is an inerting pro ce dure in which the pro cess is filled with a com -
pat i ble fluid, such as water. The liquid is sub se quently drained out, with the gas
being replaced by inert gas as the liquid is drained. The total quan tity of inert used
is equal to the volume of liquid dis placed. The liquid used must be readily avail -
able and must be com pat i ble with the mate ri als of con struc tion and the mate rial
ulti mately stored in the vessel. Water is fre quently used.

Many stor age ves sels cannot be filled com pletely with liquid. In this case the
vessel is filled as far as pos si ble with the liquid, then a sweep purg ing method is
used to inert the remain ing volume. In many cases, the gas in this head space rep re -
sents such a small part of the total volume that it is neg li gi ble.

3.4.6. Advan tages and Dis ad van tages of the Var i ous 
       Inerting Pro ce dures

Pres sure purg ing is gen er ally faster since the pres sure dif fer en tials are greater,
how ever, it uses more inert gas than vacuum purg ing. Vacuum purg ing uses less
inert gas since the oxygen con cen tra tion is reduced pri mar ily by vacuum. For

3.4. Inerting and Purg ing 127



com bined vacuum–pressure purg ing, less nitro gen is used if the ini tial cycle is a
vacuum cycle. If a pro cess geom e try is com plex, with many con nec tions and
closed pipe sec tions, a sweep purg ing method may be imprac ti cal, and either a
vacuum, pres sure or com bined method will be nec es sary. 

3.4.7. Inert Gas Blan ket ing of Stor age Ves sels

Two meth ods are used to pre vent flam ma ble vapors in stor age ves sels: con tin u ous
sweep and static blan ket ing meth ods. In the con tin u ous sweep method, inert gas
flows con tin u ally through the vessel. In the static blan ket ing method, inert gas is
pro vided at a fixed pres sure, typ i cally 0.5 inches of water gauge.

In the past, stor age ves sels were pro tected mostly by the con tin u ous sweep
method. Today, due to the cost of inert gas and due to fugi tive emis sions reduc tion
require ments, static blan ket ing meth ods are more pop u lar. For both meth ods the
inert supply system must be capa ble of han dling normal pres sure and tem per a ture
changes in the vessel, exter nal fire, and changes due to pump ing pro cess liquid into 
and out of the vessel. Details on gas blan ket ing sizing are pro vided in API 2000
(1998).

The static blan ket ing method uses a con ser va tion vent and a gas reg u la tor. The 
con ser va tion vent main tains a low backpressure and opens and dis charges vapor
when the pres sure exceeds a set value. The gas reg u la tor system pro vides make-up
inert gas when the pres sure drops. The con ser va tion vent also fre quently pro vides
vacuum relief in the event of static blan ket ing system failure.

The gas reg u la tor system for static blan ket ing sys tems must be care fully
designed due to the low pres sures con sid ered (typ i cally 0.5 inches of water gauge,
or about 125 Pa). Most spring-loaded reg u la tors (includ ing typ i cal low pres sure
devices) are designed to reg u late the pres sure in a flow ing stream and are not capa -
ble of pro vid ing the accu racy or response for static pres sure reg u la tion. Typ i cal
reg u la tor sys tems for inert gas blan ket ing use a pilot sens ing reg u la tor to achieve
the proper function (Richard, 1986).

3.4.8. Inert Purg ing and Blan ket ing during Drum ming Oper a tions

Drums are used fre quently to charge mate ri als into a pro cess and to col lect and
store prod ucts or waste mate ri als. Air can enter the drum during these oper a tions,
form ing a flam ma ble atmo sphere, and pre sent ing a fire and/or explo sion hazard.
Also, air may ini tially be in the ullage of the drum. Pro ce dures are avail able to inert 
the drum for both charg ing and drum ming oper a tions.

Figure 3.8 shows a charg ing oper a tion where the con tents of the drum is being 
charged into a pro cess. With out inerting, air will be drawn into the drum as the
liquid is removed and the liquid level drops. To pre vent this, the drum is fitted with
a “T” fit ting, as shown. One end of the “T” is con nected to a low pres sure inert gas
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source with a small, but con tin u ous flow. The other end of the “T” is open to pre -
vent the acci den tal overpressuring of the drum by the inert gas source. If the oper a -
tion is being per formed in an enclosed work area, then an ele phant trunk, canopy
hood, or other ven ti la tion source must be pro vided to remove the inert gas to pre -
vent worker asphyx i a tion. Now, as the liquid level moves down ward, the vapor
space is filled with inert gas, pre vent ing the for ma tion of a flammable vapor.

Figure 3.9 shows an inerting pro ce dure for an empty drum prior to fill ing from 
a pro cess. In this case a wand long enough to reach the bottom of the drum is
placed into the drum and a flow of low-pres sure inert is ini ti ated. If the oper a tion is
being per formed in an enclosed work area, then an ele phant trunk, canopy hood, or 
other ven ti la tion source must be pro vided to remove the inert gas to pre vent worker 
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Figure 3.8. An inert blan ket ing system useful for pro tect ing a drum during pro cess
charg ing.

Figure 3.9. Inerting a drum prior to fill ing with a flam ma ble liquid.



asphyx i a tion. After a suit able length of time, defined as the time required to flush
the drum with three to four times the drum volume with inert gas, the wand is
removed and the vessel is ready for filling.

3.5. Exam ple Appli ca tion

EXAMPLE 3.1 

A 100-gallon reac tor vessel must be inerted with nitro gen prior to charg ing with
methyl ethyl ketone (MEK). Pure nitro gen is avail able at 20 psig and a vacuum
system is avail able at 60 mm Hg abs. Deter mine:

a. The target oxygen con cen tra tion for the inerting pro ce dure.
b. The number of cycles required for a com bined pres sure—vacuum inerting

pro ce dure and the total quan tity of nitro gen used.
c. The time required to sweep purge the vessel assum ing the nitro gen flow

from the inert system is 20 CFM.

Assume the vessel is ini tially filled with air at 1 atm and 80°F.

Solu tion a: From Table 3-2, the in-ser vice oxygen con cen tra tion for MEK is
11.5% oxygen. The oxygen con cen tra tion must be reduced below this value. For a
safety margin use 60% of this value, giving a target oxygen con cen tra tion of 6.9%. 

If we use Equa tion (A-16) to esti mate the in-ser vice oxygen con cen tra tion, we 
need to deter mine z, the stoichiometric coef fi cient for the com bus tion reac tion and
the LOC. For MEK, the com bus tion reaction is:

C4H8O + 5.5 O2 → 4 CO2 + 4 H2O

Thus, z = 11/2 = 5.5. From Table 2.3 the LOC for MEK is 11% oxygen. From
Equa tion (A-16)

ISOC =
LOC%
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5.5  11
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z
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∗

−
= ∗

−
=

11

100

10 2. %

This value is some what lower than the exper i men tal value of 11.5% from
Table 3-2.

Solu tion b: For the com bined pres sure–vacuum purg ing method we will evac -
u ate first to reduce the oxygen con cen tra tion as much as pos si ble. Assume the
evac u a tion is ter mi nated at 100 mm Hg to reduce the evac u a tion time. Thus,

PH = 20 psig + 14.7 psi = 34.7 psia

PL (100 mm Hg)
14.7 psia

760 mm Hg
.132 psia=







 = 0

130 3 Prevention and Mitigation of Explosions



Sub sti tut ing into Equa tion (3-5),
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Thus, one cycle is more than ade quate to reach the target oxygen con cen tra tion.
The total nitro gen used is pro vided by Equa tion (3-6). Assum ing a single

inerting cycle,
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∆ninert = 0.0797 lb-moles

The total mass of nitro gen is (0.0797 lb-moles)(28 lb/lb-mole) = 2.2 lb of nitro gen.

Solu tion c: Equa tion (3-12) applies for a sweep purge. Since the nitro gen is
pure, C0 = 0. Assume a nonideal mixing factor of 0.25. Sub sti tut ing into Equa tion
(3-12)

Q t
V

K

C

Cv












ln 1

2

Q tv

3100 gal

0.25

0.1337 ft

gal

21

7.5
= 













 


ln




= 55.1 ft 3

The total inerting time would be 

t
Q

= = =55.1 ft 55.1 ft

20 ft min

3

v

3

3
2 75. min

3.5. Exam ple Appli ca tion 131



This rep re sents 3.91 lb of nitro gen. As expected, the sweep purge requires
more nitro gen than the com bined pressure–vacuum purge.

3.6. Explo sion Vent ing

Explo sion vent ing can be used to lower the max i mum pres sure devel oped by a def la -
gra tion, for exam ple, where the flame speed is lower than the speed of sound, but is
not effec tive against det o na tions. The vent area required to pre vent the explo sion pres -
sure from exceed ing a desired value is depend ent on sev eral vari ables, includ ing:

• The prop er ties of the mate ri als pres ent, which are char ac ter ized by their
def la gra tion index, KG for gases and KSt for dusts. See Equa tions (2-1) and
(2-22), respec tively.

• The vent open ing pres sure.
• The length to diam e ter ratio (L/D) and volume of the enclo sure being

vented.
• The weight of the vent panel (which should nor mally be below 2.5 lbm/ft2).

Other spe cial cir cum stances must also be con sid ered:

• If the enclo sure is vented through a duct the vent area require ments will
increase.

• If the ves sels are inter con nected, pres sure piling (described in Sec tion
2.7.4) can sig nif i cantly increase the vent area.

Addi tional details on this sub ject are pro vided by NFPA 68 (2002).

3.7. Ground ing and Bond ing

Ground ing and bond ing pro ce dures are used to pre vent the accu mu la tion of static
charge in order to pre vent the igni tion of a flam ma ble atmo sphere due to static dis -
charge. These pro ce dures are also impor tant to pro tect against elec tri cal faults and
light ning. Ground ing is the pro ce dure of con nect ing pro cess equip ment and
mate ri als to an elec tri cal ground in order to remove any accu mu lated charge.
Bond ing is the pro ce dure of con nect ing two pro cess units together elec tri cally in
order to main tain the same elec tri cal poten tial between the two units. Ground ing
and bond ing is effec tive only for con duc tive com po nents and mate ri als.

Static elec tric ity may accu mu late in both pro cess equip ment and mate ri als
within the pro cess. Ground ing and bond ing meth ods must be employed to dis si -
pate the static elec tric ity from both. Pro cess mate ri als may include liq uids, solids
and gases. Ground ing and bond ing of pro cess mate ri als can be dif fi cult, par tic u -
larly for solids and gases, and is nor mally achieved through the pro cess equip ment
or through ground ing rods placed into the material.

132 3 Prevention and Mitigation of Explosions



Many facil i ties have a ded i cated ground ing system for dis si pat ing static
charge. This ground is sep a rate from the elec tri cal ground in order to pre vent ener -
giz ing of pro cess equip ment in the event of an elec tri cal ground fault, or loss of
ground due to changes in the wiring system. In order to obtain a low enough resis -
tance to ground, the ground system must cover a large area and should con sist of
either a buried wire mat or a system composed of many inter con nected ground ing
rods. A single ground rod, such as used for a light ning pro tec tion system or a res i -
den tial ground, is usually not adequate.

If light ning ground rods are used, NFPA 780 (1997) sug gests that the rods
should be at least ½-inch in diam e ter and 8-feet long. The rod should be of
copper-clad steel, solid copper, hot dipped gal va nized steel or stain less steel and
free of paint or other nonconductive coat ings. The 8-foot length might pres ent a
prob lem for tem po rary ground sys tems during emer gency field trans fers of liq uids
or solids from trucks or rail road cars in the field.

A ground resis tance test meter is an elec tronic device used to deter mine the
resis tance from the ground rod to the phys i cal ground. The device injects a cur rent
between a tem po rary, remote test probe and the ground system. A second tem po -
rary test probe is used to mea sure the resul tant poten tial cre ated by the test cur rent.
From the volt age and cur rent values the resis tance can be cal cu lated. Per ma nent
ground sys tems must be checked on a reg u lar basis and main tained to ensure their
integ rity. A nom i nal resis tance between the ground system and the phys i cal
ground of no more than 1000 ohms is desir able to dis si pate static charge. This
resis tance could be as high as sev eral meg ohms and still dis si pate static charge, but 
sparks to adjacent grounded equipment may occur. 

Resistances between the ground ing system and pro cess equip ment can be as
high as a megohm to dis si pate static charge. How ever, from a prac ti cal stand point,
a resis tive value of 6 or 7 ohms is used to ensure a good mechan i cal con nec tion for
ground ing and bond ing con nec tions in a process plant.

Figure 3.10 shows a typ i cal ground ing and bond ing arrange ment. In this
exam ple a metal con tainer is bonded to a grounded, unlined, metal drum prior to
dis pens ing liquid from the drum to the con tainer. The con tainer is also grounded,
as shown. Two types of clamps are used. One type is for longer-term instal la tions
and is com posed of a threaded, sharp-pointed screw on a clamp. The other type is
for tem po rary oper a tions, for instance, to bond or ground a drum to a pro cess. This
is a spring loaded clamp that can be readily attached to the drum by hand. In both
types of clamps, a metal point pen e trates any paint that might be pres ent on the sur -
face to ensure con tact with metal. Common elec tri cal alli ga tor clips must not be
used for ground ing and bond ing since the alli ga tor clip spring or points might not
be ade quate to pen e trate any paint layers. In Figure 3.10 the spring-loaded clamp is 
used to bond the con tainer to the drum, while the bolt clamps are used to con nect
the bond and the ground to the drum. NFPA 77 (2000) pro vides more detail on
grounding and bonding.
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Figure 3.11 shows how an unlined, metal drum or a metal tank truck or car is
grounded to the pro cess. In the upper part of Figure 3.11 the drum is bonded to the
pro cess, the pro cess is grounded, and the trans fer line is bonded at both ends to the
con duc tive hose. In the lower part of Figure 3.11, the tank truck or car is bonded to
the pro cess and grounded. The pro cess itself must also be grounded. Finally, the
con duc tive hose is bonded to the piping at both ends.

If the drum in Figure 3.10 were lined with a nonconductive mate rial, such as
plas tic, then a dif fer ent approach must be used since the static which may accu mu -
late in the liquid has no path way to ground. For this case the drum must be placed
in the ver ti cal posi tion and a metal rod must be placed into the liquid through an
open bung hole. The metal rod is then bonded to the pro cess. Care must be taken to
ensure that the metal rod does not pen e trate the drum lining at the bottom of the
drum. For the drum shown in the upper part of Figure 3.11, the metal dip pipe
would pro vide the nec es sary path way to dis si pate static elec tric ity in the event the
drum were lined.

Many mate ri als are now trans ported in plas tic totes, with vol umes up to sev -
eral hun dred gal lons. These totes are con structed from a plas tic tank encased in a
metal sup port struc ture or cage. A metal rod must be placed into the liquid through
the fill ing hole at the top of the tote, and grounded or bonded to remove static
charge. The metal sup port ing cage or struc ture must also be grounded or bonded.

For tank trucks or rail way tank ers spe cial care must be taken in attach ing the
bond ing wire to the truck or tanker. Many trucks and rail way tank ers have metal
com po nents, such as the wheels or sup port ing car riage, that are insu lated from the
tank and do not pro vide an ade quate path way for dis si pa tion of static from the tank

134 3 Prevention and Mitigation of Explosions
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con tents. In gen eral, bolted on metal pieces, hand rails or valve han dles may not
pro vide ade quate bond ing or ground ing points. Metal pieces welded directly to the 
tank pro vide better ground ing and bond ing points. Also, heavy paint or cor ro sion
might pres ent a chal lenge—the ground ing area should be sanded down to bare
metal to pro vide good con tact. For double bottom (tandem) tank ers (two tank trail -
ers hooked together and towed by one trac tor) both tanks must be bonded together.

If a tem po rary ground system must be made, for instance, for a field trans fer
of liquid between tank trucks, then care must be taken to con struct the ground
prop erly. A single rod driven into the ground may not pro vide ade quate ground ing, 
since it typ i cally will have a ground resis tance of sev eral thou sand ohms. A better
approach is to dig a small depres sion sev eral inches deep and about 6 feet in diam -
e ter. Drive sev eral ground ing rods into this area, and then fill the depres sion with
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Figure 3.11. Bond ing and ground ing pro ce dures for tanks and ves sels (Eichel, 1967).



water and add salt to increase the con duc tiv ity of the water. All of the rods are con -
nected together to pro vide the ground. This type of system typ i cally has a ground
resis tance of less than 100 ohms—even in porous sand conditions.

All con duc tive pro cess equip ment must be bonded and grounded. This
includes any iso lated pieces of metal that are large enough to have ade quate capac -
i tance to accu mu late enough charge for a static dis charge. Some com pa nies have
cor po rate stan dards spec i fy ing a max i mum metal sur face area above which bond -
ing is required. A typ i cal value used is 10 cm2. Of par tic u lar prob lem are flanges
with nonconductive gas kets, hoses, bear ings, and other devices within the pro cess. 
Figure 3.12 shows a few meth ods to handle some of these problems. 
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Figure 3.12. Bond ing pro ce dures for valves, pipes, and flanges (Eichel, 1967).



Pro cess equip ment con structed of glass, teflon, plas tic, or other types of
nonconductive mate rial or lining pres ents a chal lenge with respect to ground ing
and bond ing. Figure 3.13 shows a tan ta lum insert into a glass reac tor to pro vide a
ground for the con duc tive liquid inside the reactor. 

Piping, con tain ers, stor age ves sels, pumps and other pro cess equip ment con -
structed of plas tic can be made con duc tive by using con duc tive addi tives, such as
carbon. How ever, the use of these mate ri als pres ents a man age ment prob lem since
it is dif fi cult to dis cern the dif fer ence between the con duc tive and nonconductive
plas tics. As a result, many facil i ties that handle flam ma ble sol vents forbid the use
of any type of plas tic (or other nonconductive) equipment in these areas.

Free fall of liq uids or pow ders into a vessel can result in con sid er able charge
accu mu la tion. Elec tro static charg ing results from the sep a ra tion of liquid from the
pipe and from drop let-drop let sep a ra tion. For liq uids, a dip tube may be used to
dis si pate the static charge, as shown in Figure 3.14. The dip tube also pro vides a
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Figure 3.13. Ground ing glass-lined ves sels (Crowl and Louvar, 2002).

Figure 3.14. Dip legs to pre vent free fall and accu mu la tion of static charge (Crowl and
Louvar, 2002).



means to dis si pate charge from the liquid in the vessel. A small hole must be pro -
vided in the dip tube to pre vent siphon ing of the liquid back out of the vessel.
Another approach is to pro vide a V-shaped metal angle iron for the liquid to fall
down, as shown in Figure 3.14.

Large flex i ble inter me di ate bulk con tain ers (FBICs) that con tain up to 1 ton of 
powder pres ent a prob lem with respect to charge dis si pa tion. These are dis cussed
in more detail in Sec tion 3.12.

3.8. Ven ti la tion

Ven ti la tion is impor tant not only for remov ing toxic mate ri als from the work place
but also for reduc ing the con cen tra tions of flam ma ble or com bus ti ble mate ri als
below flam ma ble levels. For flam ma ble or com bus ti ble mate ri als, the ven ti la tion
depends on the type of mate rial han dled. Figure 3.15 shows the major clas si fi ca -
tions for flam ma ble and com bus ti ble liq uids, as defined by NFPA 30 (NFPA 30,
2000). The clas si fi ca tion scheme depends mostly on the flashpoint of the liquid.
How ever, for IA and IB liq uids, the clas si fi ca tion is fur ther sub di vided by the boil -
ing point of the liquid. 

Two types of ven ti la tion meth ods are used: dilu tion and local ven ti la tion.
Dilu tion ven ti la tion involves adding fresh air into a work area to reduce the con -
cen tra tions of flam ma ble or toxic mate ri als. The prob lems with this approach are
(1) the work ers are con tin u ously exposed to the mate rial; and (2) the heat ing and
cool ing energy require ments can be large. For flam ma ble mate ri als, the dilu tion
air required to reduce the con cen tra tions below the lower flammability limit may
be small or large, depend ing on the mate rial. Local ven ti la tion involves the use of
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Figure 3.15. Clas si fi ca tion for flam ma ble and com bus ti ble liquid as defined by NFPA 30 
(2000).



hoods, ele phant trunks, or can o pies to cap ture the mate rial at the point of evo lu -
tion. The advan tage to this approach is that worker expo sures are min i mal. If a
hood is used it may restrict equip ment access and can only be used for a small pro -
cess. Design meth ods and cal cu la tions for ven ti la tion sys tems are provided
elsewhere (ACGIH, 1998; Crowl and Louvar, 2002).

For inside stor age rooms with either a grav ity or mechan i cal ven ti la tion
system, OSHA rec om mends chang ing the air within the room a min i mum of six
times per hour. For instance, if the room volume were 1000 ft3, then the ven ti la tion
system must pro vide a min i mum of 6 × 1000 ft3 = 6000 ft3/hour = 100 ft3/min. If a
mechan i cal exhaust system is used, then it must be con trolled by a switch out side
the room, with the ven ti la tion system and lights being con trolled by the same
switch. An indi ca tor light must be installed adja cent to the switch if Class I
flammables are dis pensed within the room (OSHA, 1996). NFPA 30 (2000) rec -
om mends a min i mum ven ti la tion rate for inside stor age rooms of 1 ft3/min of air
per ft2 of floor area, but not less than 150 cfm. The elec tri cal system within the
room must meet the require ments for elec tri cal sys tems in classified locations (see
Section 3.13). 

For pro cess ing areas inside a build ing, the ven ti la tion system must pro vide a
min i mum of 1 ft3/min per ft2 of floor area. Thus, for a facil ity with 5000 ft2 of total
floor space, the min i mum ven ti la tion rate would be 5000 ft3/min. The elec tri cal
system within the pro cess ing area must meet the require ments for elec tri cal sys -
tems in rated loca tions (see Sec tion 3.13). The ven ti la tion system must dis charge
the exhaust to a safe loca tion out side the build ing with out short-cir cuit ing with the
intake air. The ven ti la tion system must also include all floor or pit areas where
flam ma ble vapor may collect (OSHA, 1996).

3.9. Sprin kler and Deluge Sys tems

A sprin kler system is a net work of piping and dis charge noz zles through out a
struc ture or pro cess area through which water is dis charged during a fire. The
water quenches the fire and also cools and pro tects the equip ment and struc tures
from the fire. The com plete details on sprin kler system design is beyond the scope
of this book and are pro vided else where (NFPA 13, 1999; NFPA 15, 2001).

The dis charge heads or noz zles are gen er ally located high in the build ing or
pro cess area and are acti vated by a number of mech a nisms. Some sys tems are con -
tin u ously pres sur ized with water with the heads acti vated indi vid u ally by the melt -
ing of a fus ible link or other mech a nism at the sprin kler head. This is called a
closed-head system. Acti vated heads cannot be turned off once acti vated unless the 
water flow is stopped. Closed-head sys tems are used in stor age areas, lab o ra to ries,
and small pilot plant areas. Another type of system con tains open sprin kler heads,
with water being pres ent in the system only after detec tion of the fire and acti va -
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tion of the water flow from a cen tral ized point. This is called an open-head system.
All of the sprin kler heads in an open-head system are acti vated once the water flow 
is started. This pro vides addi tional pro tec tion to adja cent areas and is suit able for
plant pro cess areas and larger pilot plants. The fire detec tion system for an
open-head sprin kler system can be based on a number of approaches, includ ing
heat, smoke, or flam ma ble vapor detec tors. The system can also be activated
manually.

Some con cern is always raised about water damage, par tic u larly in com puter
rooms, con trol rooms or build ings. Gen er ally, the water damage from a sprin kler
system is always less than the damage caused by a fire with out a sprin kler system.
For larger plant areas, con tain ment might be nec es sary to hold the large quan ti ties
of water pro duced to pre vent runoff and poten tial envi ron men tal damage to
adjacent areas.

Deluge sys tems are typ i cally open-head sys tems designed to dis charge large
quan ti ties of water on to the sur face of a pro cess unit, such as a stor age vessel,
reac tor, or even a tank truck. The main pur pose of the deluge system is to keep the
sur face of the des ig nated unit cool and pro tect the unit from fire expo sure. How -
ever, the deluge system also flushes away poten tially haz ard ous mate ri als, and
helps to knock down any gas clouds. Deluge sys tems are fre quently man u ally acti -
vated to pro tect pro cess equip ment from the ther mal effects of fires in adja cent
units. Deluge sys tems may also be acti vated using flam ma ble vapor detec tors,
which typ i cally acti vate at 25% of the LFL. Another means of acti va tion are air
pilot sys tems with a fus ible link that melts when exposed to fire, losing air pres sure 
and acti vat ing the deluge. Finally, smoke and heat detectors are also used.

Fire mon i tor noz zles are usu ally installed at a fixed loca tion and con sist of a
man u ally acti vated and adjust able water nozzle which pro duces a con tin u ous
stream reach ing a max i mum dis tance of about 150 feet. The result ing stream can
be adjusted by flow, angle and direc tion, pro vid ing the capa bil ity to target a par tic -
u lar location in the process. 

Sprin kler and deluge sys tems and fire mon i tor noz zles must be prop erly main -
tained and the water supply must be ade quate and reli able. Many facil i ties use a
ded i cated water stor age tank and diesel-pow ered pumps to pro vide water for sprin -
kler pro tec tion. The diesel engine is started when a fire is detected, caus ing a delay
of a few min utes in acti va tion of the sprin kler or deluge system until the diesel
engine and pump comes up to speed and the deluge piping is filled with water. Fire
pumps, whether diesel or elec tric motor driven, must be run each week to verify
proper start ing and oper a tion. NFPA 25 (2002) addresses the proper test ing
procedures for fire pumps.

NFPA 13 (1999) describes sev eral dif fer ent hazard occu pan cies, with the clas -
si fi ca tion depend ing on the quan tity and com bus ti bil ity of the mate ri als used. The
sprin kler system design depends on the hazard occu pancy. Most chem i cal plants
using flam ma ble sol vents are clas si fied as an Ordi nary Hazard (Group 3) occu -
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pancy. This means that the quan tity and/or com bus ti bil ity of the con tents is high
and fires with a high rate of heat release are expected. 

Table 3-3 pro vides a sum mary of the design require ments for sprin kler sys -
tems in Ordi nary Hazard (Group 3) occu pancy clas si fi ca tions. In 2002, NFPA
changed Ordi nary Hazard (Group 3) to Extra Hazard (Group 2). The sprin kler
system design—includ ing head place ment, pipe and pump sizing—is done using
detailed hydrau lic cal cu la tions, includ ing pipe fric tional losses, ele va tion changes, 
and pump effi cien cies. Where flam ma ble or com bus ti ble liq uids are stored in sig -
nif i cant quan ti ties, NFPA 30 (2000) addresses stor age arrangement and sprinkler
layout.
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TABLE 3.3
Sprin kler Pro tec tion for Chem i cal Plants Based on Ordi nary Hazard (Group 3)a  
(Crowl and Louvar, 2002)

SPRINKLER SYSTEM TYPES:

• Anti freeze sprin kler system:  a wet pipe system that con tains an anti freeze solu tion and that is
con nected to a water supply.

• Deluge sprin kler system: open sprin klers and an empty line that is con nected to a water supply
line through a valve that is opened upon detec tion of heat or a flam ma ble mate rial.

• Dry pipe sprin kler system: A system filled with nitro gen or air under pres sure. When the
sprin kler is opened by heat, the system is depressurized, allow ing water to flow into the system 
and out the open sprin klers.

• Wet pipe sprin kler system: a system con tain ing water that dis charges through the opened
sprin klers via heat.

DESIGN DEN SI TIES (see NFPA 13, 1999; NFPA 15, 2001)

• Source of fire: not less that 0.50 gpm/ft2 of floor area.

• Pumps and related equip ment: 0.50 gpm/ft2 of pro jected area.

• Ves sels: 0.25 gpm/ft2 of exposed sur face, includ ing top and bottom.  Ver ti cal dis tance of
nozzle should not exceed 12 ft.

• Hor i zon tal struc tural steel: 0.10 gpm/ft2 of sur face area.  This may not be nec es sary if the steel 
is insu lated or designed to with stand the worse-case sce nario.

• Ver ti cal struc tural steel: 0.25 gpm/ft2 of sur face area.  This may not be nec es sary if the 
steel is insu lated or designed to with stand the worst-case sce nario.

• Metal pipe, tubing, and con duit: Not less than 0.15 gpm/ft2 of sur face area and directed toward 
the undersides.

• Cable trays: Not less than 0.3 gpm/ft2 of pro jected plane area (hor i zon tal and ver ti cal).

• Com bined sys tems: The NFPA stan dards spec ify accept able meth ods of com bin ing the above
require ments.

• Nom i nal dis charge rates for 0.5-in. ori fice spray noz zles:

gpm: 18 25 34 50 58

psi: 10 20 35 75 100

aIn 2002 the NFPA renamed Ordi nary Hazard (Group 3) as Extra Hazard (Group 2).



3.10. Charg ing and Drum ming Flam ma ble Liq uids

Toxic and flam ma ble mate ri als are charged and drummed from pro cess equip ment 
on a reg u lar basis and in large quan ti ties. The haz ard ous prop er ties of the mate rial
must be fully under stood in order to develop a safe pro ce dure for han dling this
mate rial.

The proper charg ing and drum ming pro ce dure for flam ma ble liq uids is based
on the fol low ing fun da men tal concepts:

1. The pri mary defense against fires/explo sions is to pre vent the exis tence of
flam ma ble atmo spheres.

2. The sec ond ary defense against fires/explo sions is to elim i nate igni tion
sources.

3. Worker expo sures to the chem i cal must be min i mized.

These meth ods are best illus trated by an exam ple.

3.11. Exam ple Appli ca tion

EXAMPLE 3.2

Develop a stan dard oper at ing pro ce dure (SOP) for (a) vacuum charg ing methyl
ethyl ketone (MEK) into the reac tor vessel shown in Figure 3.16 from 55-gallon
drums, and (b) trans fer ring the pro cessed mate rial back into 55-gallon drums. Pro -
ce dures involv ing inerting and purg ing, ven ti la tion, and per sonal pro tec tion must
be fol lowed.

The prop er ties of the mate rial are pro vided by the MSDS sheet and are sum -
ma rized below. 

The vessel, as found, is empty and washed. It con tains air. 
The 55-gallon drum con tain ing the liquid mate rial is ini tially closed and has

two bung holes. The Qual ity Con trol lab has con firmed that the methyl ethyl
ketone in the drum is as stated on the MSDS.

MSDS Infor ma tion on MEK
Flashpoint: 20°F (-6.7°C)
LFL: 1.8%
UFL: 10.0
Boil ing point: 176°F (80°C)
TLV-TWA: 200 ppm

MEK is a stable mate rial in closed con tain ers at room tem per a ture under
normal stor age and han dling con di tions.
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Pro cess Equip ment Infor ma tion

 Vessel: 
• 100 gallon, jack eted, glass-lined vessel, 30" ID × 41.25" deep, sight glass

equipped.
• Pres sure rated at 25 psig at 650°F
• 2-inch safety valve set at 25 psig, main tained within year
• 2-inch 316 stain less steel rup ture disc set at 22 psig, main tained within the

last year.
• Hydro static tested at 25 psig within the year.
• Pro cess is grounded to build ing ground system, checked within year.

3.11. Exam ple Appli ca tion 143

Figure 3.16. Reac tor system for Exam ple 3.2.



 Drive:
• Vari able speed belt drive, 10 to 1 ratio to give 60 to 250 rpm of agi ta tor.

U.S. Varidrive motor, 2 HP, 3 phase, 60 cycle, 1800 rpm, explo sion proof.
 Vacuum:

• Three stage steam jets. 6 mm Hg abso lute (0.058 psia).
 Nitro gen:

• Pure, avail able at 20 psig.

Solu tion: The con fig u ra tion for vessel charg ing is shown in Figure 3.17. The
con fig u ra tion for trans fer ring the pro cessed mate rial from the reac tor to the drums
is shown in Figure 3.18. The com plete pro ce dure is shown in Appen dix D and is
for mat ted prop erly for oper a tor use.
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3.12. Charg ing Pow ders

Sev eral sit u a tions are pos si ble here, depend ing on the com bus ti bil ity of the
powder and whether a flam ma ble vapor is pres ent. The flam ma ble vapor may
evolve from the powder, or may be pres ent as a sol vent in the pro cess. 

Static elec tric ity for ma tion can be expected during any bulk charg ing oper a -
tion involv ing pow ders (Britton, 1999), even with grav ity oper a tions. If flam ma ble 
vapors are absent, then static elec tric ity for ma tion does not nor mally pres ent a
prob lem if proper ground ing and bond ing are employed, no nonconductive mate ri -
als are pres ent, or large pieces of tramp metal are not pres ent. Under these con di -
tions static igni tions can only occur via bulk ing brush dis charges during powder
oper a tions at high flow rates (see Sec tion 2.14.1). Bulk ing brush dis charges typ i -
cally have a low prob a bil ity of powder igni tion in most cases. See Britton (1999)
for more details on this issue. 

Figure 3.19 shows the charg ing con fig u ra tion for a powder being charged into 
a vessel with out a flam ma ble vapor pres ent. The powder must have an MIE high
enough that the powder will not ignite during the charg ing oper a tion.
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Figure 3.18. Drum ming oper a tion for Exam ple 3.2.



If flam ma ble vapors are pres ent, then the energy nec es sary for igni tion is
lower and, there fore, the prob a bil ity of igni tion increases greatly. Spe cial han dling 
is required for this case. First, inerting should be pro vided to reduce the oxygen
con cen tra tion in the vessel so that the vapor space is not flam ma ble. Second, a
mechan i cal inter lock must be pro vided. Two means of achiev ing this are shown in
Figure 3.20. In the upper part of Figure 3.20, a rotary valve charges the powder as
inert gas is sup plied both to the rotary valve and to the vessel. In the lower part of
Figure 3.20, the powder is first charged into a con tainer, then the con tainer is
inerted with an inert gas prior to charg ing into the larger vessel.

Flex i ble inter me di ate bulk con tain ers (FIBCs) have replaced many manual
powder charg ing oper a tions that pre vi ously used much smaller con tain ers that a
worker could lift. FIBCs are col laps ible, square-shaped con tain ers con structed of
film, woven fabric or other mate rial. They have a volume of less than 1.5 m3 and
bulk capac i ties of from 400 to 1000 kg of powder. They are typ i cally lifted by a
hoist over a dump ing sta tion and dumped by grav ity through a fabric spout in the
bottom of the FIBC. The entire con tents can be dumped within a matter of min utes
or less. The matter is com pli cated by static brush dis charge within the bulk powder 
as the par ti cles tumble over each other during the dump ing oper a tion. Fur ther -
more, the elec tric fields pro duced during the dump ing may induce static charges in 
adjacent, ungrounded objects.

Sev eral types of FIBC are avail able: Types A, B, C, and D. Types A and B
cannot be grounded, while type C is con duc tive and requires ground ing and type D 
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Safety in the Swiss Chem i cal Indus try, 1988).



is an antistatic type that does not require ground ing. Type C con tains a con duc tive
grid and requires ground ing. Care must be taken to ensure that the ground is in
place and func tion ing during the entire powder charg ing oper a tion. Type D incor -
po rates a system of inde pend ent con duc tive fibers and is suf fi ciently con duc tive to
dissipate charge. 
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Figure 3.20. Han dling solids with flam ma ble vapors pres ent.



Issues related to static gen er a tion and accu mu la tion during FIBC load ing and
unload ing are beyond the scope of this book. More details are pro vided else where
(Britton, 1993, 1999).

3.13. Elec tri cal Equip ment in Haz ard ous (Clas si fied) Areas

The intent of pro vid ing spe cial elec tri cal equip ment in haz ard ous or clas si fied
loca tions is to remove poten tial sources of igni tion from an area that might con tain
flam ma ble mate ri als. As shown in Sec tion 2.1.6, the min i mum igni tion ener gies
are on the order of 0.25 mJ for flam ma ble gases and about 10 mJ for dusts
(although wide vari abil ity exists). Thus, very little energy is required to ignite
gases and dusts—much less energy than is typ i cally found in a common elec tri cal
cir cuits or a small static spark. Fur ther more, hot sur faces of light bulbs and elec tri -
cal motors rep re sent addi tional poten tial igni tion sources, since these sur faces
might exceed the autoignition tem per a ture of some chem i cal spe cies.

Loca tions are clas si fied depend ing on the prop er ties of the flam ma ble vapors,
liq uids or gases, or com bus ti ble dusts or fibers that may be pres ent and the like li -
hood that a flam ma ble or com bus ti ble con cen tra tion or quan tity is pres ent. Where
pyrophoric mate ri als are the only mate ri als used or han dled, these loca tions are not 
clas si fied. Each room, sec tion, or area is con sid ered indi vid u ally in determining its 
classification.

The classes are related to the nature of the flam ma ble mate rial (NFPA 30,
2002):

• Class I: Loca tions in which flam ma ble gases or vapors are or may be pres -
ent in the air in quan ti ties suf fi cient to pro duce explo sive or ignitible mix -
tures. 

• Class II: Loca tions that are haz ard ous because of the pres ence of com bus ti -
ble dust. 

• Class III: Loca tions that are haz ard ous because of the pres ence of easily
ignitible fibers or flyings, but such fibers or flyings are not likely sus pended 
in the air in suf fi cient quan ti ties to pro duce ignitible mix tures. 

Divi sion des ig na tions are cat e go rized based on the prob a bil ity of the mate rial
being within the flam ma ble or explo sive regions (NFPA 30, 2002):

• Divi sion 1: Prob a bil ity of igni tion is high. This means that ignitible con -
cen tra tions exist under normal oper at ing con di tions, or exist fre quently
because of repair or main te nance oper a tions or because of leak age, or
break down or faulty oper a tion of equip ment or processes.

• Divi sion 2: Haz ard ous only under abnor mal con di tions. Flam ma ble mate ri -
als are han dled, pro cessed, or used, but nor mally within closed con tain ers
or closed sys tems from which they escape only in case of acci den tal rup ture 
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or break down of the con tain ers or sys tems or abnor mal oper a tion of equip -
ment. For this divi sion, ignitible con cen tra tions may be pre vented by pos i -
tive mechan i cal ven ti la tion, and which might become haz ard ous through
fail ure or abnor mal oper a tion of the ven ti lat ing equip ment. Finally, this
divi sion is also used for loca tions adja cent to a Class I, Divi sion 1 loca tion
from which ignitible mate ri als might occa sion ally be car ried by air flow,
unless such move ment is pre vented by ade quate pos i tive-pres sure ven ti la -
tion from a source of clean air, and effective safeguards against ventilation
failure are provided.

Group des ig na tions are also pro vided for spe cific types of chem i cals or mate -
ri als. Chem i cals or mate ri als within the same group are assumed to rep re sent
equiv a lent hazard. These groups are:

Class I:
• Group A: Acet y lene
• Group B: Hydro gen, eth yl ene
• Group C: Carbon mon ox ide, hydro gen sul fide
• Group D: Butane, ethane, ethyl alco hol

Class II: 
• Group E: Atmo spheres con tain ing com bus ti ble metal dusts, includ ing alu -

mi num, mag ne sium, and their com mer cial alloys, or other com bus ti ble
dusts whose par ti cle size, abra sive ness, and con duc tiv ity pres ent sim i lar
haz ards in the use of elec tri cal equip ment. 

• Group F: Atmo spheres con tain ing com bus ti ble car bo na ceous dusts that
have more than 8 per cent total entrapped volatiles. This includes carbon
black.

• Group G: Atmo spheres con tain ing com bus ti ble dusts not included in
Group E or F, includ ing flour, grain, wood, plas tic, and chem i cals.

Groups B, C, and D are also defined in terms of the max i mum exper i men tal
safe gap (MESG) and the min i mum ignit ing cur rent ratio (MIC). The MESG is
the max i mum clear ance between two par al lel metal sur faces that has been found,
under spec i fied test con di tions, to pre vent an explo sion in a test cham ber from
being prop a gated to a sec ond ary cham ber con tain ing the same gas or vapor at the
same con cen tra tion. The MIC ratio is the ratio of the min i mum cur rent required
from an induc tive spark dis charge to ignite the most easily ignit able mix ture of a
gas or vapor, divided by the min i mum cur rent required from an induc tive spark
dis charge to ignite meth ane under the same test con di tions. Table 3.4 pro vides the
MESG and MIC ratio values for the various groups.

Table 3.5 pro vides exam ples of Class I, Divi sion 1 loca tions.
In 1996 the National Elec tri cal Code, NEC (NFPA 70, 2002) intro duced Arti -

cle 505 which is based pri mar ily on the stan dards of the Inter na tional
Electrotechnical Com mis sion (IEC). Arti cle 505 pro vides def i ni tions of haz ard ous 
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TABLE 3.4
MESGs and MIC Ratios for the Var i ous Groups

Group Examples MESG MIC Ratio

B Hydrogen ≤0.45 mm ≤0.40

C Carbon monoxide, hydrogen sulfide, ethylene >0.45 mm 
≤0.75 mm

>0.40
≤0.80

D Butane, ethane, ethyl alcohol >0.75 mm >0.80

TABLE 3.5
Exam ples of Class I, Divi sion 1 loca tions from Sec tion 500.5 of NFPA 70 (2001)a  

• Locations where volatile flammable liquids or liquefied flammable gases are transferred from
one container to another.

• Inte ri ors of spray booths and areas in the vicin ity of spray ing and paint ing oper a tions where
vol a tile flam ma ble sol vents are used .

• Loca tions con tain ing open tanks or vats of vol a tile flam ma ble liq uids.

• Drying rooms or com part ments for the evap o ra tion of flam ma ble sol vents.

• Loca tions con tain ing fat- and oil-extrac tion equip ment using vol a tile flam ma ble sol vents.

• Por tions of clean ing and dyeing plants where flam ma ble liq uids are used.

• Gas gen er a tor rooms and other por tions of gas man u fac tur ing plants where flam ma ble gas may 
escape.

• Inad e quately ven ti lated pump rooms for flam ma ble gas or for vol a tile flam ma ble liquids.

• The interiors of refrigerators and freezers in which volatile flammable materials are stored in
open, lightly stoppered, or easily ruptured containers.

In some Division 1 locations, ignitible concentrations of flammable gases or vapors may be
present continuously or for long periods of time. Examples include the following:  

• The inside of inad e quately vented enclo sures con tain ing instru ments nor mally vent ing
flam ma ble gases or vapors to the inte rior of the enclo sure.

• The inside of vented tanks con tain ing vol a tile flam ma ble liq uids.

• The area between the inner and outer roof sec tions of a float ing roof tank con tain ing vol a tile
flam ma ble fluids.

• Inad e quately ven ti lated areas within spray ing or coat ing oper a tions using vol a tile flam ma ble
fluids.

• The interior of an exhaust duct that is used to vent ignitible concentrations of gases or vapors.

aSee also NFPA 30 ( 2002), NFPA 58 (2001) and NFPA 497 (1997).



loca tions which are used inter na tion ally. At this time, Arti cle 505 dis cusses only
areas exposed to flam ma ble gas and vapor atmo spheres and does not deal with
flam ma ble or com bus ti ble dusts. In Arti cle 505, Class I applies to loca tions where
flam ma ble gases or vapors may be pres ent, iden ti cal to the Class I loca tions dis -
cussed pre vi ously. Fur ther more, a number of zones are defined:

A Class I, Zone 0 loca tion is one in which 

1. ignitible con cen tra tions of flam ma ble gases or vapors are pres ent con tin u -
ously, or 

2. ignitible con cen tra tions of flam ma ble gases or vapors are pres ent for long
peri ods of time.

A Class I, Zone 1 loca tion is one 

1. in which ignitible con cen tra tions of flam ma ble gases or vapors are likely
to exist under normal oper at ing con di tions; or 

2. in which ignitible con cen tra tions of flam ma ble gases or vapors may exist
fre quently because of repair or main te nance oper a tions or because of leak -
age; or 

3. in which equip ment is oper ated or pro cesses are car ried on, of such a
nature that equip ment break down or faulty oper a tions could result in the
release of ignitible con cen tra tions of flam ma ble gases or vapors and also
cause simul ta neous fail ure of elec tri cal equip ment in a mode to cause the
elec tri cal equip ment to become a source of igni tion; or 

4. that is adja cent to a Class I, Zone 0 loca tion from which ignitible con cen -
tra tions of vapors could be com mu ni cated, unless com mu ni ca tion is pre -
vented by ade quate pos i tive pres sure ven ti la tion from a source of clean air
and effec tive safe guards against ven ti la tion fail ure are pro vided.

A Class I, Zone 2 loca tion is one

1. in which ignitible con cen tra tions of flam ma ble gases or vapors are not
likely to occur in normal oper a tion and, if they do occur, will exist only for
a short period; or 

2. in which vol a tile flam ma ble liq uids, flam ma ble gases, or flam ma ble
vapors are han dled, pro cessed, or used but in which the liq uids, gases or
vapors nor mally are con fined within closed con tain ers of closed sys tems
from which they can escape, only as a result of acci den tal rup ture or break -
down of the con tain ers or system, or as a result of the abnor mal oper a tion
of the equip ment with which the liq uids or gases are han dled, pro cessed, or 
used; or 

3. in which ignitible con cen tra tions of flam ma ble gases or vapors nor mally
are pre vented by pos i tive mechan i cal ven ti la tion but which may become
haz ard ous as a result of fail ure or abnor mal oper a tion of the ven ti la tion
equip ment; or 
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4. that is adja cent to a Class I, Zone 1 loca tion, from which ignitible con cen -
tra tions of flam ma ble gases or vapors could be com mu ni cated, unless such 
com mu ni ca tion is pre vented by ade quate pos i tive-pres sure ven ti la tion
from a source of clean air and effec tive safe guards against ven ti la tion fail -
ure are pro vided.

The IEC system has three groups for vapors versus the four groups for vapors
under the NEC system. These groups are trans lated as fol lows:

NEC Group Equiv a lent IEC Group
 A and B IIC
   C IIB
   D IIA

A facil ity can choose to use either the Divi sion or Zone system for elec tri cal
clas si fi ca tion of an area. Equip ment must be prop erly rated for the chosen Divi sion 
Group or Zone Group. When dif fer ent clas si fi ca tion sys tems are used in con tig u -
ous areas, a Zone 2 area would abut a Divi sion 2 area. More infor ma tion is given in
NFPA 497 (1997).

Table 3.6 pro vides infor ma tion useful for deter min ing the extent of the haz -
ard ous area in the vicin ity of var i ous types of equip ment. For exam ple, for indoor
pumps in a Class I, Divi sion 2 appli ca tions, the clas si fied area extends within
5-feet of the pump in all direc tions, and also up to 3 feet above floor or grade level
within 25 feet hor i zon tally from any edge of the pump. 

TABLE 3.6
Elec tri cal Area Clas si fi ca tions for Flam ma ble Liq uids, 
from Table 6.2.2 of NFPA 30 (2000)a 

Hazardous Location

NEC Class I

Extent of Classified AreaDivision Zone

Indoor equipment installed
where flammable vapor–air
mixtures can exist under
normal operation

1 0 The entire area associated with such
equipment where flammable gases or vapors
are present continuously or for long periods of 
time

1 1 Area within 5 ft of any edge of such
equipment, extending in all directions

2 2 Area between 5 ft and 8 ft of any edge of such 
equipment, extending in all directions; also,
space up to 3 ft above floor or grade level
within 5 ft to 25 ft horizontally from any edge
of such equipment
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Hazardous Location

NEC Class I

Extent of Classified AreaDivision Zone

Outdoor equipment of the
type where flammable
vapor–air mixtures can exist
under normal operation

1 0 The entire area associated with such
equipment where flammable gases or vapors
are present continuously or for long periods of 
time

1 1 Area within 3 ft of any edge of such
equipment, extending in all directions

2 2 Area between 3 ft and 8 ft of any edge of such 
equipment, extending in all directions; also,
space up to 3 ft above floor or grade level
within 3 ft to 10 ft horizontally from any edge
of such equipment

Tank storage installations
inside buildings

1 1 All equipment located below grade level.

2 2 Any equipment located at or above grade
level.

Tank—underground 1 0 Inside fixed-roof tank

1 1 Area inside dike where dike height is greater
than the distance from the tank to the dike for
more than 50 percent of the tank
circumference

Shell, ends, or roof and dike
area

2 2 Within 10 ft from shell, ends, or roof of tank;
also, area inside dikes to level of top of tank

Vent 1 0 Area inside of vent piping or opening

1 1 Within 5 ft of open end of vent, extending in
all directions

2 2 Area between 5 ft and 10 ft from open end of
vent, extending in all directions

Floating roof, with fixed
outer roof

1 0 Area between the floating and fixed-roof
sections and within the shell

Floating roof, without fixed
outer roof

1 1 Area above the floating roof and within the
shell

Underground tank fill
opening

1 1 Any pit, box, or space below grade level, if
any part is within a Division 1 or 2 or Zone 1
or 2 classified location

2 2 Up to 18 in. above grade level within a
horizontal radius of 10 ft from a loose fill
connection and within a horizontal radius of 5
ft from a tight fill connection
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Hazardous Location

NEC Class I

Extent of Classified AreaDivision Zone

Vent— discharging upward 1 0 Area inside of vent piping or opening

1 1 Within 3 ft of open end of vent, extending in
all directions

2 2 Area between 3 ft and 5 ft of open end of vent, 
extending in all directions

Drum and container
filling— outdoors or indoors

1 0 Area inside the drum or container

1 1 Within 3 ft of vent and fill openings,
extending in all directions

2 2 Area between 3 ft and 5 ft from vent or fill
opening, extending in all directions; also, up
to 18 in. above floor or grade level within a
horizontal radius of 10 ft from vent or fill
opening.

Pumps, bleeders, withdrawal 
fittings—indoor

2 2 Within 5 ft of any edge of such devices,
extending in all directions; also, up to 3 ft
above floor or grade level within 25 ft
horizontally from any edge of such devices.

Pumps, bleeders, withdrawal 
fittings—outdoor

2 2 Within 3 ft of any edge of such devices,
extending in all directions; also, up to 18 in.
above grade level within 10 ft horizontally
from any edge of such devices.

Pits and sumps without
mechanical ventilation

1 1 Entire area within a pit or sump if any part is
within a Division 1 or 2 or Zone 1 or 2
classified location.

Pits and sumps with
adequate mechanical
ventilation

2 2 Entire area within a pit or sump if any part is
within a Division 1 or 2 or Zone 1 or 2
classified location.

Containing valves, fittings,
or piping, and not within a
Division 1 or 2 or Zone 1 or
2 classified location

2 2 Entire pit or sump.

Drainage ditches, separators, 
impounding
basins—outdoor

2 2 Area up to 18 in. above ditch, separator, or
basin; also, area up to 18 in. above grade
within 15 ft horizontally from any edge

Drainage ditches, separators, 
impounding basins—indoor

Same classified area as pits.

Tank vehicle and tank car
loading through open dome

1 0 Area inside of the tank.

1 1 Within 3 ft of edge of dome, extending in all
directions

2 2 Area between 3 ft and 15 ft from edge of
dome, extending in all directions
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Hazardous Location

NEC Class I

Extent of Classified AreaDivision Zone

Loading through bottom
connections with
atmospheric venting

1 0 Area inside of the tank.

1 1 Within 3 ft of point of venting to atmosphere,
extending in all directions.

2 2 Area between 3 ft and 15 ft from point of
venting to atmosphere, extending in all
directions; also, up to 18 in. above grade
within a horizontal radius of 10 ft from point
of loading connection

Office and rest rooms Ordi-
nary

Ordi-
nary

If there is any opening to these rooms within
the extent of an indoor classified location, the
room shall be classified the same as if the
wall, curb, or partition did not exist

Loading through closed
dome with atmospheric
venting

1 1 Within 3 ft of open end of vent, extending in
all directions.

2 2 Area between 3 ft and 15 ft from open end of
vent, extending in all directions; also, within 3 
ft of edge of dome, extending in all directions.

Loading through closed
dome with vapor control

2 2 Within 3 ft of point of connection of both fill
and vapor lines, extending in all directions.

Bottom loading with vapor
control or any bottom
unloading

2 2 Within 3 ft of point of connections, extending
in all directions; also, up to 18 in. above grade 
within a horizontal radius of 10 ft from point
of connections

Storage and repair garage
for tank vehicles

1 1 All pits or spaces below floor level.

2 2 Area up to 18 in. above floor or grade level
for entire storage or repair garage

Garages for other than tank
vehicles

Ordi-
nary

Ordi-
nary

If there is any opening to these rooms within
the extent of an outdoor classified location, the
entire room shall be classified the same as the
area classification at the point of the opening.

Outdoor drum storage Ordi-
nary

Ordi-
nary

Inside rooms or storage
lockers used for the storage
of Class I liquids

2 2 Entire room.

Indoor warehousing where
there is no flammable liquid
transfer

Ordi-
nary

Ordi-
nary

If there is any opening to these rooms within
the extent of an indoor classified location, the
room shall be classified the same as the wall,
curb, or partition did not exist.

Piers and wharves See NFPA 30.

aUsed by per mis sion of the National Fire Pro tec tion Asso ci a tion.
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3.13.1. Pro tec tion Tech niques 

Table 3.7 sum ma rizes the pro tec tion meth ods described by the NEC (NFPA 70,
2002). 

TABLE 3.7
Var i ous Types of Elec tri cal Pro tec tion Meth ods and the Appli ca ble Areasa  

Protection
Method Definition Location

Dust ignition
proof

Equipment enclosed in a manner that excludes dusts and
does not permit arcs, sparks, or heat otherwise generated or
liberated inside of the enclosure to cause ignition of exterior 
accumulations or atmospheric suspensions of a specified
dust on or in the vicinity of the enclosure.

Class II,
Division 1 or 2

Dust tight Enclosures constructed so that dust will not enter under
specified test conditions.

Class II,
Division 2 or
Class III,
Division 1 or 2 

Explosion
proof
apparatus

Apparatus enclosed in a case that is capable of withstanding 
an explosion of a specified gas or vapor that may occur
within it and of preventing the ignition of a specified gas or
vapor surrounding the enclosure by sparks, flashes, or
explosion of the gas or vapor within, and that operates at
such an external temperature that a surrounding flammable
atmosphere will not be ignited thereby.

Class I,
Division 1 or 2

Hermetically
sealed

Equipment sealed against the entrance of an external
atmosphere where the seal is made by fusion, for example,
soldering, brazing, welding, or the fusion of glass to metal.

Class I,
Division 2;
Class II,
Division 2; or
Class III,
Division 1 or 2

Nonincendive
circuit

A circuit, other than field wiring, in which any arc or
thermal effect produced under intended operating conditions 
of the equipment is not capable, under specified test
conditions, of igniting the flammable gas–air, vapor–air, or
dust–air mixture.

Class I,
Division 2;
Class II,
Division 2; or
Class III,
Division 1 or 2

Nonincendive
component. 

A component having contacts for making or breaking an
incendive circuit and the contacting mechanism is
constructed so that the component is incapable of igniting
the specified flammable gas–air or vapor–air mixture. The
housing of a nonincendive component is not intended to
exclude the flammable atmosphere or contain an explosion.

Class I,
Division 2;
Class II,
Division 2; or
Class III,
Division 1 or 2
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Protection
Method Definition Location

Nonincendive
equipment

Equipment having electrical/electronic circuitry that is
incapable, under normal operating conditions, of causing
ignition of a specified flammable gas–air, vapor–air, or
dust–air mixture due to arcing or thermal means.

Class I,
Division 2;
Class II,
Division 2; or
Class III,
Division 1 or 2

Nonincendive
field wiring

Wiring that enters or leaves an equipment enclosure and,
under normal operating conditions of the equipment, is not
capable, due to arcing or thermal effects, of igniting the
flammable gas–air, vapor–air, or dust–air mixture. Normal
operation includes opening, shorting, or grounding the field
wiring.

Nonincendive
field wiring
apparatus

Apparatus intended to be connected to nonincendive field
wiring.

Oil immersion Electrical equipment immersed in a protective liquid in such 
a way that an explosive atmosphere that may be above the
liquid or outside the enclosure cannot be ignited.

Current
interrupting
contacts in
Class I,
Division 2

Purged and
pressurized

The process of supplying an enclosure with a protective gas
at a sufficient flow and positive pressure to reduce the
concentration of any flammable gas or vapor initially
present to an acceptable level.

Any hazardous 
(classified)
location

aFrom Sec tion 500.5 of NFPA 70 (2002).

The pri mary pro tec tion mech a nism for elec tri cal equip ment oper ated in clas -
si fied areas is by explo sion proof enclo sures. These enclo sures are used to house
any poten tial igni tion sources, such as a switch, relay, or contactor, which have
arcing contacts. 

Elec tri cal equip ment that will be oper ated in an NEC Class I, Divi sion 1 or
Zone 1 area, is designed assum ing that the enclo sure could be filled with a flam ma -
ble gas or vapor at its most opti mum con cen tra tion and ignited. The enclo sure
must meet three require ments. The first require ment is that the enclo sure must be
capa ble of with stand ing the inter nal pres sure from the explo sion. A safety factor of 
four is used, i.e. the enclo sure must with stand a hydro static pres sure equiv a lent to
four times the max i mum pres sure during the com bus tion. Second, the expand ing
gas escap ing through the flanges or screwed threads on the enclo sure must be
cooled suf fi ciently so that it will not ignite a flam ma ble mix ture at its most easily
ignited state out side of the enclo sure. The joints, flanges and threads of the enclo -
sure are held within narrow tol er ances so that the escap ing hot gases from the
inter nal com bus tion are cooled as they escape, pre vent ing igni tion of the exter nal
gases. This is shown in Figure 3.21. Third, the outer sur face of the enclo sure must
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oper ate at a tem per a ture cool enough to prevent autoignition of the surrounding
gases.

It is a common mis con cep tion that the pur pose of explo sion proof enclo sures
is to pre vent flam ma ble gases from enter ing the fix ture. This is not the case. The
design is based on con tain ing the inter nal explo sion. Fur ther more, another
common mis con cep tion is that explo sion proof fix tures are water proof and can
with stand rain, water and steam clean ing. This is also not true, and pro vi sion must
be made to pre vent water accu mu la tion within the fixture.

The integ rity of the quench ing sur faces shown in Figure 3.21 is impor tant to
the oper a tion of the enclo sure. The flat, machined sur faces must not be scratched
or dirty to pre vent proper gas quench ing. Elec tri cal fix tures are fre quently painted
and a screw driver is fre quently used to sep a rate the flanges to open the enclo sure.
This may cause a scratch on the machined sur face, pre vent ing proper quench ing of 
the gases and defeat ing the design of the enclo sure. The enclo sure cover is also fre -
quently set on the floor, enabling dirt to adhere to the machined sur face and pre -
vent ing proper operation of the enclosure.
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It is also common prac tice to refer to areas requir ing clas si fied elec tri cal
equip ment as “explo sion proof” areas. This is a misuse of the term—only the
equip ment is explo sion proof and not the area.

For Class II loca tions, the enclo sure must keep the dust out of the inte rior and
must oper ate at a safe sur face tem per a ture. In this case no inter nal explo sion
occurs and the device may have thin ner walls than the Class I enclo sure. Dust lay -
er ing is a prob lem with these enclo sures—dust build-up may insu late the fix ture
and lead to higher enclo sure tem per a tures and poten tial igni tion of the dust layer.
Common terms used to define these fix tures are dust-igni tion proof or dust tight, as 
defined in Table 3.7.

Another elec tri cal equip ment pro tec tion method is purg ing and pres sur iza -
tion, as defined in Table 3.7. Pres sur ized enclo sures require (1) a source of clean
air or inert gas, (2) a com pres sor to main tain the required pres sure, (3) a pres sure
con trol valve to pre vent the power from being applied before the enclo sure has
been purged, and to deenergize the system if the pres sure falls below a safe value
(Crouse Hinds, 1999). Where the enclo sure is in a Class I, Divi sion 1 or Zone 1,
area and the elec tri cal equip ment inside is unclas si fied, an addi tional door inter -
lock is required to de-ener gize the elec tri cal equip ment if the door is opened
(NFPA 496, 1998). Purg ing of enclo sures is an active system requir ing fre quent
inspec tion, test ing and main te nance to ensure the required pro tec tion. Purg ing is
pri mar ily used for large enclo sures which would be pro hib i tively expensive as
explosion proof housings.

Elec tri cal motors and gen er a tors used in haz ard ous loca tions must also be
prop erly designed. In Class I, Divi sion 1 loca tions the only motors that may be
used are either (1) explo sion proof, (2) totally enclosed and pres sur ized with clean
air, (3) totally enclosed and filled with inert gas, or (4) spe cial sub merged typed
motors. Motors used in Class I, Divi sion 2 loca tions con tain ing slid ing con tacts or
switch ing mech a nisms must also be explo sion proof or pres sur ized. Open type
3-phase motors such as squir rel-cage induc tion motors with out any arcing devices
may be used in Class I, Divi sion 2 loca tions. Main te nance of rated motors and gen -
er a tors must be per formed only by autho rized per son nel or contractors (Crouse
Hinds, 1999).

Plugs and recep ta cles must also be spe cially designed for use in haz ard ous
loca tions. In plugs and recep ta cles, the elec tri cal con tact is made out side of the
enclo sure, pre sent ing an igni tion hazard. Two design meth ods are used to pre vent
arcing and igni tion. In the inter locked, dead front design, the recep ta cle con tacts
are inter locked with a switch located in an explo sion proof enclo sure. The recep ta -
cle con tacts are not live when the plug is inserted or with drawn. In the delayed
action design, the plug and recep ta cle are designed so that the con tacts are con -
fined within an explo sion proof enclo sure. This design also pre vents the rapid
with drawal of the plug, allow ing any heated metal parts to cool before they come
in con tact with the sur round ing location (Crouse Hinds, 1999).
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Con duits and wiring must be designed spe cif i cally for haz ard ous loca tions
(NFPA 70, 2002). All con duit must be of rigid metal with at least five full tapered
threads tightly engaged in any enclo sure. This thread require ment is deeper than
stan dard NPT (National Pipe Thread). Seal ing fit tings are also required in con -
duits, as shown in Figure 3.21. The seals are nec es sary to (1) limit volume, (2) pre -
vent an explo sion from trav el ing down the con duit, (3) block gases from moving
from a haz ard ous to a non haz ard ous loca tion, and (4) pre vent pres sure piling as
explained in Sec tion 2.7.4. Seal ing fix tures are required in the fol low ing instances: 
(1) where the con duit enters an enclo sure that houses arcing or high tem per a ture
equip ment. In this case the seal ing fix ture must be within 18-inches of the enclo -
sure. (2) where the con duit leaves a Divi sion 1 area or passes from a Divi sion 2
area to a non haz ard ous loca tion, (3) where the con duit enters enclo sures that house 
ter mi nals, splices or taps, but only if the con duit is 2-inches or more in diameter
(Crouse Hinds, 1999). 

The seal ing is accom plished using an epoxy type seal ing com pound and a
spe cial seal ing fix ture. The wires in the fix ture must first be sep a rated. A fiber dam
is then placed in the fix ture to hold the liquid seal ing com pound. Finally, the liquid
seal ing com pound is care fully placed into the fit ting, behind the dam and between
the sep a rated wires. The seal ing com pound even tu ally hard ens, pro vid ing the
proper seal. Most chem i cal plants with haz ard ous loca tions may con tain hun dreds, 
if not thou sands, of seal ing fix tures. A common prob lem is ensur ing that all the
fix tures have been sealed. One method employed is to spray paint the fix ture with a 
spe cial color after the seal ing has been com pleted. Acci dents have occurred due to
unsealed or improp erly sealed seal ing fix tures, allow ing flam ma ble vapor to travel
down a conduit and reaching an arcing ignition source.

Intrin si cally safe or nonincendive equip ment is pri mar ily used for pro cess
con trol instru men ta tion since these sys tems lend them selves to low energy
require ments. The pur pose is to pro vide elec tri cal cur rent at levels less than the
min i mum igni tion ener gies (MIE) under normal and abnor mal con di tions. Addi -
tional details are pro vided in the National Elec tri cal Code (NEC) (NFPA 70,
2002).
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Appen dix A

DETAILED EQUATIONS FOR
FLAMMABILITY DIAGRAMS

Part A: Equa tions Useful for Gas Mix tures

This appen dix derives sev eral equa tions that are useful for work ing with
flammability dia grams. Sec tion 2.1.1 pro vides intro duc tory mate rial on the
flammability dia gram. This sec tion will derive equa tions prov ing that:

1. If two gas mix tures, R and S, are com bined, the result ing mix ture com po si -
tion lies on a line con nect ing the points R and S on the flammability dia -
gram. The loca tion of the final mix ture on the straight line depends on the
rel a tive moles of the mix tures com bined—if mix ture S has more moles,
the final mix ture point will lie closer to point S. This is iden ti cal to the lever 
rule, which is used for phase dia grams.

2. If a mix ture R is con tin u ously diluted with mix ture S, the mix ture com po -
si tion will follow along the straight line between points R and S on the
flammability dia gram. As the dilu tion con tin ues, the mix ture com po si tion
will move closer and closer to point S. Even tu ally, at infi nite dilu tion, the
mix ture com po si tion will be at point S.

3. For sys tems having com po si tion points that fall on a straight line pass ing
through an apex cor re spond ing to one pure com po nent, the other two com -
po nents are pres ent in a fixed ratio along the entire line length.

4. The lim it ing oxygen con cen tra tion (LOC) is esti mated by read ing the
oxygen con cen tra tion at the inter sec tion of the stoichiometric line and a
hor i zon tal line drawn through the LFL. This is equiv a lent to the equa tion

LOC = z(LFL) (A-1)

Figure A.1 shows two gas mix tures, denoted by R and S, that are com bined to
form mix ture M. Each gas mix ture has a spe cific com po si tion, based on the three
gas com po nents, A, B, and C. For mix ture R, the gas com po si tion, in mole frac -
tions, is xAR, xBR, and xCR, and the total number of moles is nR. For mix ture S the
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gas com po si tion is xAS, xBS, and xCS, with total moles nS, and at mix ture M the gas
com po si tion is xAM, xBM, and xCM, with total moles nM. These com po si tions are
shown on Figure A.2 with respect to components A and C.

An over all and a com po nent spe cies bal ance can be per formed to rep re sent the 
mixing pro cess. Since a reac tion does not occur during mixing, moles are con -
served and it fol lows that,

nM = nR + nS (A-2)
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Figure A.1. Two mix tures, R and S, are com bined to form mix ture M.

Figure A.2. Com po si tion infor ma tion for Figure A.1.



A mole bal ance on spe cies A is given by

nMxAM = nRxAR + nSxAS (A-3)

A mole bal ance on spe cies C is given by

nMxCM = nRxCR + nSxCS (A-4)

Sub sti tut ing Equa tion (A-2) into Equa tion (A-3) and rear rang ing,

n

n

x x

x x
S

R

AM AR

AS AM

=
−
− (A-5)

Sim i larly, sub sti tut ing Equa tion (A-2) into Equa tion (A-4) results in,
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x x

x x
S

R

CM CR

CS CM

=
−
− (A-6)

Equat ing Equa tions (A-5) and (A-6) results in,

x x

x x

x x

x x
AM AR

AS AM

CM CR

CS CM

−
−

=
−
− (A-7)

A sim i lar set of equa tions can be writ ten between com po nents A and B, or B and C.
Figure A.2 shows the quan ti ties rep re sented by the mole bal ance of Equa tion

(A-7). The mole bal ance, Equa tion (A-7), is hon ored only if point M lies on the
straight line between points R and S. This can be shown on Figure A.2 using sim i -
lar tri an gles (Hougen, Watson et al., 1954). 

Figure A.3 shows another useful result based on Equa tions (A-5) and (A-6).
These equa tions imply that the loca tion of point M on the straight line between
points R and S depend on the rel a tive moles of R and S, as shown.

The above result can, in gen eral, be applied to any two points on the tri an gle
dia gram. If a mix ture R is con tin u ously diluted with mix ture S, the mix ture com -
po si tion will follow along the straight line between points R and S. As the dilu tion
con tin ues, the mix ture com po si tion will move closer and closer to point S. Even tu -
ally, at infi nite dilu tion, the mix ture com po si tion will be at point S.

For sys tems having com po si tion points that fall on a straight line pass ing
through an apex cor re spond ing to one pure com po nent, the other two com po nents
are pres ent in a fixed ratio along the entire line length (Hougen, Watson et al.,
1954). This is shown in Figure A.4. For this case the ratio of com po nents A and B
along the line shown is con stant and is given by

x

x

x

x
A

B

=
−100

(A-8)

A useful appli ca tion of this result is shown on Figure A.5. Sup pose we wish to 
find the oxygen con cen tra tion at the point where the LFL inter sects the
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stoichiometric line shown. The oxygen con cen tra tion in ques tion is shown as point 
x on Figure A.5. The stoichiometric com bus tion equa tion is rep re sented by

(1) Fuel + z Oxygen → Prod ucts (A-9)

where z is the stoichiometric coef fi cient for oxygen. The ratio of oxygen to fuel
along the stoichiometric line is con stant and is given by

x

x
z

O

fuel

2 = (A-10)
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Figure A.3. The loca tion of the mix ture point M depends on the rel a tive masses of 
mix tures R and S.

Figure A.4. The ratio of com po nents A and B is con stant along the line shown and is
given by x/(100 – x).



At the spe cific fuel con cen tra tion of xfuel = LFL, it fol lows from Equa tion
(A-10) that

x zO2
LFL= ( ) (A-11)

This result pro vides a method to esti mate the lim it ing oxygen con cen tra tion
(LOC) from the LFL—the nose of the flam ma ble enve lope is usu ally very close to
the inter sec tion of a hor i zon tal line drawn through the LFL and the stoichiometric
line. For many hydro car bons the nose is slightly above the stoichiometric line—in
this case the esti mat ing method of Equa tion (A-11) pro vides a con ser va tive result.
This graph i cal esti mate of the LOC is equiv a lent to the method pro vided by Crowl
and Louvar (Crowl and Louvar, 2002) using the lower flammability limit. In their
approach, for a com bus tion reac tion given by Equa tion (A-9), the LOC is
estimated by:

LOC = z (LFL) (A-12)

where z is the stoichiometric coef fi cient for oxygen, given by Equa tion (A-9) and
LFL is the lower flammability limit, in volume per cent fuel in air.

Part B: Equa tions Useful for Plac ing Ves sels Into and Out of
Ser vice

The equa tions pre sented in this sec tion are equiv a lent to draw ing straight lines to
show the gas com po si tion tran si tions, as shown in Sec tion 3.1.1. The equa tions are 
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the stoichiometric line.



fre quently easier to use and pro vide a more pre cise result than man u ally drawn
lines.

The out-of-ser vice fuel con cen tra tion (OSFC) rep re sents the max i mum fuel
con cen tra tion that just avoids the flammability zone when a vessel is being taken
out of ser vice. It is shown as point S on Figure A.6.

For most com pounds detailed flammability zone data are not avail able. In this
case an esti mate can be made of the loca tion of point S, as shown in Figure A.6.
Point S can be approx i mated by a line start ing at the pure air point and con nect ing
through a point at the inter sec tion of the LFL with the stoichiometric line. Equa -
tion (A-7) can be used to deter mine the gas com po si tion at point S. Refer ring to
Figure A.2, we know the gas com po si tion at point R and M, and wish to cal cu late
the gas com po si tion at point S. Let A rep re sent the fuel and C the oxygen, then
from Figure A.2 and A.6 it fol lows that xAR = 0, xAM = LFL%, xAS is the unknown
OSFC, xCM = z * LFL from Equa tion (A-11), xCR = 21%, and xCS = 0. Then, by sub -
sti tu tion into Equa tion (A-7) and solv ing for xAS we get

x
zAS OSFC =

LFL%

1 LFL% 21)
=

− (
(A-13)

where OSFC is the out-of-ser vice fuel con cen tra tion, that is, the fuel con cen tra tion 
at point S on Figure A.6; LFL% is the volume per cent of fuel in air at the lower
flammability limit; and z is the stoichiometric oxygen coef fi cient from the com -
bus tion reac tion given by Equa tion (A-9).
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Figure A-6. Esti mat ing a target fuel con cen tra tion at point S for taking a vessel out of
ser vice.



Another approach is to esti mate the fuel con cen tra tion at point S by extend ing
the line from point R through the inter sec tion of the lim it ing oxygen con cen tra tion
(LOC) and the stoichiometric line. The result is

OSFC =
LOC%

1 LOC% 21)z( − (A-14)

where LOC% is the min i mum oxygen con cen tra tion in volume per cent oxygen.
Equa tions (A-13) and (A-14) are approx i ma tions to the fuel con cen tra tion at

point S. For tu nately, they are usu ally con ser va tive, pre dict ing a fuel con cen tra tion
that is less than the exper i men tally deter mined OSFC value. For instance, for
meth ane the LFL is 5.3% (Appen dix C) and z is 2. Thus, Equa tion (A-13) pre dicts
an OSFC of 10.7% fuel. This is com pared to the exper i men tally deter mined OSFC
of 14.5% (Table 3-1). Using the exper i men tal LOC of 12% (Table 2.2), an OSFC
value of 14% is deter mined using Equa tion (A-14). This is closer to the exper i -
men tal value, but still con ser va tive. For eth yl ene, 1,3-buta diene, and hydro gen,
Equa tion (A-14) pre dicts a higher OSFC than the exper i men tally deter mined
value. For all other spe cies in Table 3.1, Equa tion (A-14) esti mates an OSFC that is 
less than the exper i men tal value.

The in-ser vice oxygen con cen tra tion (ISOC) rep re sents the max i mum oxygen 
con cen tra tion that just avoids the flammability zone, shown as point S on Figure
A.7. One approach to esti mate the ISOC is to use the inter sec tion of the LFL with
the stoichiometric line. A line is drawn from the top apex of the tri an gle, through
the inter sec tion to the nitro gen axis, as shown on Figure A.7. Let A rep re sent the
fuel spe cies and C the oxygen. Then, from Figure A.7 it fol lows that xAM = LFL%,
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Figure A.7. Esti mat ing a target nitro gen con cen tra tion at point S for plac ing a vessel
into ser vice.



xAR = 100, xAS = 0, xCM = z * LFL% from Equa tion (A-11), xCR = 0 and xCS is the
unknown ISOC. Sub sti tut ing into Equa tion (A-7) and solv ing for the ISOC results
in,

ISOC =
LFL%

1 LFL% 100)

z∗
− ( (A-15)

where ISOC is the in-ser vice oxygen con cen tra tion in volume % oxygen; z is the
stoichiometric coef fi cient for oxygen given by Equa tion (A-9); and LFL% is the
fuel con cen tra tion at the lower flammability limit, in volume per cent fuel in air.

The nitro gen con cen tra tion at point S is equal to 100 – ISOC.
An expres sion to esti mate the ISOC using the inter sec tion of the min i mum

oxygen con cen tra tion and the stoichiometric line can also be devel oped using a
sim i lar pro ce dure. The result is

ISOC =
LOC%

LOC% 100)

z

z

∗
− ( (A-16)

where LOC% is the lim it ing oxygen con cen tra tion in volume per cent oxygen.
Com par i son of the esti mates using Equa tions (A-15) and (A-16) to the exper i -

men tal values in Table 3-2 shows that Equa tion (A-15) pre dicts a lower oxygen
value than the exper i men tal values for all spe cies, with the excep tion of methyl
formate. Equa tion (A-16) pre dicts a lower oxygen con cen tra tion than the exper i -
men tal value for all spe cies in Table 3-1 with the excep tion of butane,
3-methyl-1-butene, 1,3-buta diene, isobutyl formate, and acetone.

Direct, reli able exper i men tal data under con di tions as close as pos si ble to pro -
cess con di tions is always rec om mended.
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Appen dix B

EQUATIONS FOR DETERMINING THE ENERGY
OF EXPLOSION

Four meth ods are used to esti mate the energy of explo sion for a pres sur ized gas:
Brode’s equa tion, isentropic expan sion, iso ther mal expan sion, and ther mo dy -
namic avail abil ity. 

Brode’s method (Brode, 1959) is per haps the sim plest approach. It deter mines 
the energy required to raise the pres sure of the gas at con stant volume from ambi -
ent pres sure to the burst pres sure of the vessel. The result ing expres sion is

E
P P V

=
−
−

( )2 1

1γ (B-1)

where E is the energy of explo sion (energy)
P1 is the ambi ent pres sure (force/area)
P2 is the burst pres sure of the vessel (force/area)
V is the volume of expand ing gas in the vessel (volume)
γ is the heat capac ity ratio for the gas (unitless)

Since P2 > P1, the energy cal cu lated by Equa tion (B-1) is pos i tive, indi cat ing
that the energy is released to the sur round ings during the vessel rup ture.

The isentropic expan sion method assumes the gas expands isentropically
from its ini tial to final state. The fol low ing equa tion rep re sents this case (Smith
and Ness, 1987),

E
P V P

P
=

−






 −





















−
2 1

2

1

1
1

γ

γ γ( )/

(B-2)

The iso ther mal case assumes that the gas expands iso ther mally. This is rep re -
sented by the fol low ing equa tion (Smith and Ness, 1987),

E R T
P

P
P V

P

P
=







 =







g 1

2

1
2

2

1

ln ln (B-3)

where Rg is the ideal gas con stant and T1 is the ambi ent tem per a ture (deg).
The final method uses ther mo dy namic avail abil ity to esti mate the energy of

explo sion. Ther mo dy namic avail abil ity rep re sents the max i mum mechan i cal
energy extractable from a mate rial as it moves into equi lib rium with the envi ron -
ment. The result ing overpressure from an explo sion is a form of mechan i cal
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energy. Thus, ther mo dy namic avail abil ity pre dicts a max i mum upper bound to the
mechan i cal energy avail able to produce an overpressure. 

An anal y sis by Crowl (1992) using batch ther mo dy namic avail abil ity resulted 
in the fol low ing expres sion to pre dict the max i mum explo sion energy of a gas con -
tained within a vessel.

E P V
P

P

P

P
=







 − −

















2

2

1

1

2

1ln (B-4)

Note that Equa tion (B-4) is nearly the same as Equa tion (B-3) for an iso ther -
mal expan sion with the addi tion of a cor rec tion term. This cor rec tion term
accounts for the energy lost as a result of the second law of ther mo dy nam ics.

The ques tion arises as to which method to use. Figure B.1 pres ents the energy
of explo sion using all four meth ods as a func tion of ini tial gas pres sure in the
vessel. The cal cu la tion assumes an inert gas ini tially at 298 K with γ = 1.4. The gas
expands into ambi ent air at 1 atm pres sure. The isentropic method pro duces a low
value for the energy of explo sion. The isentropic expan sion will result in a gas at a
very low tem per a ture—the expan sion of an ideal gas from 200 psia to 14.7 psia
results in a final tem per a ture of 254°R, or –205°F. This is ther mo dy nam i cally
incon sis tent since the final tem per a ture is ambi ent. The iso ther mal method pre -
dicts a very large value for the energy of explo sion because it assumes that all of
the energy of com pres sion is avail able to per form work. In real ity, some of the

170 Appen dix B Equations for Determining the Energy of Explosion

Figure B.1. The energy of explo sion for a com pressed inert gas com puted using the four
avail able meth ods.



energy must be expelled as waste heat accord ing to the second law of ther mo dy -
nam ics. The avail abil ity method accounts for this loss by the cor rec tion term in
Equa tion (B-4). All four meth ods con tinue to be used to esti mate the energy of
explo sion for com pressed gases. 

It is thought that the Brode equa tion more closely pre dicts the poten tial explo -
sion energy close to the explo sion source, or near field, and that the isentropic
expan sion method pre dicts better the effects at a greater dis tance, or far field. How -
ever, it is unclear where this tran si tion occurs. Also, a por tion of the poten tial
explo sion energy of vessel burst is con verted into kinetic energy of the vessel
pieces, and other inef fi cien cies (such as strain energy in the form of heat in the
vessel frag ments). For esti ma tion pur poses, it is not uncom mon to sub tract 50% of
the total poten tial energy to cal cu late the blast pres sure effects from vessel burst.

Some empir i cally based meth ods to esti mate frag ment for ma tion and frag -
ment range are based on the use of a spe cific energy equa tion above (typ i cally the
Brode equa tion). Since these meth ods are empir i cal, their use man dates the energy
equa tion specified.

More detailed meth ods are avail able to cal cu late the energy of explo sion for a
rup tur ing vessel (Baker, Cox et al., 1988; AIChE, 1989, 1999a).

B.1. Exam ple Appli ca tion

EXAMPLE B.1

Deter mine the energy of explo sion by the four meth ods for a 1 m3 vessel con tain -
ing nitro gen at 500 bar abs pres sure. The ambi ent pres sure is 1.01 bar abs and the
tem per a ture is 298 K. Assume the vessel con tains nitro gen with a con stant heat
capac ity ratio of γ = 1.4.

Solu tion
For this case, P1 = 1.01 bar and P2 = 500 bar.

a. For Brode’s method, Equa tion (B-1) is used

E
P P V

=
−
−

= −
−

=
( ) )2 1

1 1
1250

γ
(500 bar  1.01 bar)(1 m

1.4
b

3

ar m  J3 = ×125 108.

b. For the isentropic method, Equa tion (B-2) is used
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c. For the iso ther mal method, Equa tion (B-3) is used

E P V
P

P
=







 =2

2

1

ln ) ln(500 bar)(1 m
500 bar

1.01 bar
3 





= = ×31 310 10800 bar m  J3 .

d. For the avail abil ity method, Equa tion (B-4) is used
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2600 bar m

2  J

3

.60 108

The fol low ing table sum ma rizes the results

Method         Energy (108 J)

Brode: 1.25
Isentropic: 1.04
Iso ther mal: 3.10
Avail abil ity: 2.60

As expected, the isentropic method pro duces the lowest value, while the iso -
ther mal method pro duces the larg est value.
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Appen dix C

FLAMMABILITY DATA FOR SELECTED
MATERIALS*

Compound Formula

Heat of
Combustion 

kJ/mol

Flammability
Limit 

Vol. % Fuel in air
Flashpoint
Temp.°C

Autoignition
Temp. °C LFL   UFL

Paraffin hydrocarbons

Methane CH4  –890.3 5.3 15.0 –222.5 632

Ethane C2H6 –1559.8 3.0 12.5 –130.0 472

Propane C3H8 –2219.9 2.2 9.5 –104.4 493

Butane C4H10 –2877.5 1.9 8.5 –60.0 408

Isobutane C4H10 –2869.0 1.8 8.4 — 462

Pentane C5H12 –3536.6 1.5 7.8 <–40.0  579

Isopentane C5H12 –3527.6 1.4 7.6 — 420

2,2-Dimethylpropane C5H12 –3514.1 1.4 7.5 — 450

Hexane C6H14 –4194.5 1.2 7.5 –23.0 487

Heptane C7H16 –4780.6 1.2 6.7 –4.0 451

2,3-Dimethylpentane C7H16 –4842.3 1.1 6.7 — 337

Octane C8H18 –5511.6 1.0 6.7 13.3 458

Nonane C9H20 — 0.8 — 31.1 285

Decane C10H22 –6737.0 0.8 5.4 46.1 463

Olefins

Ethylene C2H4 –1411.2 3.1 32.0 — 490

Propylene C3H6 –2057.3 2.4 10.3 –107.8 458

1-Butene C4H8 –2716.8 1.6 9.3 –80.0 384

2-Butene C4H8 –2708.2 1.8 9.7 –73.3 435

1-Pentene C5H10 –3361.4 1.5 8.7 –17.8 273
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Compound Formula

Heat of
Combustion 

kJ/mol

Flammability
Limit 

Vol. % Fuel in air
Flashpoint
Temp.°C

Autoignition
Temp. °C LFL   UFL

Acetylenes

Acetylene C2H2 –1299.6 2.5 80.0 –17.8 305

Aromatics

Benzene C6H6 –3301.4 1.4 7.1 –11.1 740

Toluene C7H8 –3947.9 1.4 6.7 4.4 810

o-Xylene C8H10 –4567.6 1.0 6.0 17.0 496

Cyclic hydrocarbons

Cyclopropane C3H6 –2091.3 2.4 10.4 — 498

Cyclohexane C6H12 –3953.0 1.3 8.0 –17.0 259

Methylcyclohexane C7H14 –4600.7 1.2    — — 265

Terpenes

Turpentine C10H16 — 0.8    — 35.0 252

Alcohols

Methyl alcohol CH4O –764.0 7.3 36.0 12.2 574

Ethyl alcohol C2H6O –1409.2 4.3 19.0 12.8 558

2-propen-1-ol C3H6O –1912.2 2.5 18.0 21.1 389

n-Propyl alcohol C3H8O –2068.9 2.1 13.5 15.0 505

Isopropyl alcohol C3H8O –2051.0 2.0 12.0 11.7 590

n-Butyl alcohol C4H10O –2728.3 1.4 11.2 35.0 450

Amyl alcohol C5H12O –3320.8 1.2 — 32.8 409

Isoamyl alcohol C5H12O — 1.2 — 518

Aldehydes

Acetaldehyde C2H4O –764.0 4.1 57.0 –37.8 185

Crotonic aldehyde C4H6O –2268.1 2.1 15.5 12.8 —

2-Furancarboxaldehyde C5H4O2 –2340.9 2.1    — — —

Paraldehyde C6H12O3 — 1.3   — 17.0 541

Ethers

Diethyl ether C4H10O –2751.1 1.9 48.0 –45.0 229

Divinyl ether C4H6O –2416.2 1.7 27.0 <–30.0  360
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Compound Formula

Heat of
Combustion 

kJ/mol

Flammability
Limit 

Vol. % Fuel in air
Flashpoint
Temp.°C

Autoignition
Temp. °C LFL   UFL

Ketones

Acetone C3H6O –1821.4 3.0 13.0 –17.8 700

Methylethyl ketone C4H8O –2478.7 1.8 10.0 –4.4 514

Methylpropyl ketone C5H10O –3137.6 1.5 8.0 7.2 505

Methylbutyl ketone C6H12O –3796.3 1.3 8.0 — 533

Acids

Acetic acid C2H4O2 –926.1 5.4 — 42.8 599

Hydrocyanic acid HCN — 5.6 40.0 –17.8 538

Esters

Methyl formate C2H4O2 –1003.0 5.9 22.0 –19.0 236

Ethyl formate C3H6O2 –1638.8 2.7 16.4 –20.0 577

Methyl acetate C3H6O2 –1628.1 3.1 16.0 –9.4 654

Ethyl acetate C4H8O2 –2273.6 2.5 9.0 –4.4 610

Propyl acetate C5H10O2 — 2.0 8.0 14.4 662

Isopropyl acetate C5H10O2 –2907.0 1.8 8.0 — 572

Butyl acetate C6H12O2 –3587.8 1.7 7.6 22.2 423

Amyl acetate C7H14O2 –4361.7 1.1 — 399

Inorganic

Hydrogen H2 –285.8 4.0 75.0 — 572

Ammonia NH3 –382.6 15.0 28.0 — 651

Cyanogen C2N2 –1080.7 6.0 32.0 — 850

Oxides

Ethylene oxide C2H4O –1264.0 3.0 80.0 –20.0 429

Propylene oxide C3H6O — 2.0 22.0 –37.2 748

Dioxan C4H8O2 — 2.0 22.0 12.2 266

Sulfides

Carbon disulfide CS2 –1031.8 1.2 44.0 –30.0 149

Hydrogen sulfide H2S –562.6 4.3 45.0 — 292

Carbon oxysulfide COS –546.0 12.0 29.0 — —
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Compound Formula

Heat of
Combustion 

kJ/mol

Flammability
Limit 

Vol. % Fuel in air
Flashpoint
Temp.°C

Autoignition
Temp. °C LFL   UFL

Chlorides

Methyl chloride CH3Cl –687.0 10.7 17.4 0.0 632

Ethyl chloride C2H5Cl –1325.0 3.8 14.8 –50.0 516

Propyl chloride C3H7Cl –2001.3 2.6 11.1 <–17.7 520

Butyl chloride C4H9Cl — 1.8 10.1 –12.0 460

Isobutyl chloride C4H9Cl — 2.0 8.8 — —

Allyl chloride C3H9Cl — 3.3 11.1 –31.7 487

Amyl chloride C5H11Cl — 1.6 8.6 — 259

Vinyl chloride C2H3Cl — 4.0 22.0 –8.0 —

Ethylene dichloride C2H2Cl2 –1133.8 6.2 16.0 — 413

Propylene dichloride C3H6Cl2 — 3.4 14.5 –51.7 557

Bromides

Methyl bromide CH3Br –768.9 13.5 14.5 –20.0 537

Ethyl bromide C2H5Br –1424.6 6.7 11.3 — 588

Allyl bromide C3H5Br — 4.4 7.3 — 295

Amines

Methyl amine CH5N –1085.1 4.9 20.7 0.0 430

Ethyl amine C2H7N –1739.9 3.5 14.0 — 384

Dimethyl amine C2H7N –1768.9 2.8 14.4 — 402

Propyl amine C3H9N –2396.6 2.0 10.4 — 318

Diethyl amine C4H11N –3074.3 1.8 10.1 — 312

Trimethyl amine C3H9N –2443.0 2.0 11.6 — —

Triethyl amine C6H15N –4134.5 1.2 8.0 — —

Notes:

Normal alkanes are denoted with out the “n-.”

*Heat of com bus tion data from Suzuki (1994). Flammability limits from Lewis and Von Elbe (1987).
Flashpoint data from Sax (1984). Autoignition data from Glassman (1996). 
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Appen dix D

PROCEDURE FOR EXAMPLE 3.2

The fol low ing pro ce dure is the solu tion to Exam ple 3.2 found in Sec tion 3.11. This 
pro ce dure is for mat ted accord ing to meth ods described in the AIChE CCPS book
titled Guide lines for Writ ing Effec tive Oper at ing and Main te nance Pro ce dures
(AIChE, 1996c). The appa ra tus in ques tion is shown in Figure 3.16. The con fig u -
ra tion for the vessel charg ing is shown in Figure 3.17 and the con fig u ra tion for
trans fer ring the liquid prod uct from the vessel to a drum is shown in Figure 3.18. 

Please refer to Exam ple 3.2 and the fig ures for addi tional sup port ing infor ma -
tion.

The author thanks Bob Walter for devel op ing this writ ten pro ce dure.
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Appen dix E

COMBUSTION DATA FOR DUST CLOUDSa

Dust

Median
Particle

Size (mm)

Minimum
Explosive

Dust Conc.
(gm/m3)

Pmax
(barg)

KSt
(bar-m/sec)

Minimum
Ignition
Energy

(mJ)

Cotton, Wood, Peat

 Cotton  44 100 7.2  24 —b

 Cellulose  51  60 9.3  66 250

 Wood dust  33 — — — 100

 Wood dust  80 — — —   7

 Paper dust  <10 — 5.7  18 —

Feed, Food

 Dextrose  80  60 4.3  18 —

 Fructose 200 125 6.4  27 180

 Fructose 400 — — — >4000  

 Wheat grain dust  80  60 9.3 112 —

 Milk powder 165  60 8.1  90  75

 Rice flour —  60 7.4  57 >100 

 Wheat flour  50 — — — 540

 Milk sugar  10  60 8.3  75  14

Coal, Coal Products

 Activated Carbon  18  60 8.8  44 —

 Bituminous coal <10 — 9.0  55 —

Plastics, Resins, Rubber

 Polyacrylamide  10 250 5.9  12 —

 Polyester <10 — 10.1 194 —

 Polyethylene  72 — 7.5  67 —

 Polyethylene 280 — 6.2  20 —
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Dust

Median
Particle

Size (mm)

Minimum
Explosive

Dust Conc.
(gm/m3)

Pmax
(barg)

KSt
(bar-m/sec)

Minimum
Ignition
Energy

(mJ)

 Polypropylene  25  30 8.4 101 —

 Polypropylene 162 200 7.7  38 —

 Polystyrene 
 (copolymer)

155  30 8.4 110 —

 Polystyrene 
 (hard foam)

760 — 8.4  23 —

 Polyurethane   3 <30 7.8 156 —

Intermediate products, Auxiliary materials

 Adipinic acid <10  60 8.0  97 —

 Naphthalene  95  15 8.5 178 <1

 Salicylic acid —  30 — — —

Other technical, Chemical products

 Organic dyestuff (blue) <10 — 9.0  73 —

 Organic dyestuff (red) <10 50 11.2 249 —

 Organic dyestuff (red) 52 60 9.8 237 —

Metals, Alloys

 Aluminum powder <10  60 11.2 515 —

 Aluminum powder 22  30 11.5 110 —

 Bronze powder 18 750  4.1  31 —

 Iron (from dry filter) 12 500  5.2  50 —

 Magnesium 28  30 17.5 508 —

 Magnesium 240 500  7.0  12 —

 Zinc (dust from
 collector)

<10 250  6.7 125 —

Other inorganic products

Graphite (99.5% C) 7 <30  5.9  71 —

Sulfur 20 30  6.8 151 —

Toner <10 60  8.9 196 4

aFrom Eckhoff (1997)
bThe symbol “—” means that data are not avail able.
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GLOSSARY

Acci dent The occur rence of a sequence of events that pro duce unin tended injury,
death or prop erty damage.

Adi a batic Flame Tem per a ture The final tem per a ture as a result of com bus tion
with out any heat losses.

Aero sol Liquid drop lets or solid par ti cles of size small enough to remain sus -
pended in air for pro longed peri ods of time.

Arrival Time The time for a shock front to arrive at a fixed dis tance from an explo -
sion.

Autoignition Tem per a ture (AIT) A tem per a ture above which a mix ture will
ignite with out the need for an exter nal igni tion source—the mix ture will
appear to ignite spon ta ne ously.

Blan ket ing An inerting method used to pro vide a con tin u ously main tained atmo -
sphere that is either inert or fuel rich in the vapor space of a con tainer or
vessel.

Blast Wave A pres sure wave prop a gat ing in air as a result of an explo sion.

BLEVE Boil ing Liquid Expand ing Vapor Explo sion.  An explo sion that occurs
when a vessel con tain ing liq ue fied gas stored at a tem per a ture above its
normal boil ing point fails cat a stroph i cally.

Bond ing A pro ce dure of con nect ing two pro cess units together elec tri cally in
order to main tain the same elec tri cal poten tial between the two units.

Brush Dis charge A static elec tric ity dis charge occur ring between a con duc tor and 
a non con duc tor.

Bulk ing Brush Dis charge See Con i cal Pile Dis charge.

Burn ing Veloc ity The speed at which the flame front prop a gates rel a tive to the
unburned gas.

Charge Relax ation Time The time required for a static elec tric ity charge to dis si -
pate from an object.

Chem i cal Explo sion An explo sion due to a chem i cal reac tion, includ ing a com -
bus tion reac tion, a decom po si tion reac tion, or some other rapid exo ther mic
reac tion.
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Com bined Pressure–Vacuum Purg ing An inerting method that uses a vacuum
and a pres sur ized source of inert gas to reduce the vapor con cen tra tion in a
pro cess to one that is not com bus ti ble.

Com bus ti ble A def i ni tion used by NFPA 30 (2000) for a liquid having a flash
point tem per a ture at or above 100°F.

Con densed Phase Explo sion An explo sion that occurs in the solid or liquid
phase.

Con i cal Pile Dis charge A static elec tric ity dis charge that occurs at the sur face of a 
pile of  powder as powder is being poured into a vessel.

Con tin u ous Sweep An inerting method that uses a con tin u ous flow of inert gas to
reduce the oxygen con cen tra tion in a vessel such that the vapors are not com -
bus ti ble.

Corona Dis charge A spe cial case of a brush dis charge, occur ring between a
charged non con duc tor and a con duc tor with a small radius of cur va ture.

DDT See Def la gra tion to Det o na tion Tran si tion.

Def la gra tion A reac tion in which the speed of the reac tion front prop a gates
through the unreacted mass at a speed less than the speed of sound in the
unreacted medium.

Def la gra tion to Det o na tion Tran si tion (DDT) A def la gra tion that changes into a 
det o na tion.

Deluge System An open-head sprin kler system designed to dis charge large quan -
ti ties of water on to the sur face of a pro cess unit.

Deton able Limit A lim it ing fuel con cen tra tion at which a det o na tion can occur in
a gas mix ture.

Det o na tion A reac tion in which the speed of the reac tion front prop a gates through
the unreacted medium at a speed greater than the speed of sound in the
unreacted medium.

Dilu tion Ven ti la tion A method of adding fresh air into a work area to reduce con -
cen tra tions of flam ma ble or toxic mate ri als.

Dust Any finely divided solid, 420 µm or 0.016 inch, or less, in diam e ter (NFPA
68, 1998).

Dynamic Pres sure A pres sure caused by the wind asso ci ated with a blast wave.

Explo sion A release of energy that causes a blast.

Explo sion Proof Enclo sures A spe cially designed hous ing con tain ing an elec tri -
cal fix ture with arcing con tacts, such as a switch, relay or contactor.

Fire A slow com bus tion that occurs with out sig nif i cant overpressures.  Damage is
mostly due to ther mal and radi ant energy release.

Fire ball Burn ing of a large fuel–air cloud.  
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Fire Point The tem per a ture above which a liquid is capa ble of pro duc ing enough
vapor to form a flam ma ble mix ture that is capa ble of con tin u ous com bus tion.

Flam ma ble A term applied by NFPA 30 (2000) to liq uids with a flash point below
100°F.

Flame Speed The speed at which the com bus tion wave moves rel a tive to the
unburned gas in the direc tion normal to the wave sur face.

Flash Fire A com bus tion of a large cloud of flam ma ble gas.  No sig nif i cant
overpressures are pro duced, but damage may result from ther mal radi a tion
and direct flame impinge ment.

Flash Point Tem per a ture The tem per a ture above which a liquid is capa ble of
pro duc ing enough vapor to form a flam ma ble mix ture—a flash will occur.

Fun da men tal Burn ing Veloc ity The burn ing veloc ity of a lam i nar flame under
stated con di tions of com po si tion, tem per a ture and pres sure in the unburned
gas.

Ground ing A pro ce dure of con nect ing pro cess equip ment and mate ri als to an
elec tri cal ground in order to bleed off any accu mu lated elec tri cal charge.

Hazard An inher ent phys i cal or chem i cal char ac ter is tic of a mate rial, system, pro -
cess or plant that has the poten tial for caus ing harm.

Hazard Eval u a tion The anal y sis of the sig nif i cance of haz ard ous sit u a tions asso -
ci ated with a pro cess or activ ity.

Hazard Iden ti fi ca tion A method used to iden tify haz ards.

Hybrid Mix ture A mix ture of flam ma ble gas with either a com bus ti ble dust or a
com bus ti ble mist.

Impulse The change in momen tum due to a pass ing blast wave.

Inci dent The loss of con tain ment of mate rial or energy.

Inci dent Out come The phys i cal man i fes ta tion of an inci dent.

Induc tion Static elec tric ity for ma tion due to a charged object being brought close
to an uncharged object.  

Induc tion Time A time delay after igni tion of a gas eous mix ture before normal
flame prop a ga tion is observed.

Inher ently Safer A chem i cal pro cess is con sid ered inher ently safer if it reduces or 
elim i nates the haz ards asso ci ated with mate ri als and oper a tions used in the
pro cess, and this reduc tion or elim i na tion is per ma nent and insep a ra ble.

Inerting An oper a tion involv ing an inert gas used to achieve a desired fuel or
oxygen con cen tra tion in order to pre vent flam ma ble gas mix tures.

Jet Fire A fire result ing from the com bus tion of mate rial as it is being released
from a pres sur ized pro cess unit.  

Lam i nar Burn ing Veloc ity The speed at which a lam i nar (planar) com bus tion
wave prop a gates rel a tive to the unburned gas mix ture ahead of it.
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LFL See Lower Flammability Limit.

Lim it ing Oxygen Con cen tra tion The oxygen con cen tra tion below which a fire
or explo sion is not pos si ble for any mix tures.

Local Ven ti la tion A ven ti la tion method that uses hoods, ele phant trunks, or can o -
pies to cap ture any emit ted vapors from a source.

Lower Explo sion Limit (LEL) Same as Lower Flammability Limit.

Lower Flammability Limit (LFL) A fuel con cen tra tion below which com bus tion 
is not pos si ble—the fuel con cen tra tion is too lean.

Max i mum Exper i men tal Safe Gap (MESG) The max i mum clear ance between
two par al lel metal sur faces that has been found, under spec i fied test con di -
tions, to pre vent an explo sion in a test cham ber from being prop a gated to a
sec ond ary cham ber con tain ing the same gas or vapor at the same con cen tra -
tion.

Min i mum Ignit ing Cur rent (MIC) Ratio The ratio of the min i mum cur rent
required from an induc tive spark dis charge to ignite the most easily ignit able
mix ture of a gas or vapor, divided by the min i mum cur rent required from an
induc tive spark dis charge to ignite meth ane under the same test con di tions.

Min i mum Igni tion Energy (MIE) The min i mum amount of ther mal energy
released at a point in a com bus ti ble mix ture that will cause indef i nite flame
prop a ga tion away from that point, under spec i fied test con di tions.

Mist Sus pended liquid drop lets pro duced by con den sa tion of vapor into liquid or
by the break ing up of a liquid into a dis persed state by splash ing, spray ing or
atom iz ing.

Overpressure The pres sure over ambi ent that results from an explo sion.

Pad ding An inerting method used to pro vide a con tin u ously main tained atmo -
sphere that is either inert or fuel rich in the vapor space of a con tainer or
vessel.

Peak Dynamic Pres sure The max i mum value of the dynamic pres sure.

Peak Overpressure The max i mum pres sure in a blast or shock wave.

Phys i cal Explo sion An explo sion due to the sudden release of mechan i cal energy
that does not involve a chem i cal reac tion.

Pool Fire A fire due to sur face burn ing of a flam ma ble or com bus ti ble liquid.

Prop a gat ing Brush Dis charge A static elec tric ity dis charge occur ring between a
grounded con duc tor and a charged insu la tor which is backed by a con duc tor.

Pres sure Piling An increase in pres sure within a pro cess due to a def la gra tion. 
The pres sure wave moves ahead of the reac tion front, com press ing the
unreacted gas and increas ing the reac tion rate of the fol low ing reac tion front.

Pres sure Purg ing An inerting method that uses a pres sur ized source of inert gas to 
reduce the vapor con cen tra tion in a pro cess to one that is not com bus ti ble.
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Prop a gat ing Reac tion A reac tion which prop a gates spa tially through the reac tion 
mass, such as the com bus tion of a flam ma ble vapor in a pipe line.

Purg ing An oper a tion involv ing an inert gas used to achieve a desired fuel or
oxygen con cen tra tion in order to pre vent flam ma ble gas mix tures.

Rapid Phase Tran si tion Explo sion An explo sion that occurs when a mate rial is
exposed to a heat source, caus ing a rapid phase change and result ing change in 
mate rial volume.

Reflected Overpressure The pres sure mea sured facing toward the oncom ing
shock or blast wave.

Run away Reac tion A reac tion that occurs when the heat released by the reac tion
exceeds the heat removal, result ing in a tem per a ture and pres sure increase.

Sce nario A descrip tion of the events that result in an acci dent or inci dent.

Shock Wave A pres sure front with a very abrupt pres sure change.

Side-on Overpressure The pres sure due to a shock or blast wave mea sured at
right angles to the shock or blast wave.

Siphon Purg ing An inerting method that uses a liquid to fill a vessel or pro cess to
reduce the vapor con cen tra tion to one that is not com bus ti ble.

Spark A static elec tric ity dis charge that occurs between two con duc tors.

Sprin kler System A net work of piping an dis charge noz zles through out a struc -
ture or pro cess through which water is dis charged during a fire.

Static Blan ket ing An inerting method that uses a con tin u ously sup plied pres sur -
ized source of inert gas to reduce the vapor con cen tra tion in a pro cess to one
that is not com bus ti ble.

Static Elec tric ity Elec tric ity gen er ated by a number of charge mech a nisms,
includ ing sep a ra tion, trans port, etc. 

Stream ing Cur rent Static elec tric ity charge gen er a tion due to flow ing liq uids.

Sweep Purg ing An inerting method that uses a flow of inert gas to reduce the
vapor con cen tra tion in a pro cess to one that is not com bus ti ble.

Ther mal Run away See Run away Reac tion.

Trans port A static elec tric ity for ma tion mech a nism due to the depo si tion of
charged drop lets on an object.

Tur bu lent Burn ing Veloc ity A burn ing veloc ity that exceeds the burn ing veloc ity
mea sured under lam i nar con di tions to a degree depend ing on the scale and
inten sity of tur bu lence in the unburned gas.

Uni form Reac tion A reac tion that occurs uni formly through space in a reac tion
mass, such as a reac tion that occurs in a CSTR.

UFL See Upper Flammability Limit.

Upper Explo sion Limit (UEL) Same as Upper Flammability Limit.
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Upper Flammability Limit (UFL) A fuel con cen tra tion above which com bus tion 
is not pos si ble—the mix ture is too rich in fuel.

Vacuum Purg ing An inerting method that uses a vacuum and a source of inert gas
to reduce the oxygen con cen tra tion in a pro cess such that the vapors are not
com bus ti ble.

Vapor Cloud Explo sion (VCE) An explo sion which occurs when a large quan tity 
of flam ma ble vapor or gas is released, mixes with air, and is ignited.

VCE See Vapor Cloud Explo sion.

Vessel Rup ture Explo sion An explo sion that occurs when a pro cess vessel con -
tain ing a pres sur ized mate rial fails sud denly.
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A
Acci den tal death, sta tis tics of, 3–4
Acci den tal effects, acci dent pro cess, 4
Acci dent pro cess

case his tory of (Flixborough, Eng land),
4–6

described, 4
haz ards, 6–7
inher ently safer design, 7

Adi a batic flame tem per a ture. See Cal cu -
lated adi a batic flame tem per a ture
(CAFT)

Aero sols and mists
com bus tion behav ior, 43
hybrid mix tures, 48

Amer i can Soci ety for Test ing and Mate ri als 
(ASTM), 17–18, 23, 38–39

Arrival time, gas dynam ics, 55–56
Autoignition tem per a ture (AIT)

gases and vapors, 34
liq uids, 39

B
Baker–Strehlow–Tang method, vapor cloud 

explo sion (VCE), 77–82
Blan ket ing, inerting and purg ing, pre ven -

tion and mit i ga tion, 120
Blast, defined, 1–2
Blast impulse

gas dynam ics, 57–58
overpressure expo sure, explo sion effects, 

101–102
Blast wave

gas dynam ics, 54, 55, 56, 57, 58

overpressure expo sure, explo sion effects, 
102

BLEVE
defined, 9
fire ball, 96
pro cess of, 65–67

Boil ing liquid expand ing vapor explo sion.
See BLEVE

Bond ing, pre ven tion and mit i ga tion,
132–138

Brode’s equa tion, explo sion energy equa -
tions, 169–172

Brush dis charge, static elec tric ity, igni tion
sources, 108–109

Bulk ing brush dis charge, static elec tric ity,
igni tion sources, 109

Burn ing veloc ity, gases and vapors, 18

C
Cal cu lated adi a batic flame tem per a ture

(CAFT)
gases and vapors, 30, 32
kinet ics and thermochemistry, 50–52

Charge relax ation time, static elec tric ity,
igni tion sources, 112

Charg ing and drum ming
described, 142
exam ple, 142–145, 177–190

Charg ing pow ders, pre ven tion and mit i ga -
tion, 145–148

Chem i cal explo sion, defined, 9–10
Com bined pres sure-vaccum purg ing

advan tages and dis ad van tages, 128
inerting and purg ing, 124–126

Com bus ti ble liquid, defined, 39
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Com bus tion data, dust clouds, sum mary
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Com pu ta tional fluid mechan ics (CFD)
method, vapor cloud explo sion
(VCE), 82–83

Con densed phase explo sion
defined, 11
pro cess of, 94–96

Con i cal pile dis charge, static elec tric ity,
igni tion sources, 109

Con tin u ous sweep method, stor age ves sels, 
inerting and purg ing, 128

Corona dis charge, static elec tric ity, igni tion 
sources, 109

D
Def la gra tion(s)

defined, 11
def la gra tion to det o na tion tran si tion

(DDT), pres sure piling and, gas
dynam ics, 63–64

gas dynam ics, 58–61
gases and vapors, 15–16

Def la gra tion index
dusts, 45–46
gases and vapors, 16

Deluge system, pre ven tion and mit i ga tion,
140–141

Deton able limit, gases and vapors, 17
Det o na tion(s)

defined, 11
def la gra tion to det o na tion tran si tion

(DDT), pres sure piling and, gas
dynam ics, 63–64

gas dynam ics, 58–61
gases and vapors, 15

Dilu tion ven ti la tion, pre ven tion and mit i ga -
tion, 138–139

Drum ming oper a tions, inerting and purg -
ing, 128–130. See also Charg ing
and drum ming

Dusts
com bus tion behav ior, 43–48
com bus tion data, sum mary table, 191–192
hybrid mix tures, 48

Dynamic pres sure, gas dynam ics, 56
Dynamic reac tor behav ior, run away reac -

tion, 88–92

E
Elec tri cal equip ment (pre ven tion and mit i -

ga tion), 148–160

clas si fi ca tions, 148–155
design, 159–160
enclo sures, 157–159
pro tec tion meth ods, sum mary table,

156–157
purg ing and pres sur iza tion, 159

Enclo sures, elec tri cal equip ment, pre ven -
tion and mit i ga tion, 157–159

Energy of explo sion, equa tions for deter -
min ing, 169–172

Equi lib rium codes, kinet ics and thermo -
chemistry, 49–50

Explo sion(s)

defined, 1
losses from, 1, 2
types of, 9–13

Explo sion effects, 98–103

overpressure expo sure, 99–103
ther mal expo sure, 98–99

Explo sion energy, equa tions for deter min -
ing, 169–172

Explo sion proof enclo sures, elec tri cal
equip ment, pre ven tion and mit i ga -
tion, 157–159

Explo sion vent ing, pre ven tion and mit i ga -
tion, 132

Explo sive behav ior, vari ables in, 9

F
Fire ball

BLEVE, 66
described, 96

Fire point tem per a ture, liq uids, 38
Flame speed

Baker–Strehlow–Tang method, vapor
cloud explo sion (VCE), 77–82

gases and vapors, 18
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Flammability
char ac ter iza tion of, 17–18
of gas eous mix tures, gases and vapors,

31–32
pres sure effects on, gases and vapors, 31
tem per a ture effects on, gases and vapors, 

30–31
Flammability data, selected mate ri als, sum -

mary table, 173–176
Flammability dia gram

gases and vapors, 18–28
pre ven tion and mit i ga tion, 117–120

Flammability dia gram equa tions, 161–168
gas mix tures, 161–165
ves sels into and out of ser vice, 165–168

Flammability limits, esti ma tion of, gases
and vapors, 28–30

Flam ma ble liquid, defined, 39–40
Flash fire

described, 97
vapor cloud explo sion (VCE), 68

Flashpoint tem per a ture
aero sols and mists, 40
liquid mix tures, 40–42
liq uids, 37–40

Flex i ble inter me di ate bulk con tainer
(FIBC), static elec tric ity, igni tion
sources, 107–108

Flixborough, Eng land acci dent, 4–6
Free field overpressure, gas dynam ics, 56
Fun da men tal burn ing veloc ity, gases and

vapors, 18

G
Gas dynam ics, 54–64

det o na tions and def la gra tions, 58–61
exam ples, 62–63
gen er ally, 54–58
peak side-on overpressure esti ma tion,

61–62
pres sure piling and def la gra tion to det o -

na tion tran si tion, 63–64
Gas eous mix tures

flammability dia gram equa tions,
161–165

flammability of, gases and vapors, 31–32
Gases and vapors, 13–37. See also Kinet ics 

and thermochemistry
autoignition tem per a ture (AIT), 34
exam ples, 34–37
flammability dia gram, 18–28, 161–165
flammability limits esti ma tion, 28–30
flammability of gas eous mix tures, 31–32
gen er ally, 13–18
hybrid mix tures, 48
min i mum igni tion energy (MIE), 32–34
pres sure effects on flammability, 31
tem per a ture effects on flammability,

30–31
Ground ing, pre ven tion and mit i ga tion,

132–138

H
Hazard(s)

acci dent pro cess, 6–7
defined, 6

Hazard eval u a tion, acci dent pro cess, 7
Hazard iden ti fi ca tion, acci dent pro cess, 7
Human injury. See Injury
Hybrid mix tures, com bus tion behav ior, 48

I
Igni tion sources, 103–112. See also Elec tri -

cal equip ment (pre ven tion and mit i -
ga tion)

gases and vapors, 13
gen er ally, 103–105
static elec tric ity, 105–112

Inci dent, acci dent pro cess, 4
Inci dent out come, acci dent pro cess, 4
Induc tion, static elec tric ity, igni tion

sources, 105–106
Induc tion time, min i mum igni tion energy

(MIE), gases and vapors, 32
Inerting and purg ing, 120–130

com bined pres sure-vaccum purg ing,
124–126

com par i son of meth ods, 127–128
drum ming oper a tions, 128–130
exam ple, 130–132
pres sure purg ing, 123–124
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Inerting and purg ing (cont.)
siphon purg ing, 127
stor age ves sels, 128
sweep purg ing, 126–127
vacuum purg ing, 121–123

Inher ently safer design
defined, 7
pre ven tion and mit i ga tion, 113, 116

Injury
overpressure expo sure, explo sion effects, 

99–103
ther mal expo sure, explo sion effects,

98–99
In-ser vice oxygen con cen tra tion (ISOC),

flammability dia gram
equa tions for, 167–168
pre ven tion and mit i ga tion, 118–120

Isentropic expan sion, explo sion energy
equa tions, 169–172

Iso ther mal expan sion, explo sion energy
equa tions, 169–172

J
Jet fire, described, 97

K
Kinet ics and thermochemistry, 48–54

cal cu lated adi a batic flame tem per a ture
(CAFT), 50–52

exam ples, 52–54
gen er ally, 48–50

L
Lam i nar burn ing veloc ity, gases and

vapors, 18
Le Chatelier’s rule, 31–32, 41
Lim it ing oxygen con cen tra tion (LOC)

dusts, 46, 47
gases and vapors, 20, 21–22

Liq uids, 37–43
exam ples, 42–43
flashpoint tem per a ture, 37–40
flashpoint tem per a ture of mix tures,

40–42
pre ven tion and mit i ga tion, charg ing and

drum ming, 142

Local ven ti la tion, pre ven tion and mit i ga -
tion, 138–139

Lower flammability limit (LFL), gases and
vapors, 17, 24

M
Mate ri als

explo sive behav ior, 9
flammability data, sum mary table,

173–176
Max i mum exper i men tal safe gap (MESG),

pre ven tion and mit i ga tion, elec tri cal 
equip ment, 149, 150

Max i mum safe oxygen con cen tra tion
(MSOC), flammability dia gram,
gases and vapors, 20

Minimization strat egy, inher ently safer
design, 116

Min i mum ignit ing cur rent (MIC) ratio, pre -
ven tion and mit i ga tion, elec tri cal
equip ment, 149, 150

Min i mum igni tion energy (MIE)
dusts, 46
gases and vapors, 32–34

Min i mum oxygen con cen tra tion (MOC),
flammability dia gram, gases and
vapors, 20

Mists. See Aero sols and mists
Mit i ga tion. See Pre ven tion and mit i ga tion
Mod er a tion strat egy, inher ently safer

design, 116

N
Nitro gen, inerting and purg ing, 120

O
Out-of-ser vice fuel con cen tra tion (OSFC),

flammability dia gram
equa tions for, 166–167
pre ven tion and mit i ga tion, 118–120

Overpressure expo sure, explo sion effects,
99–103

Oxi dants, gases and vapors, 13

P
Pad ding, inerting and purg ing, 120
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Peak dynamic pres sure, gas dynam ics, 56–57
Peak overpressure, gas dynam ics, 54
Peak side-on overpressure

esti ma tion of, gas dynam ics, 61–62
gas dynam ics, 56

Phys i cal explo sion(s), 64–67
BLEVE, 65–67
defined, 9
gen er ally, 64–65
rapid phase tran si tion explo sion, 67

Pool fire, described, 96–97
Pres sure effects, on flammability, gases and 

vapors, 31
Pres sure piling, def la gra tion to det o na tion

tran si tion, gas dynam ics, 63–64
Pres sure purg ing

advan tages and dis ad van tages, 127
com bined pres sure-vaccum purg ing,

124–126
inerting and purg ing, 123–124

Pre ven tion and mit i ga tion, 113–160
charg ing and drum ming

described, 142
exam ple, 142–145, 177–190

charg ing pow ders, 145–148
deluge system, 140–141
elec tri cal equip ment, 148–160

clas si fi ca tions, 148–155
design, 159–160
enclo sures, 157–159
pro tec tion meth ods, sum mary table,

156–157
purg ing and pres sur iza tion, 159

explo sion vent ing, 132
flammability dia gram, 117–120
ground ing and bond ing, 132–138
inerting and purg ing, 120–130

com bined pres sure-vaccum purg ing,
124–126

com par i son of meth ods, 127–128
drum ming oper a tions, 128–130
exam ple, 130–132
pres sure purg ing, 123–124
siphon purg ing, 127

stor age ves sels, 128
sweep purg ing, 126–127
vacuum purg ing, 121–123

inher ently safer design, 113, 116
ref er ence resources, 113, 114–115
sprin kler system, 139–140, 141
ven ti la tion, 138–139

Prop a gat ing brush dis charge, static elec tric -
ity, igni tion sources, 109

Prop a gat ing reac tion, defined, 10–11
Purg ing and pres sur iza tion, elec tri cal

equip ment, pre ven tion and mit i ga -
tion, 159. See also Inerting and
purging

R
Rapid phase tran si tion explo sion

defined, 9
pro cess of, 67

Reflected overpressure, gas dynam ics, 56
Risk, acci den tal death sta tis tics, 3
Run away reac tion, 85–94

defined, 10
exper i men tal char ac ter iza tion, 92–94
pro cess of, 85–88
steady-state and dynamic reac tor behav ior, 

88–92

S
Sce nario, acci dent pro cess, 4
Shock front, gas dynam ics, 54
Shock wave, gas dynam ics, 54, 55
Side-on overpressure, gas dynam ics, 56, 57
Sim pli fi ca tion strat egy, inher ently safer

design, 116
Siphon purg ing, inerting and purg ing, 127
Spark, static elec tric ity, igni tion sources,

108
Sprin kler system, pre ven tion and mit i ga -

tion, 139–140, 141
Static blan ket ing method, stor age ves sels,

inerting and purg ing, 128
Static elec tric ity. See also Elec tri cal equip -

ment (pre ven tion and mit i ga tion)
igni tion sources, 105–112
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Static elec tric ity (cont.)
pre ven tion and mit i ga tion, ground ing

and bond ing, 132–138
Steady-state reac tor behav ior, run away

reac tion, 88–92
Stor age ves sels, inerting and purg ing, 128
Stream ing cur rent, static elec tric ity, igni -

tion sources, 105
Sub sti tu tion strat egy, inher ently safer

design, 116
Sweep purg ing

advan tages and dis ad van tages, 128
inerting and purg ing, 126–127

T
Tem per a ture effects, on flammability, gases 

and vapors, 30–31
Ther mal expo sure, explo sion effects, 98–99
Ther mal run away, defined, 10
Thermochemistry. See Kinet ics and

thermochemistry
Ther mo dy namic avail abil ity, explo sion

energy equa tions, 169–172
TNO multi-energy method, vapor cloud

explo sion (VCE), 71, 74–77
TNT equiv a lency method, vapor cloud

explo sion (VCE), 70–71, 72, 73
Toxic releases, explo sions, 1
Trans port, static elec tric ity, igni tion

sources, 106

Tur bu lent burn ing veloc ity, gases and
vapors, 18

U

Uni form reac tion, defined, 10

Upper flammability limit (UFL), gases and
vapors, 17

V

Vacuum purg ing

advan tages and dis ad van tages, 127–128
com bined pres sure-vaccum purg ing,

124–126
inerting and purg ing, 121–123

Vapor cloud explo sion (VCE), 68–85

Baker–Strehlow–Tang method, 77–82
com pu ta tional fluid mechan ics (CFD)

method, 82–83
exam ples, 83–85
pro cess of, 68–70
TNO multi-energy method, 71, 74–77
TNT equiv a lency method, 70–71, 72, 73

Vapors. See Gases and vapors

Ven ti la tion, pre ven tion and mit i ga tion,
138–139

Vent ing, explo sion, pre ven tion and mit i ga -
tion, 132

Vessel rup ture, defined, 9
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