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FLAMMABILITY CHARACTERISTICS OF COM-
BUSTIBLE GASES AND VAPORS

by

Michael G. Zabelaki i

Abstract

THIS is a summary of the available limit of fla=abilty, autoignition,and burning-rate data for more than 200 combustible gases and vapors
in air and other oxidants, as well as of empircal rules and graphs that

can be used to predict simar data for thousands of other combustibles under
a variety of envionmental conditions. Specifc data are presented on the
paraffnic, unsaturated, aromatic, and alicyclic hydrocarbons, alcohols, ethers,
aldehydes, ketones, and sulfur compounds, and an assortment of fuels, fuel
blends, hydraulc fluids, engie oils, and miscellaneous combustible gases and
vapors.

Introduction

Prevention of unwanted fires and gas explosion disasters requies a
knowledge of flammabilty characteritics (liits of fla=ability, ignition
requiements, and buring rates) of pertinent combustible gases and vapors
likely to be encountered under various conditions of use (or misuse). Available
data may not always be adequate for use in a particular application since they
may have been obtained at a kiwer temperature aud pressure than is encountered
in practice. For example, the quantity of air that is requied to decrease the
combustible vapor concentration to a safe level in a particular process carried
out at 200 °0 should be based on flammabilty data obtained at this temperature.

When these are not available, suitable approxiations can be made to permit a
realistic evaluation of the hazards associated with the process being considered;
such approxiations can serve as the basis for designing suitable safety devices
for the protection of personnel and equipment.

The purpose of this buletin is to present a general review of the subject
of flammability, and to supply select experiental data and empircal rules on
the flammability characteristics of various families of combustible gases and
vapors in air and other oxidizing atmospheres. It contains what are believed
to be the latest and most reliable data for more than 200 combustibles of
interest to those concerned with the preveution of disastrous gas explosions.

In addition, the empircal rules and graphs presented here can be used to
predict similar data for other combustibles under a variety of conditions.
This bulletin supplements Bureau buletins (40)' and other publications (158).

Basic knowledge of combustion is desirable for a thorough understanding
of the material, which can be found in uumerous publications (69, 199, 202).
Therefore, only those aspects required for an understanding of flammabilty
are considered here; even these are considered from a fairly elementary
viewpoint.

i Physica chemit. project coordiator, Gas Explosons, Explosives Resarch Center, Bureau of Mines, Pittsburh, Pa.

~ Italicized number in parentheses refer to items 1n the bibliogrphy at the end of thi report.

Work on manuscrpt completed Ma.y 196.
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2 FLAMBILITY CHRACTERISTICS OF COMBUSTIBLE GASES AN VAPORS

DEFINITIONS AND THEORY
LIS OF FLILIT

A combustible gas-ai mixture can be burned
over a wide range of concentrations-when
either subjected to elevated temperatures or
exposed to a catalytic surace at ordiar
temperatures. However, homogeneous com-
bustible gas-air mixtures are flamable, that is,

the;\ can propagate flame freely within a
limited range of compositions. For example,
trace amounts of methane in air can be readiy
oxidized on a heated surace, but a flame wi
propagate from an igntion source at ambient
temperatures and pressures only if the sur-
rounding mixture contain at least 5 but less
than 15 volume-percent methane. The more
diute mixture is known as the lower lit, or
combustible-lean limt, mixture; the more
concentrated miture is known as the upper
limt, or combustible-rich limt, mixture. In
practice, the lits of flamability of a par-
ticnlar system of gases are affected by the
temperature, pressure, direction of flame propa-
gation, gravitational field strength, and sur-
roundings. The lits are obtained experi-
mentaly by deterng the liting mixture
compositions between flamable and non-
flamable mitures (244). That is,

and
LT,p= 1/2(0..+01/J,

UT,p= 1/2(0.,+ 0..1,

(1)

(2)

where LT.P and UT.P are the lower anli upper
liits of flamabilty, respectively, at a speci-
fied temperature and pressure, 0.. and 0.. are
the greatest and least concentrations of fuel in
oxidant that are nonfamable, and 0" and
0., are the least and greatet concentrations of
fuel in oxidant that are flamable. The rate
at which a flame propagates though a flam-
mable mixture ,depends on a number of factors
including temperature, pressure, and miture
composition. It is a minium at the lits of
flammabilty and a maxium at near stoichio-
metric mixtures (130).

The Bureau of Mines has adopted a standard
apparatus for limt-of-flamabilty detena-
tions (.~O). Originaly designed for use at
atmospheric pressure and room temperature,
it was later modied for use at reduced pres-
sures by incorporating a spark-gap ignitor in
the base of the 2-inch, glass, flame-proåJ~ation
tube. This modication introduced a . culty
that was not imediately apparent, as the
spark energy was not always adequate for use in
timit-of-flamabilty determinations. Figure 1ilustrates the effect of miture composition on
the electrcal spark energy requiements for

f- Limits of -1flammability

.e 4

~
vignitibility J

(!
a:

2lJ X Iimits__z
lJ

~'"
Ia:

\
c: .6n.
en .6

.4 X'--X

.2
2 4 6 6 10 12 14 16 16

METHANE, volume-percent

FIGUR 'i.-Ignitibilty Cure and Limits of Flam-
mabilty for Methaoe-AI MIxtures at Atmospherio
PresBure and 26° C.

igntion of methane-air mixtures (75). For
example' a 0.2-mijoule (mj) spark is inade-
quate to ignte even a stoichiometrc miture at
atmospheric presure and 260 C; a 1-mj spark
can ignte intures contai between 6 and
11.5 volume-percent methane, etc. Such limit-
miture compositions that depend on the igni-
tion source strength may be defined as lits of
igntibilty or more siply ignitibilty lits;
they are thus indicative of the ignting abilty
of the energy source. Lit mitures that are
essentialy independent. of the ignition source
strength and that give a measure of the abilty

of a flame to propagate away from the igntion
source may be defined as lits of flabilty.
Considerably greater srark energies are requied
to establish lits 0 flamabilty than are
requied for limts of igntibilty (218); further,
more energy is usualy rea,uied to establi the
upper limit than is requied to establih the
lower lit. In general, when the source
strength is adequate, mitures just outside the
range of fla=able compositions yield flame
caps when ignited. These flame caps propagate
only a short distance from the igntion source
in a uniorm mixture. The reason for this
may be seen in figure 2 which shows the effect of
temperature on lits of flamabilty at a
constant initial pressure. As the temperature
is increased, the lower limt decreases and the
upper lit increases. Thus, since a localed
energy source elevates the temperature of
nearby gases, even a nonfamable miture can
propagate flame a short distance from the
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source. That is, a nonfla=able mixture (for
example, composition-temperature point A,
fig. 2) may becqme flammable for a time, if its
temperature is elevated suffciently (composi-
tiou-temperature point B).

Flammable mixtures considered in figure 2
fal in one of three regions. The fit is left of
the saturated vapor-air mixtures curve, in the
region labeled "Mist". Such mixtures consist
of droplets suspended in a vapor-air miture;
they are discussed in greater detail in the section

on formation of flammable mixtures. Thesecond
lies along the curve for saturated vapor-air
mixtures; the last and most common region lies
to the right of this curve. Compositions in the
secoud and third regions make up the saturated
and unsaturated flammable mitures of a
comhustible-oxidant system at a specifed
pressure.

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

with . ~hoosing suitable apparatus, .it is not
surprlSrng to fid that the very exitence of the

liits of flammabilty has been questioned.
After a thorough study, Linnett and Simpson
concluded that while fundamental liits may
exist there is no exveriental evidence to
indicate that such limits have been measured
(132). In a more recent vublication, Muls
reached the same conclusion (154). Accord-
irigly, the limits of fla=abilty obtained in an
apparatus of suitable size and with a satis-
factory ignition source should not be termed
fundamental or absolute limits until the exit-
ence of such limits has been established.
However, as long as experientally determed
limits are obtained under conditions similar to
those found in practice, they may be used to
design instalations that are safe and to assess
potential ~as-explosion hazards.

Industnally, heterogeneous single-phase (gas)

and multi-phase (gas, liquid, and solid) flam-
mable mixtures are probably even more impor-
tant than homogeneous gas mixtures. Un-
fortunately, our knowledge of such mixtures
is rather limited. It is important to recognize,

however, that heterogeneous mixtures can
ignite at concentrations that would normally
be nonflammable if the mixture were homoge-
neous. For example, 1 liter of methane can
form a flammable mixture with air near the top
of a WO-liter container, although a nonflam-
mable (1.0 volume-percent) mixture would
result if complete mixg occured at room
temperature. This is an important concept,
since layerig can occur with any combustible
gas or vapor in both stationary and flowing
mixtures. Roberts, Pursall, and Sellers (176-
180) have presented an excellent series of review
articles on the layerig and dispersion of
methane in coal mines.

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

IGNION
Lewis and von Elbe (130). Muls (153, 154),

and Belles and Swett (156) have prepared
excellent reviews of the processes associated
with spark-ignition and spontaneous-igntion
of a flammable mixture. In general, many
flammable mixtures can be ignted by sparks
having a relatively small energy content (1 to
100 mj) but a large power density (greater
than 1 megawattjcm'). However, when the
source energy is difuse, as in a sheet discharge,
even the total energy requiements for igntion



4 FLAMBILITY CHACTERISTICS OF COMBUSTIBLE GASES AN VAPORS

may be extremely large (79, 82, 85, 123, 181,
228). There is stil much to be learned in this
field, however, since electrical discharges are
not normally as well defined in practice as
they are in the laboratory.

When a flammable miture is heated to an
elevated temperature, a reaction is initiated that
may ~roceed with sufcient rapidity to ignte
the miture. The time that elapses between the
instant the miture temperature is raised and
that in which a flame appears is loosely caled
the time lag or time delay before ignition. In

general, this time delay decreases as the tem-
perature increases. According to Semenov
(193), these quantities are related by the
expression

L 0.22E+Bog r=-- ' (3)

where r is the time delay before ignition in
seconds; E is an apparent activation energy for
the rate controllg reaction in calories per
mole; T is the absolute temperature, expressed
in degrees, Kelvi; and B is a constant. Two
types of ignition temperature data are found in
the curent literature. In the fit, the effect of

temperature on time delay is considered for de-
lays ofless than 1 second (127, 153). Such data
are applicable to systems in which the contact
time between the heated surace and a flowing
flammable miture is very short; they are not
satisfactory when the contact time is indefiite.
Further, equation (3) is of little help, because
it gives only the time delay for a range of tem-
peratures at which autoignition occur; if the
temperature is reduced suffciently, igntion does
not occur. From the standpoint of safety, it
is the lowest tempera ture at which igntion can
occur that is of interest. This is called the
mimum spontaneous-ignition, or autoignition,
temperature (ArT) and is determined in a un-
formly heated apparatus that is sufciently
large to minime wall quenchig effects (194,
237). Figures 3 and 4 ilustrate typical auto-
ignition-temperature data. In figure 3 the
minimum autoignition-temperature or ArT
value for n-propl1 nitrate is 1700 0 at an
initial pressure 0 1,000 psig (243). Data in
this figure may be used to construct a log r
versus ~ plot such as that in figure 4. Such

graphs ilustrate the applicability of equation
(3) to autoignition temperature data. The
equation of the broken lie in figure 4 is

L 12.3X 10"og r- T 2.5.1.
In this specifc case, equation (4) is applicable

only in the temperature range from 1700 to

1950 0; another equation must be u~ed. for
data at higher temperatures. The solid lines
in figure 4 define an 8 00 band that includes
the experiental points in the temperature
range from 1700 to 1950 O.

FORMATION OF FLMMALE
MITUS

(4)

Iu practice, heterogeneous mixtures are
always formed when two gases or vapors are
fist brought together. Before dicussing the
formation of such mixtures in detail, a simpli-
fied mixer such as that shown in figure 5 wi be
considered briefly. This mixer consists of
chambers 1 and 2 containing ¡;ases A and B,
respectively; chamber 2, which contail; a
stirer, is separated from chamber 1 and piston
3 by a partition with a small hole, H. At time
t" a force F applied to piston 3 drves gas A
into chamber 2 at a constant rate. If gas A
is distributed instantaneously throughout cham-
ber 2 as soon as it passes through H, a compo-
sition diagram such as that given in figue 6
results; the (uniorm) piston motion starts at
t, and stops at tF. However, if a time interval
¡jt is requied to distribute a sam volume from
chamber 1 throughout chamber 2, then at any
instant "between t, and tF + /!, a varety of
mixture compositions exits in chamber 2.
This situation is represented schematicaly in
figue 7. The interval of time durng which
heterogeneous gas mixtures would exit in the
second case is determned in part by the rate
at which gas A is added to chamber 2, by the
size of the two chambers, and by the effciency
of the stirer.

In practice, flamable mitures may form
either by accident or design. When they are
formed by accident, it is usualy desirable .to
reduce the combustible concentration quickly
by adding enough ai or inert gas to ~roduce
nonfamable mixtures. Under certain con-
ditions, it may be possible to increas the com-
bustible concentration so as to produce a
nonfamable mixture. Such procedures are
discussed in greater detail in the following
section.

Flamable mixtures are encountered in
production of many chemicals and in certain
physical operations. These include gasfreeing
a tank containing a combustible gas (2~2),
drying plastic-wie coating, and recovenng
solvent from a solvent-ai' mixture. When
layering can occur, as in drng operations, it
is not enough to add air at such a rate that the
overal mixture composition is below the lower
liit of flammabilty (assumng that uniorm
mixtures result). Special precautions must be
taken to assure the rapid formation of non-
flamable mixtures (235). When a batch
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process is involved, an added precaution must
be taken; a constituent at a partial pressure
near its vapor pressure value may coudense
when it is momentarily compressed by addition
of other gases or vapors. Accordingly, mix-

tures that are initialy above the upper limt of
flammability may become flamable. A sim-
lar effect must be considered when mixtures are
sampled with equipment that is cooler than
the original sample; if vapor condenses in the
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FIGURE 4.-Logarthm of Time Delay Before Ignition of NPN in Air at 1,000 Psig Initial Presure.
(Data from figure 3.)

sampling line, the test sample wil not yield
accurate data. A flammable mixture sampled
in this manner may appear to be nonflammable
and thus create a hazardous situation (236).

A flammable mixture can also form at tem-
peratures below the flash point of the liquid
combustible either if the latter is spràyed into
the air, or if a mist or foam forms. With fie

mists and sprays (particle sizes below 10 mi-
crons), the combustible concentration at the
lower liit is about the same as that in uniorm
vapor-air mixtures (17, 18, 22, 24, 76, 245).
However, as the droplet diameter increases, the
lower lit appears to decrease. In studying
thi problem, Burgoyne found that coare drop-
lets tend to fall towards the flame front in an
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upward propagating flame, and as a result the
concentration at the flame front actually ap-
proaches the value found in lower lit mixtures
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FIGURE 7.-Composition of Gas in Chamber 2, Figure
5 (Delayed Mixing).

of fie droplets and vapors (24). With sprays,
the motion of the droplets also affects the lit
composition, so that the resultant behavior is
rather complex. The effect of mit and spray
droplet size on the apparent lower lit is ilus-
trated in figure 8. Kerosine vapor and mit
data were obtained by Zabetaki and Rosen
(245); tetrali mit data, by Burgoyne and
Cohen (24); kerosine spray data, by Anon
(5); and the methylene bistearamide data, by
Browning, Tyler, and Krall (18).

Fla=able mit-vapor-air mitures mar.
oceU as the foam on a f1a=able liquid co -
lapses. Thus, when ignited, many foams can
propagate flame. Bartkowiak, Lambir, and
Zabetaki found that the pressure rie aP pro-
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duced in an enclosure by the complete combus-
tion of a layer of foam of thickness h i is propor-
tional to h f aud inversely proportional to h"
the height of the air space above the liquid
before foaming (7). That is

PhiLI oc-'
h.

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

Thomas found that an additional hazard
could arise from production of foams by oxygen-

(5)

enrched air at reduced pressures (215). Air
cau become oxygen-enriched as the pressure is
reduced, because oxygen is more soluble thau
nitrogen in most liquids (83). Thus the pres-
ence of foams on combustible liquids are a po-
teutial explosion hazard.

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



PRESENTATION OF DATA
Limit-of-f1ammability data that have been

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

Pct 0,=100 pct-pct OH,-pct N,.

With either type of presentation, addition of
m~thane, oxygeu, or nitrogen to a particular
mixture results in formation of a series of mix-
tures that fall along the line between the com-
position point (for example, Mi in figures 9 and
10) and the vertices of the bounding triangle.
For example, addition of methane (+CH,) to
mixture M1 yields initially all miture com-
positions between Mi and 0 (100 pct CH,).
After a homogeneous miture is produced, a
new mixture composition point, such as M2, is
obtained. Similarly, if oxygen is added (+0,)
to the mixture represented by point Ml, all
compositious between M1 and ° (100 pct 0,)
are obtaiued initially; if nitrogen is added, all
compositions betweeu Mi and N (100 pct N,)
are obtained initially. If more than one gas is
added to Ml, for example, methane and oxy-
gen, the resultant composition point may be

(6) obtained by considering that the mig process

/OoCo

90 80 70
Critical C/N

60 50 40 30
.OXYGEN, volume-percent

20 10
,00

o
N

761-928 0-65-2

FIGURE 'g.-Flammabilty Diagram for the System Methane-Oxygen-Nitrogen at Atmospheric Presure and 26° C.
9
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% Oi=IOO%-% CH4-% N2
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FIGURE io.-Flammabilty Diagram for the System Methane-Oxygen-Nitrogen at Atmospherc Presure and 26° C.
(Data from fig. 9).

occur in two steps. Firt, the methane is added
to M1 and the gases are mied thoroughly to
give M2. Oxygen is tben added to M2 with
mixing to give a new (fla=able) mixture, M3.
If the methane and oxygen were added to a
fied volume at constant pressure, somß of M1
and then of M2 would escape and mix with the
surounding atmosphere. In many instances
this is an important cousideration because the
resulting mixtures may be flammable. For
example, even if an inert gas is added to a
coustant-volume tank fied with methane,
flammable mixtures can form outside the tank
as the displaced methane escapes into the
atmosphere. If the methane is not dissipated
quickly, a dangerous situation can are.

When a mixture component is removed by
condensiition or absorption, the correspondig

composition point (for example, M1 in fies 9 and
10) shits away from the vertices C, 0, and N
along the extensions to the lies M1-C, M1
-0 and M1-N, indicated in fiures 9 and 10
by the minus signs. The fial composition is
determiued by the percentage of each component.
removed from the intial miture.

Mixtures with constant oxygen-to-nitrogen
ratio (as in air), are obtained in figues 9 and 10
by joining the apex, C, with the appropriate
mixture composition along the baselie, ON.
Thus, the Ai line, CA, (fig. 10) is formed by
joining C with the mixure A (21 percent O.
+79 percent N,). Using thi latter point, A,
one can readiy determe the miure composi-
tions that are formed when miure M1 is
diplaced from an enclosure and mied with ai.
Initialy, al miure compositions between M1
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and A would form. 1ìince these would pass
through the flammable mixture zone, a hazard-
ous condition would be created. Similarly, if
pure combustible CR, were dumped iuto the
atmosphere (air)', all mixtures between C and A
would form. These would include the flam-
mable mixtures along CA so that a hazardous
condition would again be created, unless the
combustible were dissipated quickly.

:vixtures with constant oxidant content are
obtained by constructing straight lines parallel
to zero oxidant line; such mixtures also have a
cons taut combustible-plus-inert content. One
particular constant oxidant line is of special

importance-the minimum constant oxidant
liue that is tangent to the flammability diagram
or, in some cases, the one that passes through
the extreme upper-limit-of-flammability value.
This line gives the minimum oxidant (air,
oxygen, chlorie, etc.) concentration needed to
support combustion of a particular combustible
at a specified temperature and pressure. In
figures 9 and 10, the tangent line gives the
minimum oxygen value (Min 0" 12 volume-
percent) required for flame propagation through
methane-oxygen-uitrogen mixtures at 26° C
aud 1 atmosphere.

Another important construction line is that
which gives the maxium nonfammable com-
bustible-to-inert ratio (critical C/N). Mixtures
along and below this lie form nonfla=able
mixtures upon addition of oxidant. The critical
C/N ratio is the slope of the tangent line from
the origin (Figs. 9 and 10), 100 percent oxidant,
to the lean side of the fla=able mixtures
curve. The reciprocal of this slope gives the
minimum ratio of inert-to-combustible at which
nonflammable mixures form upon addition of
oxidant. It is of interest in fire extinguishig.
An increase in temperature or pressure

usually widens the flammable range of a
particular combustible-oxidant system. The
effect of temperature is shown in figue 11;
two flammable areas, Ti and T" are defied for
a combustible-inert-oxidant system at constant
pressure. The effect of temperature on the
limits of flammability of a combustible in a
specifed oxidant was previously shown in
figure 2. Thi type of graph is especialy
useful since it gives the vapor pressure of the
combustible, the lower and upper temperature
limits of fla=ability (Tf. and Tv), the flam-
mable region for a range of temperatures, and
the autoignition temperature (AIT). Nearly
20 of these graphs were presented by Van
Dolah and coworkers for a group of com-
bustibles used in flght vehicles (218).

The lower temperature limit, TL, is essentialy
the flash point of a combustible, in which up-
~ard propagation of flame is used; in general, it
is somewhat lower than the flash point, in which

iu
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FIGURE n,-Effect of Initial Temperature on Limits
of Flammabilty of a Combustible Vapor-Inert-Air
System at Atmospheric Pressure.
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downward propagation of flame is used. Since
TL is the intersection of the lower-liit and
vapor-pressure curves, a relationship can be
developed between T L, or the flash point, and
the constants defining the vapor pressure of a
combustible liquid. An excelent summary of
such relationships has been presented by Mulns
for simple fuels and fuel blends (154).

At constant temperature, the flamable
range of a combustible in a specifed oxidant can
be represented as in fiure 12. Rere the flam-
mable range ofJP-4 vapor-ai miures is given
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FIGURE 13.-Effect of Temperature and Preasre on Limits of Flammabilty of a Combustible Vapor in a SpecifedOxidant.

as a function of pressure (241). A more
generalized flammability diagram of a particular
combustible-oxidant system can be presented
in a thee diensional plot of temperature, pres-
sure, and combustible content-as ilustrated
in figure 13 (244). Here, composition is given
as the ratio of partial pressure of the combustible
vapor, PVAPOR, to the total pressure, P. For any
value of P, the limits of flamability are given
as a function of the temperature. For example,
at i atmosphere (P= 1), the flamable range is
bounded by the lower limt cure L,L.L.L., and
the upper lit curve U, U,; al mixtures along
the vapor pressure curve L.U;' U, are flamllble.

The flammable range is the same as that de-
picted in figure 2. At constant temperature

(for example, Ti), the flamable range is
bounded by the lower liit cure L,PL, and the
upper limit cure U,Pui; the broken curve
PL,Pui represents the low presure (quenched)
limit. The flamable range is the same 8.
that depicted in figure 12. A similar range is
defied at temperatures T" T" and T. which
are less than T,. However, at T, and T. the
upper limit curves inteect the vapor presure
curves, so that no upper lits are found above
U; and U;. In other words, al compositions
along U;U;' l!nd U;L. are flamable. The cure
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% air = 100 - % gasoline vapor - % water vapor
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WATER VAPOR, volume-percent
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180
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FIGURE 14.- Flammabilty Diagram for the System Gasoiine V apor- Water Vapor-Ai at 70. F (21. C) and at
2120 F (1000 C) and Atmospheric Pressure.

L,PLU;U;U, defines the range of limit mixtures
which are saturated with fuel vapor. Further,
since L, is the saturated lower limt mixture at
oue atmosphere, T. is the flash point. .

Some of the points considered in this and the
previous section are ilustrated in figure 14

(232). This is the flammability diagram for
the system gasoline vapor-water vapor-air at
700 F (210 C) and 2120 F (100 °C) and atmos-
pheric pressure. The air saturation tempera-
ture, that is, the temperature at which saturated
air contains the quantity of water given on the
water vapor axis, is also included. For precise
work, a much larger graph or an enlargement
of the region from 0 to 8 percent gasoline vapor
and from 0 to 30 percent water vapor would
be used. However, figure 14 is adequate here.
If water vapor is added to a particular mixture
A, all mixture compositions between A and
pure water vapor wi form as noted (if the
temperature is at least 2120 F), and the com-
position point wi shift towards the. 100-

percent-water-vapor point. If water vapor is
removed by condensation or absorbtion, the
composition point wi move along the extension
to the line drawn from A to the 100-percent-
water-vapor point. The same applies to the
other components, air and gasolie, as indicated
earlier. Moreover, if more than one component
is involved, the fial composition point can be
found by considerig the effect of each com-
ponent separately.

Figure 14 is of special interest since it can be
used to evaluate the hazards associated with a
gas-freeing operation. For example, mixture
A represents a saturated gasoline vapor-air-
water vapor mixture at 700 F. A more volatile
gasoline than the one used here would give a
saturated mixture with more gasoline vapor
and less air in a closed tank; a less volatile
gasoline would give less gasolie vapor and
more air. In any event, if a continuous supply
of air saturated with water vapor is added to a
tank containing mixture A, all compositions
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between A and B (air plus water vapor) wi be
formed until all the gasoline vapor is flushed
from the tank, and mixture B alone remains.
If steam is used to flush mixture A from the
tank, all compositions between A and a wil
form until all the gasoline vapor has been
flushed from the tank and only steam remains
(at 212° F or higher). If the tank is permitted
to cool, the steam wil condense and air wi be
drawn into the tank giving mixtures along
C-B. At 70° F, only air plus a small amount
of water vapor wi remain.

If hot water and water vapor at i 7 5° Fare
used to flush mixture A from the tank, the
mixture composition can only shift along AC to
E. .Mixtures between A and E that are flushed
from the tank mix with air to give mixtures

between points along AE and B. Again, as
the water vapor in these mixtures condenses
outside the tank, the composition of the result-
ant mixtures wil shit away from the 100-
percent-water-vapor point, a. The mixture in
the tank wi remain at E unless air is used to
flush the tank, in which case mixture composi-
tons between E and B wi form. Again, if
the water vapor within the tank condenses, the

mixture composition wil shift away from a.

In any event, at this temperature (175° F), the
addition of air to mixture E wil 

lead to forma-
tion of flammable mixtures. Thus, mixture A
cannot be flushed from a tank without forming
flammable mixtures, unless steam or some other
inert vapor or gas is used.



DEFLAGRATION AND DETONATION PROCESSES
Once a flamable mixture is ignited, the

resulting flame, if not extinguished, wil either
attach itself to the ignition source or propagate
from it. If it propagates from the source, the
propagation rate wi be either subsonic (de-
flagration) or supersonic (detonation) relative
to the unburned gas. If it is subsonic, the pres-
sure wil equalize at the speed of sound through-
out the enclosure in which combustion is takig
place so that the pressure drop across the flame

(reaction) front wil be relatively smalL. If the
rate is supersonic, the rate of pressure equalza-
tion wi be less than the propagation rate and
there wil be an appreciable pressure drop across

the flame front. Moreover, with most com-
bustible-ai mixtures, at ordinary temperatures,
the ratio of the peak-to-initial pressure within
the enclosure wi seldom exceed about 8: 1 in
the former, but may be more than 40: i in the
latter case. The pressure buidup is especialy
great when detonation follows a large pressure
rise due to deflagration. The distance requied
for a deflagration to transit to a detonation
depends on the fla=able mixture, temperature,
pressure, the enclosure, and the ignition source.
With a sufciently powerful igntion source,
detonation may occur imediately upon igni-
tion, even in the open. However, the igntion
energy requied to initiate a detonation is
usualy many orders of magntude greater than
that requied to initiate a deflagration (32, 249).

DEFGRATION
Where a deflagration occurs in a si¡herical

enclosure of volume V with central igntion, the
approxiate pressure rise il at any instant t
after ignition is given by the expressions:

S't'il=KP, V ~Pm,

and

P m=PI n,T,=pl MiT"nlTi M,Ti

whi;re K is. a~c~mstant, S. is the ~urng velocity,
P, IS the l11tial pressure, Pm is the maxium
pressure, T, is the initial temperature, n, is the
number of moles of gas in the initial mixture
n, is the number of moles of gas in the burned
gases, M, is the average molecular weight of the
initial mixture, M, is the average molecular

weight of the bured gases, and T, is the final
(adiabatic) temperature of the products. With
other enclosures, or with noncentral igntion,
the flame front is disturbed by the wals before
combustion is completed, so that calculated
pressure cannot be expected to approxiate
actual pressure. Even with spherical enclosures,
the flame front is uot actualy spherical, so that
the wals tend to disturb the flame before com-
bustion is complete (118, 130). A graph of the
pressure developed by the combustion of a
stoichiometric methane-air mixture (central
ignition) in a i 9. 7 cm diameter, 9-liter cylinder
is given in figure 15. The calculated pressure
for a 9-liter sphere is included for compàrson;
K in equation (7) was evaluated from the
experimental curve at 70 milseconds. The
calculated curve follows the experiental curve
closely about 75 milseconds, when the latter
curve has a break. This suggests that the
flame front was affected by the cylinder wals
in sucll a way that the rate of pressure rie
decreased, and the experiental curve fel below
the calculated cure. Further, since the com-
bustion gases were being cooled, the maxium
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FIGURE 15.-Pressure Produced by Ignition of a 9.6
Volume-Percent Methane-Air Mixture in a 9-Liter
Cylider (Experimental).
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preure fell below the cÍiculated value. The
minium elapsed time (in milseconds) re-
quied to reach the maxium pressure appear
to be about 75 V' for the paraffn hydrocabons
and fuel blends such as gasline; V is the
volume in cubic feet in this case.

DETONATION

Wolfson and Dunn (52, 230) have expressed
the presure ratio p./p¡ across a detonation
front as

~:='Y'~1 ('YiM¡'+1), (9)

where "y, is the specific heat ratio of the bured
gases, "Yi is the specifc heat ratio of the initial

mixture, and M, is the Mach number of the
detonation wave with respect to the initial
mixture. Mi is given in terms of the tepera-
tures T and molecular weights W of the initial
and final mixtures by the expression:

hiMi'+1)' ('Y,+l)'T,Wi

"YiMl 'Y.TiW, (10)

3,500

P, (theoretical)

3,000 oo

o p, (experimental)

o..
~ 2,500
E
~

Wolfson and Dunn have developed generalzed
charts that simpliy the operations involved in
obtaining the pressure ratio as wel as the den-
sity and temperature/molecular weight ratios
across the detonation wave and the energy
release in the detonation wave.

Many investigators have measured and. cal-
culated detonation and reflected presures
resulting from detonation waves (54, 57, 204).
Figue 16 from the data of Stoner and Bleakney
(204) gives the detonation velocity, the static
or detonation presure, and the reflected pres
sure developed by a detonation wave propa-
gating through hydrogen-oxygen mixtures at
atmospheric presure and 18° C. .

BLAT PRESUR

The pressures produced by a deflagration or
a detonation are often sufcient to demolih an
enclosure (reactor, buidig, etc.). As note, a
deflagration can produce presure rises in exces
of 8: 1 , and presur rises of 40: 1 (reflecte
pressure) can accompany a detonation. As
ordiary structures can be demolihed by pres
sure dierentials of 2 or 3 psi, it is not surnsng
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that even reinforced concrete structures have
been completely demolished by explosious of
near-limit flammable mixtures.

Jacobs and coworkers have studied the dam-
age potential of detonation waves in great detail
(91,170). They have considered the principles
involved in rupturng of pipes and vessels by
detonations and the relevauce of engineering
and metalurgical data to explosions. More
recently, Randall and Ginsburg (171) have in-
vestigated bursting of tubular specimens at
ordinary arid reduced temperatures. They
found that the detouation pressure requied to
burst such specimens was, in general, slightly
higher than the corresponding static-bursting
pressiie. Ductility of the test specimen ap-
peared to have little effect on the bursting
pressure, but ductility increased the streugth
of. pipes containing notches or other stress
raIsers.

When a detonation causes an enclosure to
fail, a shock wave may propagate outward at a
rate determined by characteritics of the
medium through which it is transmitted, aud
the available euergy. If the shock velocity, V,
is known, the resulting overpressure, (P-P,),
is given by the expression (204)

p-p,=p,("y2\J(~ -lJ (11)
where "y is the ratio of specifc heats, and a is the
velocity of sound in the medium through which
the shock wave passes. The approxiate
damage potential can be assessed from the data
in table 1 (217).

In conducting experients in which blast
pressures may be generated, special precautions

must be taken to protect the personnel and
equipment from blast and missiles. Browne,
Hileman, and Weger (16) have reviewed the
design criteria for suitable barrcades. Other
authors have considered the design of suitable
laboratories aud structures to prevent frag-
ment damage to surrounding areas (44, 174,
203,220).

TABLE 1.-Conditions oj jailure oj peak over-
pressure-sensitive elements (217)

Approx-
imate

incident
Structural element Failure blast

over-
pressure

(psi)

Glass widows, large Usually shattering, O. &-1. 0
and small. occasional frame

failure.
Corrugated asbestos Shatterig. 1. 0-2. 0

siding.
1. 0-2. 0Corrugated steel or Connection failure,

alumin urn panel- folio wed by buck-
ing. ling.

1. 0-2. 0W Dad siding panels, Usually failure 00-
standard house curs at main coll-
construction. nections, allowing

a whole panel to
be blown in.

Concrete or cinder- Shattering of the 2. 0-3. 0
block wall panels, wall.
8 or 12 inches
thick (not rein-
forced) .

Brick wall panel, 8 Shearing and flexure 7. 0-8. 0
or 12 inches thick failures.
(not reinforced).



PREVENTIVE MEASURES

INTlG
In principle, a gas explosion hazard can be

elinated by removi either al flammable
mixtures or al igntion sources (23, 240).
However, this is not always practical, as many
iudustrial operations requie the presence of
flammable mixtures, and actual or poteutial
ignition sources. Accordigly special pre-
cautions must be taken to minize the damage
that would result if an accidental igntion were
to occur. One such precution involves the
use of explosive actuators which attempt to
add inert mateal at such a rate that an
explosive reaction is quenched before structural
damage occur (70, 72). Figue 17 shows how
the presure varies with and without such
protection. I n the latter cas, the presure
rie is approximatey a cubic function of time,
as note earli er. In the former case, inert is
added when the presure or the rate of presure
ri exceeds a predetermined value. Thi
occur at the time t, in fiure 17 when the
explosive actuators function to add the inert.
As noted, the presure increa momentarily
above the value found in the unprotected
case and then fals rapidly as the combustion
reaction is quenched by the inert.

FL ARSTORS AN REL
DIAHRGMS

Inert atmospheres must be use when not
even a smal explosive reaction can be wlerated.
However, when the ignition of a flammable
miture would create little hazard if the burng
miture were vente, flame arreswrs and relief
diaphragms could be used effectively. The
design of such systems is determned by the
size and strength of the confini vessels, ducts,
etc.

In recent studies of the effciency of wie
gauze and perorated block arreswrs (161, 162),
Palmer found the velocity of approach of the
flame to be the major factor iu detemining
whether flame pasd through an areswr_ For
these two types of areswrs, he found the
critica approach velocity to be

V' = 1.75k(T.-T.),
mO-'Qlx, (12)

and

V_9.6kA't(T.-T,),
d'Qfx, (13)
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FioURE 17.-Presure Varation Following Igntion of
.e Flammable Mixture in Unprotected and Protected
Enclosures.

where k is the thermal conductivity of the gas;
m is the mesh width; T. is the mean bulk tem-
perature of the flame gas through the arestor;
T, is the initial tepeature of the arestor; Q is
the heat lost by unit area of flame; x, is the
thickness of the flame propagating at the burn-
ing velocity, S; d is the diameter of an aperture;
A' is the area of a hole in unit area of the
areswr face; and t is the arestor thicknes.

Equations (12) and (13) can be usd to
determie the mesh width or aperture diam-
eter needed to swp a flame having a particul
approach velocity. In practice, application of
these equations asumes a knowledge of the
flame speed in the system of inteest. Some
useful data have been made avaiable by
Paler and Rasbash and Rogowski (172, 173),
as wel as by Jost (118) and Lewis and von Elbe
(l.~O).

Tube bundles also may be used in place of
wie screens. Sctt found that these pemit
increasd aperture diameters for a given ap-
proach velocity (192).

lu practice, it may be desirable to instal
pressure relef vents - to lit damage to duct
systems where flame may propagate. Rasbash
and Rogowski (173) found that with propane-
aud pentane-air mitures, the maxum pres-
sure PM (pounds pe square iuch) devel0i.ed in
an open-.nded duct, haviug a cross section of
1 ft is:
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L L
PM=0.07 v' and 6~ D ~48, (14)

where ~ is the ratio of duct length to diameter.
However, the presence of an obstacle (bend,
constriction, etc.) in the path of escaping
gases' increased the pressure due to resistance
to flnid flow by the obstacle. Location of a
relief vent near the ignition source decreased

the maxium pressure as well as the flame
speed. For values of K (cross-section area
of duct/area of vent) greater than 1, these
authors found

0.8K~PM~1.8K, (15)
Lwhere 2~K~32, and 6~D~30. To keep the

pressure at a minium either many smal
vents or a continuous slot was reco=ended
rather than a few large vents. In addition,
vents should be located at positions where
ignition is likely to occur and should open
before the flame has traveled more than 2 feet.

When possible, relief vents should be used
with flame arrestors. The vents tend not only
to reduce the pressure within a system following
ignition but also to reduce the flame speed,
thus making al arrestors more effective. Un-
fortunately, in certain large applications (for

example, dryig ovens), it is diffcult to use
flame arrestors effectively. In such cases,
greater reliance must be placed on the proper
functioning of relief vents. Si=onds and
Çubbage (42, 43, 195) have investigated the
design of effective vents for industrial ovens.
They found two peaks in the pressure records
obtained durng the venting of cubical ovens

(fig. 18). The fist peak, Pi; the oven volume,
V; the factor, K; and the weight per unit
area (lb/ft') of relief, w, were related as follows
for a 25 percent town gas '_air mixture'

Pi vi/'=1.8kw+1.57. (16)

More generaly,

Pi vi/'=S,(0.3Kw+0.4), (17)

where S, is the burning velocity of the mixture
at the oven temperature.

The fist pressure lulse was ascribed to the
release and motiou 0 the relief vent following
ignition; the second pulse, to continued burn-
ing at an increased rate. The second pulse
represents the pressure drop across the vent,

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

For smaland it is thus proportional to K.
values of K it was found that

P,=K. (18)

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

P2

1
lJ
0:::(j(jlJ
0:
Q.

ELAPSED TIME .

FIGURE 18.- Pressure Produced by Ignition of a
Flammable Mixture in a Vented Oven.

In designing explosion reliefs for ovens, Sim-
monds and Cubbage pointed out that (1) the
reliefs should be constructed in such a way that
they do not form dangerous missiles if an explo-
sion occurs' (2) the weight of the relief must be
smal so th~t it opens before the pressure buids
up to a dangerous level; (3) the areas and posi-
tions of relief openings must be such that the
explosion pressure is not excessive; (4) sufcient
free space must be utilzed around the oven to
permit satisfactory operation of the relief and
minize rik of burns to personnel; and (5)
oven doors. should be fastened securely so that
they do not open in the event of an explosion.

Burgoyne and Wilson have presented the
results of an experimental study of pentane
vapor-ai explosions in vessels of 60- and 200-
cubic-foot volume (30). They found the rates
of pressure rise greater than could be predicted
from laminar burning velocity data, so that the
effect of a relief area in lowering the peak
pressure was less than expected. All experi-
ments were conducted at an initial pressure of
1 atmosphere. Vent data for use at higher
initial pressures are summarized in an article
by Block (10); a code for desig:ning. pres~ure
relief systems has been proposed II this article.
Other authors have considered the effects of
temperature and characteristics of the flam-
mable mixture on vent requiements (14, 35,
38,45,46, 134, 11¡, 168, 221).



FLAMBILITY CHARCTERISTICS
The flammabilty data (lts of flama-

bility, flash point, igntion temperature and
burnig velocity) of the varous chemical fam-
ilies exhibit many siarities. Accordingly,
the data presented here are grouped under the
various commercialy important famies, blends,
and miscelaneous combustibles.

PAR HYROCARONS
(CnHin+i)

Limts in Ai
Lower and upper lits of flamabilty at

250 C (or at the temperature noted) and 1
atmosphere (L, and U,.) for many member of
the parafn hydrocarbon series are given in
table 2, together with the molecular weight, M,
vapor specic gravity, sp gr, stoichiometrc
composition in ai, 0" (appendix B) and heat
of combustion, ti, (183). At room tempera-
ture and atmospheric or reduced pressure, the
lower lits of flamabilty of most of this
seres fal in the range from 45 to 50 mg com-
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bustible vapor per liter of ai a.t standard con-
. ditions, that is, 0° C and 760 mm Hg (0.045 to
0.050 oz combustible vapor per cubic foot of
ai) (247). Thi is ilustrate in fiure 19 in
which some lower limts of flamabilty are
plotted against molecular weight; except for
methane, ethane, and propane al liit values
fal iu a band between concentra.tions of approx-
imately 45 and 50 mgll.

The following expresion may be used to
convert from a lower lit L in volume-pecent
of vapor in the vapor-ai mixture to one in
miligrams of combustible, per lite of ai at
standard couditions:

L (mg) L (vol pct) ,1 ¡ioO-L (vol pct)l(sp vol i:g) (19)

specifc volume being volume of combustible
vapor"per milgram of combustible. At stan~
ard conditions (0° C and 760 mm Hg) thi Î$
about 22.414/1 ,OOOM, wher M is the molecular

o

-- - x-x_x
)C x

x

/50 mg/l

100 120 140
WEIGHT, grams/male

FIGURE 19.-Effect of Molecular Weight on Lower Limits of Flammability of Paraffn Hydrcarbons at 25° C.

20
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TABLE 2.-Properties oj paraffn hydrocarbons

Lower lit 1n ai Uppe lit in air
Netl1H.

Sp gr e..
(~~)Combiitible Formula M (Alr~l) lnm L,. L U. U. U

(vol pet) (vol L,.
(";)

Ref. (vol C., (";)
Ref.

I.
pet) C; pel)-------

Methane.___n___________ CH4____________ 16,04 0.55 9.48 191.8 5.0 0.53 38 (,0) 15,0 1.6 126 (40)
Ethane________n________ CJH6_._~________ 30.01 UK 5.65 341.3 3.0 .53 41 (,0) 12." 2.2 190 W)
Propane. _.______nn___' CaHs____________ ".09 1.52 '.02 48.5 2.1 .52 .2 (116) 9.5 2.' 210 (4)
n-Butane. ___un___un_ C4HIO_____nn__ 58.12 2. oi 3.12 635. " l.S .58 48 (m) 8. 2.7 Wl (41)
n-Pentane_______ _ __ __un C~Hu___________ 72.15 2.49 2.55 782.0 1. .55 .. (40) 7.8 3.1 270 (,0)
n-Hexane_____n__________ C6Hu_________n 86.17 2.98 2.16 928.9 1.2 .56 .7 ('46) 7. 3.' 310 (40)
n-Heptane_ _ _ _______u___ C7Hi6___________ 101J.2O 3. .. 1.87 1075.8 1. 05 .56 .7 (.,6) S.7 3.6 320 (40)
n-Octane_ _._ _ ___________. CaHiB.,.______n 114.23 3.94 1.65 122.8 .95 .58 " (',6) -----.-- ---.-.-. _.____n ~-----
n-N onane_ _ ___ _ __ __~~____ CgH2(___________ 128.25 .. .. 1.47 1369.7 , .85 .58 " (',8) n_n_
n-Decane_ _ _______n_____ CloH~~._.________ 142.28 4.91 1.33 1516.6 , .75 .56 48 (',8) '5.6 4. 380 ------
n- Undecane_~_ _ __ __ _ _ _ n_ CiiHu___________ 156.30 5.40 1.22 1663.6 .68 .56 48 (0) -----~-- ---~~.-~ _~~~~_n n_n_
n-Dodecane_______n_____ CI~H~e___________ 170. 33 5. B8 1.12 1810.5 .60 .54 .. (0) _~__n_~ -~~.~.~~ ~.~~~_h _n___
n-Tridecane____ __________ C13H~8___________ 184.36 6.37 1.04 1957.4 .55 .53 46 (0) -~-~-~~~ ------~- ~_._._h nn._
n-Tetradecane______u___ CHH:io___________ 198.38 8. B5 .97 21043 .50 .52 .. (0) -~-~-~~- .~~---~- ._____h __nn
n-Pentadecane _ __________ CI~Hi~________~__ 212.41 7.33 .90 2251.2 .46 .51 .. (0) -~-----~ ~---~--- -------- ------
n-Hexadecan__n________ CleHsl____~______ 22. .. 7.82 . B5 2398. 2 . .. .51 .. (0) __~_h__ -------- -------- ------

It=43° C.
it=53°C.
It=86°C.

weight of the combustible. Since L (vol pct)
of most members of this series is much less than
100 percent, the lower liit can be expressed
as

L (~g)"'0.45ML (vol pct). (20)

At any specifed temperature, the ratio of
the lower limit to the amount of combustible
needed for complete combustion, 0", also is
approxiately constant. This was fist noted
by Jones (95) and later by Lloyd (133), who
found that for paraffn hydrocarbons at about
250 C,

L". "'0.550". (21)

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

CnH'n+-+ (l.5n+0.5)O,--CO,+ (n+ l)H,O,

(22)
so that in air

100
0"~1+4.773(1.5n+0.5) vol pct, (23)

where 4.773 is the reciprocal of 0.2095, the
molar couceutration of oxygen in dry air. The
values of 0" (appendix B) are included in table
2. By weight these become

c" 1,000(12.01n+ 1.008(2n+2)J mg, (24)

22.414X 4.773(1.5n+0.5) 1

or

C =934 ri4.03n+2.02J mg. (25)
" . L 1.5n+0.5 1

Thus,
0,,"'87 mgj1, n;?4. (26)

l Calculated value erlpolate to 25° C at Explosves Res. Center.
Federal Bureau of Mies.

Combining this equation with equation
we have

(21),

(27)L".(mgj1) ",48 mgj1,

for paraffn hydrocarbons, except methane,
ethane, and propane. Substitution of thi
value intS equation (20) gives

107L".(vol pet) '" M. (28)

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

M r L (vol pct) JL(FjA)=28.96 LiOO-L (vol pet) . (29)

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

L(AjF) 
= 28.96 r 100 1J. (30)

M LL (volpct)

As noted, the lower limts given in figue 19
were determied at room temperature and at-
mospheric or reduced pressure. Lower lits
vary with temperature as shown for methane in
figue 20. The liit values obtained with up-
ward propagation of flame (21) fall faily close
to a straight line that passes through the lower
lit value at 250 C and the flame temperature

(12250 C). This is in accordance with the
W'te criterion that the flame temperature is
constant at the lower lit (222). The data
obtaied by Whte with downward propagation
of flame fal along a lie paralel to the lie
through the limit values obtained with upward
propagation. Takg the value 1,3000 C as
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FIGURE 20.-Effec of Temperature on Lower Limit of Flammabilty of Methane in Air at Atmospherc Presure.

the approxiate flame temperature for the
paraf hydrocarbon series (55), and using the
lower limit values at room temperature in table
2, the lits of the fist 10 paraf hydrocar-
bons are represented as in figues 21 and 22.
FigUe 21 gives the lower limts in volume-per-
cent and figue 22 in miam per liter. By
weight, the lower lits of most members of
this series again fal in a faily narow band
("higher hydrocarbons" region). Individual
adiabatic flame temperatures can be determied
for lower lit mitures using the data in table
2 and appendi 0 (55).

The straight lies of figues 21 and 22 are
given by:L L L... ( 0 (

.= ,,' (1,3000-250) t-25 ), 31)
or

LL1 =1-0.000784(t-25°).,,'
(32)

plot of L.lL". against the temperature (fig. 23,
solid lie).

These data are alo correlated faily well with
the modied Burgess-Wheeler Law suggested
by Zabetak, Lambiris, and Scott (242):

L.=L".- ~ (t-25°), (33)

where t is the temperature in °0 and !:, is the
net heat of combustion in kiocalories per mole.
Then,

L. =1 0.75 (t-25°). (34)
L". L....!:,

Substituting the value 1,040 for L...!:, ob-
tained by Spakowski (201), we have

LL. =1-0.00721(t-25°),,,'
(35)

which is alo given in figue 23 for a. lited

They are described in more general ter by a. temperature range with the broken lie.
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FIGURE 21.-Effect of Temperature ,on Lower Limita of Flammabilty of 10 Paraffn Hydrocarbons in Air at

Atmospheric Pressure.

Only the lower limit at 250 C and atmospheric
pressure is needed to use figure 23. For exam-
ple, assuming a constant flame temperature, the
ratio LJL"o at 600° C is 0.55. The calculated
lower limit of methane at 6000 C therefore is
5.0XO.55, or 2.75 volume-percent. The same
value can be obtained diectly from figure 21.
From the modified Burgess-Wheeler Law curve,
L,jL,,0=0.585 at 600° C, so that L600=2.92
volume-percent.

Limit-of-flammability measurements are com-
plicated by surface and vapor-phase reactions
that occur at temperatures above the auto-
ignition temperature. For example, Burgoyne
and Hirsch (25) have shown that methane-ai
mixtures containing up to 5 percent methane
burn readiy at 1,0000 C. Experients were
conducted with mixtures containing as little as
0.5 percent methane; figure 20 predicts that a.
flame would not propagate through such a
mixture.

Flammability experients at elevated tem-
peratures indicate that in the absence of cool

flames (87, 88), the upper lit also increases
linearly with temperature. The effect of
temperature appears to be faily wel correlated
by the modied Burgess-Wheeler law:

U ,=U"o+ r; (t-25°). (36)

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

UU, =1+0.000721(t-25°). (37)25

A plot of U,IU"o agait temperature (fig. 24)
was used to compare recent experiental values
of Rolingson and coworkers (182) for methane-
ai mixtures at 15 psig with those predicted by
the modifed Burges-Wheeler law. The exper-
mental and calculated upper lits are given in
table 3 together with the dierence, U'al.-
Uoxpe,. In each case, the dierence is less than
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FIGURE 22.-Effect of Temperature on Lower Limits of Flammabilty of 10 Para1 Hydrocarboii in Air atAtmospheric Presure by Weight. '

4 percent of the experiental value, which is
approxiately within the lit of experiental
eror. Earlier experients of Whte (222) at
temperatures to 4000 C, with downward flame
propagation, also are represented quite ade-
quatey by equation (37). For example, Whte
found that the upper lit of pentane in ai

(downward propagation) increased liearly from
4.50 volume-percent at about 170 C to 5.35
volume-percent at 3000 C. The ratio of 5.35:
4.50 is 1.17, which compares quite well with
U3ooo1U,,0 "" 1.20 obtained from fie 24.

. Given the vapor pressure cure and the lower
limit of flamabilty, the lower temperature
liit or approxiate flash point of a combustible
can be calculated from either equation (32) or
(35) (218). Approxiate flash points were
obtained previoiiy, usng only the vapor
pressure curve and the lower lit at ordinary
or elevated temperatures (154). The values
obtained with thi procedure are somewhat
low because the lower liit at any temperature
above the flash point is less than at the flash

point. The lower temperature lits of parafl
hydrocarbon at atmospheric pressure are given
in table 4.

TABLE 3.-Upper flmmabiity limits, U, oj
melha1uHiir mi:ures at 15 psi

Tem~rature Ue..p~i (vol Ueale (vol U"alti-Uøiier
( 0) percent) percent) (vol percent)

25_ _ _ _ __ ___ 15.5 15.5 0
100________ 16.3 16.4 .1
200__ _ __ _ __ 17.0 17.5 .5
300________ 17.9 18.6 .7

i (1B1).

Moderate chann:, in presure do not ordi-
nary affect the . ts of flamabilty of the
paraffns in ai, as shown in figure 25 for pen-
tane, hexane, and heptane in ai (241) il a
range from 75 to 760 mm Hg. The lower lits
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TABLE 4.-Lower temperature limits and autoii?nition temperatures of paraffn hydrocarbons at
atmospheri pressure

Autoigntion temperature

Lower temperature limit
In air

In air In oxygen

"C "F Ref. "C "F Ref. "C " F Ref.

11ethane__ _ _ _ _ _ _ _ __ _ _ _ ___ -187 -305 (1) 537 999 (158) -------- -------- --------
Ethane_ _ __ __ __ _ _ _ _ _ __ _ __ -130 -202 (1) 515 959 (237) 506 943 (94)
Propane_ _ _ _ _ _ __ __ _ ___ ___ -102 -152 (1) 466 871 (158) -------- -------- --------
n-Butane_ _ _ _____________ -72 -96 (1) 405 761 (237) 283 542 (191 )
Isobutane__ __ _ _ __ __ _ -- - -- -81 -114 (1) 462 864 (158) 319 606 (94)
n-Pentane_ _ _ _ _ _ _ _ _ - -- --- -48 -54 (1) 258 496 (194) 258 496 (144)
n-Hexane_ _ __ __ __ __ _ - - -__ -26 -15 (159) 223 433 (194) 225 437 (94)
n-Heptane_ _ _ ____ __ -- ---- -4 25 (159) 223 433 (237) 209 408 (94)
n-Octane_ _ _ _ _ _ __ __ -- ---- 13 56 (159) 220 428 (237) 208 406 (191)
n-Nonane__ ___ _ _ __ __ __ ___ 31 88 (159) 206 403 (237) -------- -------- --------
n-Decane_ _ ___ __ _ _ __ _ _ ___ 46 115 (159) 208 406 (237) 202 396 (94)
n-Dodecane_ _ __ _ _ ____ ____ 74 165 (159) 204 399 (237) -------- -------- --------
n-Hexadecane_ _ _ __ __ _____ 126 259 (1) 205 401 (237) -------- -------- --------

1 Caculated value.
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F,OUR.. 23.-Effect of Temperature on L,/L,,' Ratio of Paraffn Hydrocarbons in Air at Atmospherie Pressure.
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1.4 Neither expression is applicable when cool
flames are obtained. Substitution of equation

(21) for Lw into equation (39) gives

1.3
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1.0
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FIGURE 24.-Effect of Temperature on U,/U,,' Ratio
of Paraffn Hydrocarbons in Air at Atmospheric
Pressure in the Absence of Cool Flames.

coincide, but the upper limts, by weight,
increase with increasing molecular weight.

By volume, at atmosphenc pressure and 250
C, Spakowski (201) found that the upper and
lower limits were related by the expression:

U'fP=7.1IJ.'f. (38)

However, the data presented here are correlated
n;ore precisely by a somewhat sipler expres-
sion:

zo
!;e:t-
Z ~w.-u "'z..o~u"-
W b(
~ Ea:
¡:
en::
a:
:2ou

400

300

200

100

o

U".=6.5 ..L,fP' (39)

U,..=4.8 ";0". (40)

The lits of flamabilty of natural gas
(85-95 pct methane and 15-5 pct ethane)
have been determned over an extended pres
sure range by Jones and coworkers (78, 105).
They are given in figure 26 for pressures from
1 to 680 atmospheres (10,000 psig). An
analysis of these data shows the lits var
liearly with the logarthm of the initial
pressure. That is,

L (vol pct)=4.9-0.71 log P (atm), (41)

and

U (vol pct),=14.1+20.4 log P (atm), (42)

with a standard error of estimate of 0.53 vol
pct for Land 1.51 vol pct for U.

Although the limts of flamabilty are not
affected signicantly by moderate changes in
pressure, the temperature limts are pressure
depenpent. As the total pressure is lowered,
the partial pressure of the combustible must
also be lowered to maintain a constant com-
bustible concentration. The effect of pressure
on the lower temperature lit of the normal
paraffns pentane, hexane, heptane, and octane
in ai, for pressures from 0.2 to 2 atmospheres,

~ ~',-~ .o I
Hexane/

~
o

/Heptane, ~

Pentane

~
II

,.

u

Flammable mixtures

OfO o 0 o: ~

100 200 600 700 800300 400 500
INITIAL PRESSURE, mm Hg

FIGURE .25.-Effect of Pressure on Limts of Flammabilty of Pentane, Hexane, and Heptane in Ai at 26" C.
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FIGURE 26.-Effeet of Pressure on Limits of Flammabilty 
of Natural GaB in Air at 28° C.

is shown in figure 27. The temperature limits
were c.alculated from the L"o values, the vapor
pressure curves, and the data of figure 23.

Limits in Other Atmospheres

Limits of flammability of some paraffn hy-
drocarbons have been determined in oxygen,
chlorine, and oxides of nitrogen, as well as in
mixtures of air and various inerts. The lower
limi ts in oxygen and in a wide variety of
oxygen-uitrogen mixtures are essentialy the
same as those in air at the same temperature
and pressure (fig. 10). Limit-of-flammabilty
measurements by Bartkowiak and Zabetakis
for methane and ethane in chlorine at 1, 7.8,
and 14.6 atmospheres, ranging from 25° to 2000
C, are summarized in tables 5 and 6 (8).

Coward and Jones (40) have presented
g:aphically the limits of flammability of the fist

six members of the paraffn series in air con-
taining various inerts, based on a representa-
tion found useful in some mining applications
and treating inert gas or vapor as part of the

TABLE 5.-Limits oj flmmability oj methane in
chlorine

(volum.percent)

Temperature, Q C

Pressure, Limits
psig

25 100 200

0____________ tLowern_- 5.6 3.6 0.6
Upper ____ 70 66 --------

100__________ tLoWer---- -------- 2.4 .6
Upper____ 72 76 77

200______ _ -- - tLOwer---- -------- -------- --------
Upper____ 73 72 75

I

atmosphere with which the combustible is
mixed. The composition of a point on such a
diagram, except one that represents only com-
bustible and air, cannot be read diectly.
Iustead, one must determine the composition
of the atmosphere, add the combustible con-
tent, and then compute the total mixture com-
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TABLE 6.-Limits oj flammaóüity oj ethane in
chlorine

(volume-percnt)

Pressure, Limits
Temperature, 0 C

psig
25 100 200

0_________"__
iLower ----

6. I 2.5 2.5
Upper____ 58 58 --------

100_______.___
iLower_n-

3.5 i. 0 i. 0

Upper____ 63 75 82
200__________

iLower----
-------- -------- --------

Upper____ 66 73 76

position. This has been done for methane
through hexane (figs. 28-33). Compositions
are determined directly from the abscissas (inert
concentration) and ordinates (combustible con-
centration) ; the air in any miture is the differ-
ence between 100 percent and the sum of inert
and combustible. Data of Burgoyne and
Wilams-Leir for methane-methyl bromide
(MeBr)-air and methane-carbon tetrachloride-
air mixtures are included in figure 28 (29).

2

Unfortunately, the methane-methyl bromide-
air data were obtained in a l%-inch tube.
Although satisfactory for methane and other
hydrocarbons, thi tube is apparently not
satisfactory for many of the halogenated hydro-
carbons. Thus a recent industrial explosion
involvig methyl bromide prompted Hil to
reconsider the fla=abilty of methyl bromide
in ai (84). He found that methyl bromide was
not only flamable in air but that it formed
flamable mixtures at 1 atmosphere with a
wider varety of concentrations than Jones had
reported (96). Thi would suggest that there
is no justifcation for the assumption that
Jones' flamabilty data for methyl bromide
were influenced by the presence of mercury
vapor (196). Hil's lit values at atmospheric
pressure are included in figue 28 and are used
to form the appr~xiate, broken, flamabilt;r
curves for the methane-methyl bromide-air
system.

Data of Moran and Bertschy for pentane-
perfuoropropane-ai, pentane-sulur hexafluo-
ride-air andpentane-peruoromethane-ai mi-
tures are included in figue 32 (147). Data by
Burgoyne and WilaiLeir for hexane-methyl
bromide-air and hexane-Freon-12' (F-12;
CF,CI,)-air mixtures have been included in
figu9 33. These data were al obtained in
1Ys-inch-diameter tubes. An investigation of
f1a=ability of hexane-methyl bromide-ai
mixtures in a 4-inch tube indicated that an in-
crease in tube size (from 1 %-inches to 4-inehes
ID) resulted in a narowing of the flamable
range; the upper lit deceased from 7.5 to
5.7 volume-percent n-hexane vapor in air whie
the lower limit remained constant. The
amount of methyl bromide requied for extic-
tion decreased from 7.05 volume-percent in the
1 %-inch tube to 6.0 -volume-percent in the 4-
inch tube. However, again thi is not in line
with the results obtained by Hi with methyl
bromide-air mixtures (84). Accordily, whie
the data obtained in approxiately 2-inch tubes
were used to construct figure 33, the Hil data,
obtained in a larger apparatus, are alo used to
form the approximate, broken, f1a=ability
curves for the hexane-methyl bromide-ai
system.

The limts of flamabilty diagrams for the
system n-heptane-water vapor-air at 1000 and
2000 C (fig. 34) show the effects of temperature
on a system that produces both normal and
cool flames at atmospheric pressure (192). In-
terestingly enough, the minium oxygen re-
quiement for flame propagation (Min 0,) at
2000 C is the same for the cool and normal
flame regions in this instance. Further, the
decrease in minimum oxygen requiements

l Tra.de names are used for identtßcation Only; thi doe Dot imply
. endorsement by the Bureau of Mines.
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FIGURE 28.--Limits of Flammabilty of Various Methane-Inert Gas-Air Mixtures at 25° C and Atmospheric
Pressure.

(from 13.5:1 0.3 volume-percent at 100° 0 to
12.8:10.3 volume-percent at 2000 0) is within
the range predicted by the modifed Burgess-
Wheeler law (equation 35 and fig. 23). How-
ever, the available data are too meager at
present to permit a realistic evaluation of the
validity of this law.

Inspection of the limit-of-flammability curves
in figures 28 to 33 reveals that except for
methane and ethane, the minium amounts of
carbon dioxide aud nitrogen required fòr flam.e

extinction (peak values) at 250 0 and atmos-
pheric pressure are about 28 and 42 volume-
percent, respectively. The ratio of these values
is approximately inversely proportional to the
ratio of their heat capacities at the temperature
at which combustion occurs. Accordingly,
generalized flammability diagrams of the type

given in figure 35 can be constructed for the
higher hydrocarbons, ignoring the presence of
cool flames. Such diagrams do not appear to
be applicable to the halogenated hydrocarbons
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since these materials tend to decompose even
in flames of limit-mixture composition and, as
noted, may themselves propagate flame. Cole-
man (37) has found that the ratios of the peak
values of a halogenated hydrocarbon are uot
constant but are proportional to the heats of
combustion of the combustibles to which the
halogenated hydrocarbon is added.

Few data are available for the effects of
pressure on the limits of fla=ability of com-
bustible-inert-air mixtures. One such set of
data is summarzed in figure 36, which gives
the limits of flamability of natural gas
(85 pct methane 

+ 15 pct ethane) nitrogen-air
at 260 C and 0, 500, 1,000 and 2,000 psig (105).

Similar data are given for ethane-carbon
dioxide-air (fig. 37) and ethane-nitrogen-air

(fig. 38) (121), and for propane-carbon dioxide-
air (fig. 39) and propane-nitrogen-air (fig. 40)
(122). Minimum oxygen requiements for
flame propagation (min O2) through natural
gas-nitrogen-air, ethane-nitrogen-ai, and pro-
pane-nitrogen-air at atmospheric and elevated
pressures and 260 C are sumarized in figure 41.
The minium O2 values in volume-percent
are related to pressure as follows:

for natural gas:

Min. O2=13.98-1.68 
log P; (43)
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for ethane:

Min. 0,--12.60-1.36 log P; and (44)
for propane:

Min. 0,=13.29-1.52 log P; (45)

where P is the initial pressure in psia.
The lower limit of flammability of any

mixture of the paraffn hydrocarbons can be
calculated by Le Chatelier'slaw (40, 129, 235):

100 nL="-C,L;C,=100 (46)
L; -1 1~1i=iLt

where C, and L, are the percentage comv.osition
and lower limit, respectively, of the ith com-
bustible in the mixture. For example, a

mixture containing 80 volume-percent methane,
15 volume-percent ethane and 5 volume-percent
propane has a lower limit in air at 250 C and
atmospheric pressure of:

L2SfI
100

80 +~+~
5.0 3.0 2.1

4.3 vol pct. (47)

Liquid mixtures can be treated in the same way
if the relative escaping tendencies of the various
components are known. Since the paraffn
hydrocarbons obey Raoult's law (143), the
partial pressure of each component Can be
calculated as follows:

p,=p.N, (48)

where p, is the vapor pressure of the ith com-
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ponent in the blend, po is the vapor pressure
of the pure component and N, is its mole
fraction in the solution. This procedure has
been used to calculate the lower temperature
limits of decane-dodecane blends in air (fig. 42).
The vapor pressures of decane and dodecane
and the calculated low temperature limits are
gi ven by solid lines and four experiental
values by circles.

Autoignition

Two types of autoignition data are obtained
depending upon whether the obi ective is to
cause or to prevent the ignition of a combustible
in air. The first type are usually obtained at
high temperatures, where the ignition delay is
relatively short. Typical of these are the data
of Muls (153), Brokaw and Jackson (15,90),

Ashman and BücWer (6), and Kuchta, Lam-
birs, and Zabetaki (127). These are not
normally used for safety puroses, unless there
is some assurance that the contact time of
combustible and air is less than the igtion
delay at the temperature of the hot zone. The
minimum autoigition temperature (ArT) is
usually the quantity of interest in safety work,
especially when combustible and ai can remain
in contact for an indefite period.

Some AIT values for paraff hydrocarbons in
air obtained by Setc/i in a 1-liter spherical
Pyrex flask (194) and by Zabetaki, Furo, and
Jones in a 200 cc Pyrex Erlenmeyer flask
(237) are given in table 4. Interestingly
enough, experents conducted in these and
other flasks generally indicate that flask shape
and size are important in determg the AlT.
The ArT data obtained in the 200 cc flask may
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be correlated with molecular structure by
plotting them against the average carbon chai
length defied as

Lau

.
2~g,N,

¡ ,
M(M-1) (49)

where g, is the number of possible chains each
containing N, carbon atoms and M is the num-
ber of methyl (-CH,) groups. For example,
n-nonane and 2,2,3,3-tetramethyl pentane each
have 9 carbon atoms, but the former has 2
methyl groups and the latter has 6. The former
has only one chain of 9 carbon atoms with a
methyl group on each end, and the latter has
a maxium of 4 chais with 3 carbon atoms, 8
chains with 4 carbon atoms, and 3 chains with 5
carbon atoms. Thus, n-nonane has an average
chain length of 9 and 2,2,3,3-tetramethyl
pentane has an average of 3.9. The more highly
branched a combustible is, the hiher its
ignition temperature wil be. Minum auto-
igntion temperatures of 20 parafs were
plotted as ordiate against the average chai

761-928 0-65-4

length as abscissa (fig. 43). The data fall into
two regions-a high-temperature region in
which the AIT is greater than 4000 C and a
low temperature region in which the AIT is less
than 3000 C. These regons coincide with those
of Mulcahy who found that oxidation proceeds
by one of two dierent mechanms (152), and
by Frank, Blackham, and Swarts (60). The
AIT values of combustibles in the fit region
are normally much more sensitive to the oxy-
gen concentration of the oxidizing atmosphere
and to the spray injection pressure than are the
combustibles in the second region. Unfortu-
nately, the available consistent AIT data about
the effects of oxygen concentration and in-
j ection pressure are too meager to permt a
detailed eomparson.

The physical processes (206) and reactions
that lead to autoigntion are of interest in any
detaied study of thi igntion process. Salooja

(184), Terao (207), Mens, Johnon and Carhart
(1, 2), and others have studied the autoignition
of varous hydrocarbons in an effort to deter-
mie the mechanims that lead to the igntion
reaction.
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An increase in pressure genetally decreases
the AlT of a combustible in a given oxidant.
For example, the AlT of a natural gas in air
decreased from 5300 C at 1 atmosphere to 2400
C at 610 atmoslheres (9,000 psig) (78). The
AlT's of severa hydrocarbons were found to
obey Semenov's equation over a lited pressure
range (248):

where T is the AlT at an intial pressure P, and
A and B are constants. Accordigly, the AlT
values obtained at atmospheric pressure should
not be used to assess igntion hazards at high
pressures.

Burng Rate
The burg velocities, S., of varous hydro-

carbons have been measured by numerous in-
vestigators in air and other oxidants (68, 131).
At one atmosphere and 260 OJ the burgP Alog 1'= T+ B (50)



FLAMBILlT CHARACTRISTICS 43

32 68

TEMPERATURE, 
0 F

104 140 176 212 248

ti 10:i
E
E
W 5
c:::
en
en
UJ
c:a.
c:0a.

1c:;:

.5

0 20

..c
OJu~

1.2 OJc.
1.05 ci

.79
E
::
0

.53
'"

c:
.39 0a.
.26

c:;:
UJ-'
co

.13 t-
en::
co
::0u

40 60 80 100 120
TEMPERATURE, . C

~

of Flammabilty of Decane-Ai, Dodecane-Ai and Decane-Dodecane-Air
Mixtures (Experimental Points 0).

FIGURE 42.-Low-Temperature Limit

velocities of paraff hydrocarbons in air range
from a few centimeters a second near the limits
to about 45 cm/sec near the stoichiometric
miture composition; much higher values are
obtained with paraff hydrocarbon-Qxygen mi-
tures. Figure 44 gives results obtained by
Gibbs and Calcote for four paraff hydrocar-
bon-air mixtures at atmospheric pressure and
room temperature (68). The data are ex-
pressed in term of the stoichiometric composi-
tion, C,,; buring velocities are given for the
composition range from 0.7 to 1.4 C". These
authors have presented simar data for com-
bustibles at 25° and 1000 C. Figure 45 gives
results obtaied by Singer, Grumer, and Cook
for three paraff hydrocarbon-Qxygen miures
at atmospheric pressure and room temperature
in the range from 0.3 to 1.4 C" (198). Burnig
velocities range from a low of 125 cm/sec to a
high of 425 cm/sec; these values are consider-
ably greater than those obtained in air. A
change in either temperature or pressure wi
alter Su for a particular miure. For example,
Agnew and GraIf (3) found that an increase in
pressure causes Su of stoichiometric methane-air
and propane-air mitures to decrease in the
pressure range from 0.5 to 20 atmospheres (fig.
46) ; Su of stoichiometric methane-Qxygen mi-
tures, however, increased in the pressure range

from 0.2 to 2 atmospheres (fig. 47). The effect
of temperature is more consistent. For a given
pressure and miture composition, an increase
in temperature raises Su' In general:

Su=A+BT" (51)

where A and B are constants, T is the tempera-
ture and n is a constant for a particular miture
composition. Dugger, Heimel, and Weast
(50, 51, 81) obtained a value of 2.0 for n for
some of the paraff hydrocarbons. (fig. 48).
The burning velocity of the stoichiometric
methane-air and methane-Qxygen miures given
in figues 44 and 45 do not agree with the values

given in figues 46 to 48 but, in each case, the
burning velocity data are internally consistent.

The actual flame speed relative to a fied
observer may be much greater than Su since
the burned gases, if not vented, wi expand and
impart a motion to the flame zone. If detona-
tion occur, the reaction speed increases mark-
edly. For example, figure 49 gives the Kogarko
data on velocities with which a detonation wave
propagates through varous methane-air mi-
tures at atmospheric ¡,resure in a 30.5 cm-
diameter pipe (125). Simar results have been
obtained by Gerstein, Carlson, and Hil at low
pressures with natural gll-air mixtures (67).
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is so great that pressure waves are not sent out
ahead of the detonation front. Thus, presure
detectors that are useful in explosion preven-

tion with deflagration waves are useless with
detonations.

With liquid fuels, the burni~ rate depends
in par on the rate of vaporization and on the
pool size. Burgess, Strllser, and Gruer (20)
have shown that the liquid regression rate v is
given by

v=vm(l-e-K"), (52)

FIGURE 43.-Mliumum Autoigntion Tempertur of Paraffn Hydrocabons in Ai as a Funcon of Average
Carbon Cha Length.

In each ciie, powerful intiators were requied
to obtain a detonation in relatively large SipeS.
The energr requiements for igtion are re uced
if oxygen 19 used lI the oxidant in place of air.

Furher, the detonation velocity increases lI
the oxygen content of the atmosphere is in-
creased. Detonation velocities obtaied by
Morron for methane, ethane, propane, butane-,
and hexâne in oxygen are given in figure 50
(150); simar data obtaied by Wayman and
Potter are given in fie 51 for n-heptane-
nitrogen-white fumg nitrc acid vapors (219).
Of pricipal interest here is the magtude of
the detonation velocity; even in ai, thi velocity

where Vm is the value of v in lare pools, K is
a constant, and d is the pool diete. They
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expressed v ~ as:

v~=0.0076 ( ne~ heat of ~ombuitio?, Al, )sensible heat of vaponzation, Al,
cmlmi. (53)

Figure 52 gives a summary of the v~ values for
a number of combustibles, including several
paraffn hydrocarbons (21). Of special signif-
cance here is that ti,( ",H, is nearly constant

(about 100) for the paraffn hydrocarbons, so
that their linear burning rates in large pools
are all about % cm per minute.

UNSATUTE HYDROCARBONS
(C.H,., CnH2n-,)

Limts in Ai
The molecular weight, specifc gravity, and

other properties of the hydrocarbons consid-
ered here are included in table 7. At room
temper!'ture and atmospheric pressure, the

lower lits of flammabilty of the olefi.
(CnH,.) excluding ethylene fall in the range
from 46 to 48 mg combustible vapor per liter
of air (0.046 to 0.048 oz combustible vapor per
cubic foot of air). .

The effect of temperature on the lower liit
of flammabilty of ethylene in air at atmospheric
pressure, assuming a constant liit flame
temperature, is shown by the cure labeled
"Upward propagation of flame" in figue 53.
Unfortunately, only downward flame propaga-
tion data are available over an extended tem-
perature range (222); these are included in
figue 53. As in the case of similar data ob-
tained with methane, these defie a straight
line parallel to the "Constant flame tempera-
ture," "Upward propagation of flame" line.
Again, the modifed Burgess-Wheeler law,
equation (33), gives a variation in lower liit
with temperature that is close to that given by
the "Constant flame temperature" line, so that
either could be used at temperatures below the
AIT of ethylene (4900 C). Moreover, as the
limit flame temperatures of olefis are not too
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TABLE 7.-Properties of unsaturated hydrocarbon

Lower limit in ai Uppe limit in ai

Sp or c., NetAH.
Combustible Formul M (Air-I) in ai 

(Kes')
L" L" L Uu Uu U

(vol pet) mole (vol -- ('¥)
Ref. (vol -- (;')

Ref.

pct) pct)-------
Ethylene..___ _________ --- CIHl__~_________ 28. Oõ 0.97 ..53 316.2 27 0.41 3l (11) 3S ... 70 ¡!6)

Propylene______ .-- --~---- C3He.___n______ 42.08 I. .. 4. .. 460.4 2.' . M '" (101) II 2. 210 jD)

Butene-L_n__________n_ CtBi____~____~__ .s6.10 i... 3.37 &Y.7 i.7 .60 .. (,) ..7 2.. 270 (')

cia-Butene-2_-- _____n _u_ C£s____________ 56.10 I... 3.37 60.0 I.. .53 ,.
¡fo

..7 2.. 270 (jD)

lsobutylene_ _ ______~__n_ ClH8_____~______ 56.10 I... 3.37 60.1 i.. .53 ,. ... 2.S 20 ¡")

3-Metbyl-butene-Lm--- C6H1O________~__ 70.13 2.42 272 752.3 1. .55 ,. (jD) ..1 3.3 310 jD)----
Propadieneu.____ -------- CaBl____________ 40.06 1.38 01.97 443: 7 2.. .53 ,. (')

\,3-Butadiene_________n_ ClBs____________ .. 00 1.87 3.61 576.3 20 .M ,. (10') 12 3.3 320 (.8)

1 Figues compiled at Explosive Res. Center, Federal Buru of Min.
i Calcuted value.
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diferent from those of paraffn hydrocarbons,
the generalized graph for Li/L"o (fig. 23) can be
used for these unsaturated hydrocarbons.
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FIGURE 50.-Detonation Velocities of Methane~,
Ethane-, Propane-, Butane-, and Hexane-Oxygen
Mixtures at Atmospheric Pressure.
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Lits in Other Atmospheres

The liits of flamabilty of ethylene, propy-
lene, isobutylene, butene-1, 3 methyl butene-1,
and butadiene in various inert-ai atmospheres
h~ve been determined by Jones and coworkers

4

Modifed BurgesWheeler Law

Upward propagan
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FlGURE 53.-Effect of Temperature on Lower Limit of
Flammabilty of Ethylene in Ai at AtmosphercPTessure. .
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FIGUR 54.-Limt. of Flmmabilty of Ethylene-
Carbon DioxIde-Ai and Ethylene-Nitrogen-Ai
MIture. at Atmosphero Presure and 26° C.

300

(100, 101, 103), (figs. 54-0). The fit two
figues are modications of the lit--
flamabilty diagram given in (40); the thid
is essentialy the same as that given in the earlier
publication but includes the experiental
points. The other curves were constructed
from orial, unpublihed data obtaied at
the Explosives Res. Center, Federal Bureau of
Mines.
Other limit-f-flamabilty determations

have been made in oxygen and nitrous oxide.
These data are included in table 8 (40, 100, 106).

Autoignüon

There have been few determinations of AlT's
of the unsaturated hydrocarbons in air or other
oxidants; the available data (94, 116, 191) are,

sumared in table 9.
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FIGURE 55.-Limits of Flammabilty of Propylene-Carbon Dioxide-Air and Propyiene-Nitrogen-Ai Mixures at
Atmospheric Presure and 26° C.

Burng Rate
The buring velocity of ethylene has been

determined in air, oxygen, and oxygen-nitrogen
atmospheres by numerous investigators (3, 47,
l¡, 68, 131). In general, it is higher than the
burning velocities of the paraf hydrocarbons
under the same conditions (fig. 47). Simar
results are to be expected for other unsaturated
hydrocarbons, although the available data are
rather meager.

Stabilty
Many unsaturated hydrocarbon vapors can

propagate flame in the absence of air at elevated
temperatures and pressures; that is, they have

no upt.er limit of flammabilty. These com-
bustib es have positive heats of formation,
t,Hr (table 10) and would therefore liberate
heat if decomposed to the elements carbon and
hydrogen. Even more heat would be liber-
ated if gases with a negative heat of for-
mation-for example, methane-form from the
elements. In practice, a mixture of products
results upon decomposition of such combusti-
bles. For example, 0. propagating decompo-
sition reaction can be intiated in pure ethylene
in a 2-inch-ID tube at 230 C andlressures as
low as 750 psig, usin~ 2 grams 0 gucotton.
A reaction can be initiated at 210 C and pres-
sures as low as 975 psig with 1 gram of
guncotton. The decomposition products are
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FIGURE 56.-Limits of Flammability of Isohutylene-Carbon Dioxide-Air and Isobutylene-Nitrogen-Ai Mixures atAtmospheric Pressure and 26° C.

TABLE 8.-Limits oj jlammabüity oj unsaturated
hydrocarbons at atmospheri pressure and room
temperature, in volume-percent combustible
vapor

(L=lower llt; U=upper llt)

In air In oxygen In nitrous
oxide

Combustible

L U L U L U- ----
Ethylene____ ___ 2.7 36 2.9 80 1. 9 40

Propylene_ _ _ _ __ 2.0 11 2. 1 53 1. 4 29

Butene-L______ 1. 6 10 1. 7 58 ----- -----
Butene-2_u_ _ __ 1. 7 9.7 1. 7 55 ----- -----

priariy carbon, methane, and hydrogen;
approxiately 30 Kcal are released per mole of
ethylene decomposed. Propylene yielded simi-
lar products followig explosive decmposition
durmg compression to 4,860 atmospheres (34).

TABLE 9.-Minimum autoignition temperatures
oj unsaturated hydrocarbon at atmospheri
pressure

c-'

Autoignition temperature

Combustible In air In oxygen

e C e F Ref. e C of Ref.-----
Ethylene___ u___ 490 914 (116) 485 905 (116)
Propylene_ _ _ _ _ -- 458 856 (94) '423 793 (1)

Butene-L_______ 384 723 (I) 310 590 (,)
Butene-2__ _ _ _ _ -- 324 615 (1)

1,3-Butadiene____ 418 784 (191) 335' 635 (191)

1 Figes compiled by ExplosVes Res. Cente. Feder Buteau of
Mines.

Propadiene and butadiene also decompose
readily under the action of powerful ignitors.
Propadiene vapor has been decomposed in ii
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FIGURE 57.-Limits of Flammabilty of Isobutylene-Water Vapor-Oxygen Mixtures at 1500 C and Atmosperlc
Pressure.

2-inch tube at 1200 C and 50 psig using a
platinum wire ignitor. Decomposition of buta-
diene in an industrial accident resulted in a
"popcorn" polymer; the reaction was apparently
initiated by an unstable peroxide (4.

TABLE 10.-Heats of formation (Kcal/mole) oj
unsaturated hydrocarbons at 250 O.Combustible: tiHfl

AcetyleIie______________________________ 54. 2
Propadiene____~________________________ 45.9
Methylacetylene________________________ 44,3
1-3, Butadiene____________________n____ 26.8
Ethylene__ ____________________________ 12.5
Propylene______________________________ 4.9
1-Butene_________________________.---- .3

1 Refs. (18/1. 183).

ACETYNIC HYROCARONS
(CnH,._,)

Limits in Ai

Acetylene forms flammable mixures in air
at atmospheric pressure and 250 C, in a range
from 2.5 to 100 volume-percent acetylene.

Quenched and apparatus liited upper limits
have been obtained in 1-, and 2-, and 3-inch-
diameter tubes (40), but pure äcetylene can
propagate flame at atmospheric pressure in
tubes with diameters of at least 5 inches.
Sargent has sumarized available data on
initial pressure requiements for deflagration and
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detonation through acetylene in horizontal
tubes of about .02 to 6 inches ID at 60° F. (89,

185). His curves are given in figue 61, which
also includes an experimental point from the
data of Jones and coworkers obtained in a
vertical 2_inch-diameter tube. The exitence
of thi point, at a pressure below that given by
Sargent's curve for a 2-inch t.ube, indicates that
thi curve should be used only for horizontal
systems. The point labeled "Industrial explo-
sion" was reported by Miler and Penny (144)
and presumably refers to a deflagration. The
thid experimental point is dicussed, along
with the detonation curve, in the section on
stabilty.

The effect of temperature on the lower lit
of flammabilty was determied by Whte in a
2.5-cm tube with downward propagation of
flame (222). Although the actual 

liit values

are not satisfactory for our purposes, they can
be used to check the applicabilty of the L,/L..o
ratio data presented in figue 23. The White
ratio of lower limits at 3000 and 200 C. is
2.19/2.90=0.76; the correspondig ratio from

% air = 100%-% 3 methyl butene-I-% inert

N2

Flammable
mixtures

Cst
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ADDED INERT, volume-percent
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mospheric Pressure and 26° C.
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"Constant flame temperature" cure in figue
23 is O. 78. Accordin~ly, this figue should be
satisfactory for use with acetylene at tempera-
tures in the range from 200 to 3000 C.

The lower limit of flammabilty of methyl-
acetylene (propyne) in air at atmospheric
pressure is 1. 7 volume-percent, equal to 0.34 a,i
which compares favorably with the value for
acetylene (0.32 a,i). Upper limt investiga-
tions have been conducted by Fitzgerald (59)
in a 2-inch tube at 200 and 1200 C to determie
the low-pressure limits or lowest pressures at
which a flame wi propagate through methyl-
acetylene vapor at these temperatures. He
found these to be 50 and 30 psig at 200 and
1200 C, respectively. In a 4-inch tube, Hall
and Straker (77) obtained a low-pressure limt
of 43 psig at 200 C. This indicates that the
upper limit of flammabilty of methylacetylene
in air is probably less than 100 percent at 200 Cand 1 atmosphere. .

% air = 100%-% butadiene -% inert

Flammable
mixtures

~

10 20 30 40
ADDED INERT, volume-percent

50

The quantities of propylene requied to
prevent flame propagation through methyl-
acetylene-propadiene-propylene mitures at
1200 C and 50 and 100 psig have been deter-
mied in 1-, 2-, 4-, and 12-inch tubes (fig. 62),
and at 1200 C and 100 psig in a 24-inch sphere.
As noted, the propylene requirements are
strongly affected by temperature, pressure, and
container size. As the tube diameter increases,
the quautity of propylene requied to prevent
flame propagation increases; this effect is less
pronounced in the larger vessels (diameter
greater than 4 inches) than in the smaler
vessels (diameter less than 4 inches). The
results obtained in the 24-inch sphere were
simar to those in the 12-inch tube.

Limts in Other Abnospheres '

Gliwitzky (71), and Jones and coworkers
determed the effects of carbon dioxide and
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FIGURE 61.-Effect of Tube Diameter on Initial Presure Requirements for Propagation of Deflgration and
Detonation Through Acetylene G...

nitrogen on the lits of acetylene in ai at
atmospheric pressure and room temperature.
Unfortunately, all measurements were made in
tubes that were too narrow to. give actual upper
limit data. Nevertheles, the resulting
quenched-lit data are sumard in figue
63, because they show the relative effects of
adding two inert diluents to acetylene-air
mixures in a 2-inch-ID tube.

Autoignüon

A sumar of available autoignition tem-
perature data for acetylene, acetylene-air, and
acetylene-oxygen mixures in clean systems is
given in figue 64. They are based on measure-
ments by Jones and Miler (110), by Jones and
Kennedy in quarz tubes (99), and by Miler
aud Penny in a 0.5-inch steel pipe, 15 inches
long (144). Jones and Miler found minimum
autoignition temperatures of 3050 and 2960 C
for a varety of acetylene-air and acetylene-
oxygen mixures, respectively, at atmospheric
pressure. Miler and Penny report little vara-
tion in the autoignition temperature of acety-
lene in a clean pipe at 4 to 26 atmospheres intial
pressure. However, the presence of 1 gram of
powdered rust, scale, kieselgu, alumina, silca

gel, or charcoal lowered the pipe temperature
requied for ignition to a 2800 to 3000 C range.
The presence of 1 gram of potassium hydrxide
lowered the pipe temperature stil furher to
1700 C. The impact of a 0.25-inch steel bal
falling from a height of 15 inches against a
fragment of copper acetylide produced a hot
spot that ignited the suroundig gaseous acety-
lene at room temperature and 3 atmospheres.

Burng Rate
The burg velocity data for acetylene in

air obtained by Manton and Milen at 1
atmosphere and room temperature are given in
figue 65 (138). The burg velocity ranges
from a low of a few centimeters per second near
the lower lit to a high of about 160 cmfsec
on the rich side of the stoichiometric composi-
tion. Parker and Wolfhard (164) have found
considerable varation in the burg velocity
of acetylene in varous oxidants. The burg
velocities in stoichiometric miures with oxy-
gen, nitrous oxide, nitric oxide, and nitrogen
tetroxide were found to be 900, 160,87, and 135
cmfsec, respectively; for comparn, the bur-
ing velocity in a stoichiometrc acetylene-ai
miture (fig. 65) is 130 cmfsec.
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FIGURE 62.-Range of Flammable Mixturea for Methylacetylene-Propadiene-Propylene System at 1200 C and at
50 and 100 Psig.

requied for propagation at subsonic (deflagra-
tion) and supersonic rates (detonation) into
the unburned gas are given for a range of pipe
diameters in figure 61 (185). Deflagration is
discussed briefly under Limits of Flammabilty;
detonation is discussed in this section.

The curve labeled "Detonation" in figure
61 gives the minimum pressure required for
propagation of a detonation, once intiated, in
tubes of 0.3 to 10 inches diameter. In prac-
tice, a detonation may be initiated diectly
from a deflagration that has propagated through
a rather il-defined distance, known as the
predetouation or run-up distance. This dis-
tance depeuds on temperature, pressure, tube
diameter, condition of tube walls, and on
ignition-source strength. For example, using
a fused platinum wire ignitor, Miler and Penny

. The buring velocities of acetylene-air mix-
tures were found to be independent of pressure
between 0.1 and 1.0 atmosphere (138). Sim-
ilarly, Agnew and Grail (3) and Parker and
W olfhard (164) found the burning velocities
of stoichiometric acetylene-oxygen and acety-
lene-nitrous oxide miures were independent of
pressure between approxiately 0.5 and 2
atmospheres and 0.03 and 1 atmosphere, re-
spectively. The buring velocities of stoichio-
metric acetylene-nitric oxide and acetylene-
uitrogen tetroxide mixtures increased slightly
over this pressure range 0.03 to 1 atmosphere
(164).

Stabilty
As noted, acetylene can propagate flame in

the absence of air (39, 165). The press)les
761-928 ()-65--5
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(1 #) found the predetonation distance for
acetylene in a 1-inch tube to be 30 feet at 51.4
psia, 22 feet at 55.9 psia, 12 feet at 73.5 psia,

and 2.8 to 3.2 feet at 294 psia initial pressure.
Extrapolation of these data yields the point
in figure 61 for a very large predetonation
distance. This point (44 psia and 1-inch diam-
eter) lies fairly close to the detonation curve
established by Sargent (185). The maxium
lenth-to-diameter ratios (LID) given by Sargent
for establishing detonation in acetylene is
plotted against intial pressure in figure 66.
In tubes, havig a diameter greater than those

given along the top of the figure and havig
powerful ignitors, the LID ratio wil be less than
that given by the curve. Nevertheless, this
figure should be of use in giviug the outer
bound of LID and the approxiate quenching
diameter; a better value for the quenchig
diameter can be obtained directly from figure
61.

Although predetonation distances are di-
cult to measure aud experiental data often
exhibit much scatter, they are of interest in
safety work because they can be used to evalu-
ate the maxium pressures liely to occur in
a system due to cascading or pressure pilg.
.This phenomenon presents a special problem
bepause the fial pressure achieved in a detona-

Region of autoignition

~
20 40 60

ACETYLENE, volume.percent
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FIGURE 65.-Burning Velocity of Acetylene-Air Mix.
tUres at Atmospheric Pressure and Room Tempera-
ture.

tion depends on the initial pressure at the onset
of detonation. For example, the maxium
pressure to be" expected from the deflagration
of acetylene at moderate pressures is about 11
times the initial pressure (1#); the maxium

12 8
60

50

FIGURE 66.-MaxI:num LID ratio
Required for Transition of a
Deflagration to a Detonation
in Acetylene Vapor at 60° F
and from 10 to 70 Psla.
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to be expected from a detonation is about
50 times the initial pressure. As the pressure
equalizes at the speed of sound in a deflagra-
tion, the maxium initial pressure to be ex-
pected upon transition from deflagration to a
detonation is approxiately 11 times the frace
tion of acetylene that has been bured times
the initial precombustion pressure. Fifty times
this pressure is the approxiate maxium
pressure that would be obtained when a detona-
tion occurs. To ilustrate this, Sargent has
plotted the fial-to-initial pressure ratio (FiiP,)
against the predetonation distance-to-tube
length for acetylene. A similar graph is given
in figure 67. To use this graph, the maximum
predetonation distance to be expected must
fist be determined from figue 66. This dis-
tance divided by the tube length. gives the
maxium fial-to-initial pressure ratio.

15

AROMATIC HYROCARONS
(C"H,.-.)

Lits in Ai
The combustibles considered in this section

are listed in table 11, with pertinent properties.
At atmoepheric pressure and room temperature,
the lower liits of flammabilty of the aromatic
hydrocarbons are approxiately 50:! 2 mgll
(0.050:! 0.002 oz combustible vapor per cubic
foot of air).

The lower limt of toluene was determined
by Zabetakis and coworkers in air at 30°,

4
I

QUENCHING DIAMETER, inches2 i-i 0.5

20 30 40 50
INITIAL PRESSURE, psi.

60 70
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TABLE 11.-Properties oj selected aromaic hydrocarbon

Lower limit in ai t Upper limit in air i
C,iin nettiHø

Combustible Formula M Sp gr air (vol

(Keal)
L U

(Air=l) pct) mole Lioo Lioo U,oo Uioo

(vol C.. (~g)
(vol C.. (~g)pet) pet)

Benzene_ _ _ _______ CJI. 78.11 2.69 2.72 757.5 1. 3 O. ;i8 ;i7 7.9 2.9 300

Toluene____ __ __ - -- C,R, 92.13 3.18 2.27 901. 5 1. 2 . .53 50 7. I 3.1 310

Ethyi ben.ene _ _ --- CJIIo 106. 16 3.67 i. 96 1048. 5 1. 0 .51 48 6.7 3.4 340

o-Xylene__ _ _ __ - --- CJIIo 106.16 3.67 1. 96 1045. 9 1. 1 .56 53 6.4 3.3 320

m-Xylene_ ________ CJIIo 106.16 3.67 1. 96 1045.5 1. 1 .56 53 6.4 3.3 320

p-Xylene____ __ ____ CJIIo 106. 16 3.67 1. 96 1045. 7 1. 1 .56 53 6.6 3.4 340

Cumenen_________ CliHa 120. 19 4.15 1. 72 1194. 2 .88 .51 48 6.5 3.8 370

p-Cymene___ ______ CiJI" 134. 21 4.63 1. 53 1341. 8 .85 .56 51 6.5 3.6 350

. Ro. ('.1).

400

300

FIGURE 67.-Fi-toJnitia Pres
sure Ratios Developed by Acet,
ylene With Detonation Initia-
tion at Varous Points Along a
Tube.

ci-
" 200it

ioa

a

1000, and 2000 C (235, 247); the variation in
lower lit with temperature is given by equa-
tIons (31) and (33) derived for parafn hydro-
carbons, and the correspondig cures of figure
23. For example, L.oo e/14.. e was found to be
1,07/1,24 or 0.86; the ratio predicted by the
curve in figue 23 is 0.87.

The upper limits of the aromatics considered
here at 1000 C are included in table 11 (247).
These were obtained at atmospheric pressure
in a 2-inch-diameter tube, open at one end.
Butler and Webb obtained upper limit data on
a commercial grade cumene (93.3 pct cumene)
in air at elevated temperatures and atmospheric
and elevated pressures in a closed bomb (31).

1.00.2 0.4 0.6 0.8
PREDETONATION OISTANCE/ TUBE LENGTH

Their values range from 8.8 percent cumene

(800 C and 
atmospheric pressure) to 10.8 per-

cent cumene (1460 C and 100 psig pressure).

Limts in Other Atmospheres

The liits of flammabilty obtained by Bur-
goyne (29) and by Jones (40) for benzene-
carbon dioxide-air and benzene-nitrogen-air
mixures at atmospheric pressure and 250 Care
given in figure 68; similar data are given for
the last two mixures at atmospheric pressure
and 1500 C. The inerting requirements at 250
C are approxiately the same as those of n-
hexane (fig. 33). Agai, it should be noted
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FIGURE 68.-Limits of Flammabilty of Benzene-Methyl Bromide-Air Mixtures at 25° C and Benzene-Carbon
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that the methyl bromide data are not consistent
with those obtained by Ril (compare figs. 28
and 33). These latter data (84) were used to
construct the approxiate (broken) flama-
bilty curves for the benzene-methyl bromide-
air system.

The decrease in the minimum oxygen requie-
ments for flame propagation (from 14.2:J0.3
volume-percent at 250 0 to 13.1 :J0.3 volume-
percent at 1500 in a carbon dioxide-air atmos-
phere; from 11.4:J0.3 volume-percent at 250
o to 1O.1:J 0.3 volume-percent at 1500 in a
nitrogen-air atmosphere) is withi the range
predicted by the modifed Burgess-Wheeler
law (equation (35), fig. 23).
The liits of flammabilty of orthoxylene

(O,R,. (OR,) ,)-water-hydrogen peroxide mix-
tures were determined at 1540 0 and 1 atmos-
phere presssure by Martindil, Lang, and
Zabetakis (140). The data are presented in
It trianguar plot in figue 69; compositions .are

expressed in mole-percent as in the origial
presentation. This system has no lower liit
mitures, as a flame can be intiated in hydrogen
peroxide vapors (186). As a 90-weight-percent
hydrogen peroxide was actualy used to obtain
these fla=abilty data, al compositions were
calculated to yield values based on a 100-percent
hydrogen peroxide content. This could be done
here because only three components are consid-
ered. Where four components are considered,
the fla=abilty data can be presented in a
three-dimensional plot; if two of the comi.0-
nents appear in fied proportions, a trianguar
plot can be used with the two components (for
example, 90-weight-percent hydrogen peroxide)
considered as a single component. Such a
plot is presented in figure 70 for 90-weight-
percent hydrogen peroxide-orthoxylene-formc
acid (ROOOR) at 1540 0 and 1 atmosphere.
Thi was considered to be a plane in a reguar
tetrahedron in the origial article and is there-
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FIGURE 69.- Limita of Flammabilty of H,OrC.H.. (CH.)rH.O at 1540 C and 1 Atmosphere Presur.

fore not a reguar trangle. As before, only an
upper limt curve is given because 90-weight-
percent hydrogen peroxide is flamable. In
addition, a calculated curve based on Le Chate-
tier's rue is given, as is the upper liit curve
obtained with decomposed hydrogen peroxide.
Decomposition of the peroxide lowers the upper
limit appreciably and yields a system which
has a lower lit of flamabilty (not deter-
mined in thi study).

Autoigntion
The miimum autoigntion temperatures of

a series of aromatic hydrocarbons in ai at
atmospheric pressure are given in figue 71 Il
a function of the correlation parameter L....
Thi parameter WIl determed by use of
equation (49), treating the benzene rig Il a

-CH, group ($41). When the benzene rin
contai two side groups, L... is detered
fit . for the side group that yields the largest

average value and to thi is added ~, %, or *
of the average chai length of the second side

group; ()~, %, and * correspond to the ortho-,
meta-, and para-poitions, respectively). The
data agai fal into hih- and low-temperature
regions (fig. 43).

Burg. Rate

Burg rates and detonation velocities of
benzene in ai and oxygen appear to be ap-
proxiately the same Il those of the hiher
pariin hydrocarbons. For example, the re-
sults of Golovia and Fyodorov ($11) show
that the miium burg velocities of benzene
in nitrogen-oxygen miures range from about
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!'WURE 70.-Limits of Flammabilty of 90-Weight-Percent H,O"CJf.. (CH.)"HCOOH at 1540 C and 1 Atmosphere
Preure.

)95 cm/sec in oxygen to 45 cm/sec in ai; the
maxium burnig velocities of hexane in
various nitrogen-oxygen mitures range from
about 260 cm/sec in oxygen to 40 cm/sec in
air. Simarly, Fraser (61) found the maxium
detonation velocities of benzene and n-octane
in oxygen to be 2,510 and 2,540 m/sec,
respectively.

ALCYCLIC HYROCARONS
(C.H,J

Limts in Ai
A summary of the pertinent properties of

some of the members of the series is given in

table 12. The lower lits of flammabilty in
ai at atmospheric pressure and room tempera-
ture fall in the range from 48::3mg(l (.048
:: .003 oz combustible per cubic foot of ai).
By volume, thi is equivalent to approxiately
0.55 0,,, whih is the sa.e Il for paraff
hydrocarbons. The ratio of the upper lit
to 0" appear to increase with molecular
weight.

Accordig to Jones (40), the lower lit of
cyclohexane in air at atmospherc presure and
260 C determed in a 2.0-inch tube is 1.26
volume-percent. Under the same conditions,
Burgoyne and N ea.e (26). found the lower limit
to be 1.34 volume-percent, using a 2.5-inch
tube. Matson and Dufour (141) found the
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Lower liUn ai Uppe lit in a1

Net MI. 

!£ or
C,.

(~:ie )Combusbl Formul M ( -I) lnal Lu L, L V.. V

(vol pe) (vol 0:1. (~')
Re. (vol V..

(n;)
Be

pet) pet) CoO------
Cycopropae- - ~ - - - - ----- C",i'_____m__ 42.08 1.45 4.45 46 2.' 0."

"
.. (Jar) 10.t 2.3 22 (JOT

Cyclobutane4___u_______ ClHl-.______n__ 56.10 I." 3.37 ' 60 1.8 .58 .. ('1

Cycioi:ntane. .______.n_ CsH1o___________ 70.13 2.42 2.72 740.8 1.. . " .. (I
--.-7~Š- ----ir

-_uã2-
--e:ij

Cyclo :i.__________n C~Hu___________ 84.16 2.91 2.27 881.7 1. . " .. (¡o)

Ethylcyclobutane-- .----- C~Hlt---_______- 8416 2.91 2.27 '88 1. .63 .. (¡o) 7.7 8.' 310 (¡o

Cycloheptane. ___________ C,Hu___________ 9818 3.39 1.96 '102 1. .58 .. (I) 6. 3.' 310 n)

Mcthylchcylhemne. n_n C7Hll___________ 98.18 3.39 1.96 1026. 0 1. .58 .. (¡o) 6.7 3.' 310 (I)

Ethylcyclopenta.------- C7Hu___________ 9818 3.39 1.96 103.6 1. .58 .. (¡o) '6.7 3.4 310
¡W,

Ethylcylcohexs____n_~ C¡Hl.___ø__~__~_ 112.21 1.71 1. 71 1173.7 5.95 .58 .. (¡o) '6.6 3.. 3M

TABLE 12.-Properties of selected alicclic hydrocarbon

i Calcuted value.
, P=O.5 a.tm.
. i-130 c.

lower lit to be 1.12 volume-percent at 210 C
in a 12-inch diameter chamber about 15 inches
long; however, there is evidence that they did
not use the same criteria of flammabilty as did
the other authors; only one observation widow
was provided at the top of a rather squatty
chamber, whereas with the glass tubes used by
Jones and by Burgoyne and Neale the flame
could be observed along the entire tube. "Ac-

cordigly, the data of Jones and of Burgoyne
and Neale are used here.

Limts in Other Atmosheres

The lits of flamabilty of cyclopropane-
carbon dioxide-ai, cyCiopropane-nitrogen-ai,
and cyCiopropane-heliiiai miures at 250 C
and atmospheric" presure are given in figue
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FIGURE 72.-Limits of Flamma.
bilty of Cyciaprapane-Carban
Dioxide-Air, Cyclopropane-Ni-
trogen~Air, and Cyclopropane-
Helium-Air Mixtures at 25°
C and Atmospheric Pressure.

-i:
~ 8
'"c.
ci
E::Õ,.
uj 6z
cic-
Oa:
c-
O
¡j 4t

12

10

2

o

"2 (106). The fit two cures are simar to
hose obtained with paraf hydrocarbons (fig.
5).
The lits of flamabilty of cyclopropane-

elium-ixygen and cyclopropane-nitrous oxide-
xygen miures at 250 C and atmospheric pres-

sure are given in figue 73 (106). The latter
cure difers from the former, as both additives

are oxidants (oxygen and nitrous oxide).
The lits of flammabilty of cyclopropane-

heliumcnitrous oxide miures at 25° C and
atmospheric pressure are given in figue 74 (106).
Here the mium oxidant concentration
(nitrous oxide) requied for flame propagation
is approxiately twice the correspondig con-
centration of oxygen in the systems cyclo-
propane-helium-ai (fig. 72) and cyclopropane-
helium-ixygen (fig. 73).

% air = 100%-% cyclopropane-% inert

Flammable
mixtures

Cst

~

10 20 30 40
ADDED INERT, volume-percent

50

ALCOHOLS (C.H..+iOH)

Lits in Ai
The alcohols considered here are lited in

table 13 together with L... and U.... The
ratios L".(O" are approxiately 0.5. How-
ever, the L (mgfl) values decrease with increase
in molecular weight., If L. is taken to be the
weight of combustible material (exclusive of the
oxygen in the molecule) per liter of air, then for
the simple alcohols:

L.=L M M16. (54)

Thi equation gives the values lited in paren-
theses in the mgfl colum; these are il fai
agreement with the values obtaied for the
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FIGURE n.-Limits of Flammabilty of Cyclopropane-
Helum-Oxygen and Cyclopropane-Nitrous Oxide-
Oxygen Mixtures at 25° C and Atmospheric PreBsurs.

40

% N20 = 100%-% cyCiopropane-% He

correspondig L,~o from figue 19 for ethyl
alcohol (M=46) is 2.2 volume-percent. Then,
from equation (54), Lis 3.4 volume-percent; the
measured value is 3.3 volume-percent.

The lower limits of methyl alcohol have been
determned by Scott and coworkers at 25°,100°,
and 2000 C (192). The values at these three
temperatures are 6.7, 6.5, and 5.9 volume-per-
cent, respectively. The calculated values ob-
tained from the modied Burgess-Wheeler law

(fig. 23) at 1000 and 200° C are 6.4 and 5.8
volume-percent, respectively.

Limts in Other Atmospheres

The lits of fla=abilty of methyl alcohol-
carbon dioxide-air and methyl alcohol-nitrogen-
air mitures at atmospheric pressure and 25°
and 50° C are given in fiure 75; fla=abilty
determations on mitures containg more
than 15 iercent methyl alcohol vapor were
conducte at 50° C. The maxum- amounts
of carbon dioxide and nitrogen requied to
prevent flame propagation in these mitures

40

100

% air = 100%-% methyl alcohol-% inert
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~
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FIGURE 7.4.-Limits of Flammabilty of Cyclopropane-
Helum-Nitrous Oxide Mixtures at 25° C and Atmos-
pheric Pressure.

saturated hydrocarbons. Approxiate L (mg/
1) values can be 0 btiied from the higher
hydrocarbon values given in figue 22 by
multiplyig these by the ratio M/(M-16).
Further, figue 19 can be used to obtain L* and
L values in volume-percent. For. example, at
250 C, L* is about 47 mgll from figue 22; the

5

o 10 20 30 40
ADDED INERT. volume-percenl

50

FIGURE 75.- Limits of Flammability of Methyl Alcohol-
Carbon Dioxide-Air and Methyl Aicohol-Nitrogen-
Air Mixtures at 25° C and Atmospheric Presure.
(Broken curVe at 50° C and atmospheric presure.)
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TABLE 13.-Properties Of selected simple alcohols

Lower limit in ai Uppe lit in aiNetlJH.
So gr C"

(K",")Combustible Formul M CA1r~l) In si mole Lu Lu L Uu U
(vol pet) (vol ("n Ref. (vol Uu

(7) Ret.pet) C,. pct) C"
. ------

Methyl alcobol_d________ CHIOH__h_nn 32.04 1.11 12.25 150 S.7 0.55 j
103

ì (40)
'36 2.. j

810
ìC".,, 52 '406

Ethyl alcohoL___n__n__ C2HsOH ___un 46.m 1.50 6.11 30 3.3 .60 j
70

ì C.O)
'I. 2..

¡

l8

lC!!6)

, 46 1310

n~PrOpyi alcohOL__n___ CiH1ÜH._nn__ 60.09 2.m '.45 44 12,2 ... j
60

j (¥l) 11. 3.2 4æ
C¥l), .. i 310

n-Butyl alcohoL__n_nn CilIOH.__u_u 74.12 2.56 3.37 51 l1.7 .60 j
"

ìC')
112 C'), .. _.~._u_ __un__

prf-n-Amyl alcohoL______ CiHiiOH.u___ 88.Ui 3.04 2.72 742 '1,4 .51 j
56

ìC')
110, 46 -_.._--- __u_n_ -----~

n-Hexyl a,lcohol.-_ _u____ CeHuOH_______ 102.17 3.53 2.11 . 88 1.2 .53 j
66

ìC'), 46 ___n___ n______ __un__ ------

1 L*=LM-16.
M

Jt=60°.
i At satua.tion temperatue.

were compared with the corresponding maxa
for paraffn hydrocarbons (fis. 28-35); it was
found that appreciably more inert is requied to
make mixtures containing methyl alcohol non-
flammable. Conversely, methyl alcohol re-
quies less oxygen to form fla=able mi:o¡tures,
at a given temperature and pressure, than paraf-
fi hydrocarbom do. This may be due in part
to the oxygen of the alcohol molecule. For the
simple alcohols, we have:

CnH2n-liOH+1.5n02--CO,+(1I+1)H,O. (55)

Thus, the ratio of oxygen requied for complete
combustion of an alcohol to that for complete
combustion of the correspondig paraf,
equation (22), is:

3nRo,=3n+l (56)

When n=l, this ratio is 0.75. The correspond-
ing ratios of the experiental mium oxygen
values from figures 75 and 28 are 0.82 with
carbon dioxide and 0.85 with nitrogen as inert;

The limits of fla=abilty of methyl alcohol-
water vapor-air were obtained by Scott (192)
in a 2-inch-ID cylidrcal tube at 100° and
2000 C and in a 4.9-liter cylidrcal bomb at
4000 C and 1 atmosphere (fig. 76). Simlar
data were obtained by Dvorak and Reiser in a
2.2-liter apparatus at 1000 C (53).

The limits of fla=ability of ethyl alcohol-
carbon dioxide-air and ethyl alcohol-nitrogen-
air mixtures were obtained at 25° C and
atmospheric, or one-half atmosphere, pressure as
noted (fig. 77). Additional flammabiltv data
obtained for ethyl alcohol at 100° C -and 1
atmosphere are given in figure 78. Flamabil-

lt=1000 c.

~ Figues compiled by Explosives Rei. Center, Federal Bureau of
Mines.

5 Calcula.ted value.

% air = 100%-% methyl alcohol-% water
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FIGURE 76.-Limits of E1ammabilty of Methyl Alcohol-
Water Vapor-Air Mixtures at 100', 2QO', and 400' C
and Atmospheric Pressure.

ity data for the systems tertbutyl alcohol-
carbon dioxide-oxygen and 2-ethylbutanol-
nitrogen-oxygen are given in fiures 79-81.

Autoignition

The minimum autoignition temperatures in
air and oxygen of a number of alcohols at
atmospheric preAsure are given in appendi A.
Comparison of these values with those of the
correAponding parafls (methyl alcohol and
methane; ethyl alcohol and ethane, etc.),
shows that the AIT values of the alcohols are
generally lower.
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FIGURE 78.- Limits of Flammabilty of Ethyl A1cohol-
Water Vapor-Air Mixtures at 100' C and Atmospheric
Pressure.

Burnng Rate
The burning velocities of methyl and iso-

propyl alcohol in air were deterned by Gibbs
and Calcote for a range of mixture compositions
at 250 C¡ the maxium burning velocities were
found to be 50.4 and 41.4 cm/sec, respectively
(68). These investigators also obtaIned the
burning velocities of methyl and n-propyl alco-
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FIGURE 79.-Limits of Flammabilty of lert-Butyl
A1cohoi-Water Vapor-Air Mixtures at 150' C and
A~mo8pheric Pressure.
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FIGURE 80.-Limits of Flammabilty of lert-Butyl
Alcohol-Carbon Dioxide-Oxygen Mixtures at 1500 C
and Atmospheric Pressure.

hol at 1000 C; the maxum values were 72.2
. and 64.8 cm/sec, respectively. These values
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FIGURE 81.-Limits of Flammabilty of 2-Ethyl-
butanol-Nitrogen-Oxygen Mixtures at 1500 C and
Atmospheric Pressure.

are in fair agreement with the corresponding
values of the paraffn hydrocarbons.

The methyl alcohol liquid-burning rate ob-
tained from equation (53) is in fair agreement
with that obtained experientaly (fig. 52).
The relatively low 11,/11, ratios for the alco-
hols indicates that they should be characterized
by low-burning rates in large pools.

ETHS (CnH,nHOCmH,m+i)

Limts in Ai
The properties of a few co=on ethers are

listed in table 14. Unfortunatey, the limits
data show appreciable scatter, so it is dicult
to establish any general rules with the given
data. However, as a first approxiation, the
L"/C,, is about 0.5 for the simple ethers.

Limits in Other Atmospheres

Because of the importance of ethers as anes-
thetics, limits of fla=ability were determined
in several atmospheres. The limts of the sys-
tems diethyl ether-Freon-12 (CCl,F,)-air,
dimethyl ether-carbon dioxide-air, and dimethyl
ether-nitrogen-ai obtained by Jones and co-
workers are given in figue 82 (114); the
limits of the systems diethyl ether-carbon di-

oxide-air and diethyl ether-nitrogen-air are
given in figure 83 (26, 106, 108), Cool flames
exist above the upper liit as noted; the upper

o.
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FIGURE 82.-Limits of Flammabilty of Dimethyl Ether-
Carbon Dioxide-Air and Dimethyl Ether~Nitrogen-
Air Mixtures at 25° C and Atmospheric Pressure.
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F,GURE 83.-Limits of Flammabilty of Diethyl Ether-
Carbon Dioxide-Air and Diethyl Ether-Nitrogen-Air
Mixtures at 25° C and Atmospheric Pressure.

limit of the cool flame region in ai is 48.4 vol-

ume-percent, according to Burgoyne and Neale
(26). The liits of the systems diethyl ether-
helium-oxygen and diethyl ether-nitrous oxide-
oxygen are given in figure 84 and the limts of
diethylether-helium-nitrous oxide are given in
figure 85 (106). Again, as with the alcohols,
more inert is needed to assure the formation of
nonfammable mixtures than is needed for the
corresponding paraffn hydrocarbons. Also,
cool flames are eucountered at lower tempera-
tures and pressures.

Comparison of curves in figues 84 and 85
shows that the minimum oxidant requiement
for the formation of flammable diethyl ether-
helium-oxidant mixtures is approxiately twice
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T ABLE 14.~Properties oj selected ethers

Lower Umt in ai Uppe lit in ai
Net!iH.

So gr C"

(Kcal)Combustible Formul M (A"~l) In ai ñiõi Lu Lu L u. u. U
(vol pet) (vol C"

('¥)
Ref. (vol C" (7)

Ref.
pet) pet)------

Dimethyl ether..________ CHIOCRa______ 4607 l.n9 ai; 31. 3.4 0.'2 ¡
72 ) It 'J 4.1 780 (11;)

'47

Dlethyl ether _d"___nn_ CiHaUCiHl-nn 74.12 u. 3.37 60 1. .M ¡ 64 ¡(lO '38 11 1,88 (¡o)
'00

Ethyl propyl ether_______ CiHiOCaH7_____ 8810 3.28 2.72 '700 1. ..2 ¡
B8

) ('6)
'9 3.3 39 (1)

'15

Di-t-propyl ether_________ CIH70CaH7_____ 10217 3.53 2.'J '90 U .'71 00
) (¡o)

7.9 3. 29 (lO
'M

Dtvinyl etheLmu____n CilIOCiHl_____ 70.00 2.42 4."" a 1,710 1.7 .42 54
)(97 'J ..7 1,160 (97

'42

1 L.=L M-16 .
M

2 Cool flames: U25""~ vol pet.

100
% 02 = 100%-% dielhyl ether-(% He or N20)
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FIGURE 84.-Limlts of Flammabilty of Diethyl Ether-
Helium-Oxygen and Diethyl Ether-Nitrous Oxide-
Oxygen Mixtures at 25° C and Atmospheric Prssure.

as great with nitrous oxide DB with oxygen.
However, Ü 1 mole of nitrous oxide furnishes
one-half mole of oxygen during combustion,
then the minum oxygen contents in the two
cases are nearly equal. Unfortunately, the
available data are too meager to permit a more
detailed comparison.

Autoignition

In general, ethers are readily ignited by hot
surfaces. These combustibles usuaIr have a
lower ignition temperature in air and il oxygen
than do the correspondin~ paraffs and
alcohols. The available autoignition tempera-
ture data are included in appendi A.

S Calculated value.
, Cool flames: Ul$;.16 vol pet.
6 Ref. (155).
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FIGURE 85.-Limlts of Flammabilty of Diethyl Ether-
Nitrous Oxide-Helium Mixurs at 25° C and At-
mospheric Pressur.

Since the ethers tend to form peroxides under
a variety of conditions, they may: appear to be
unstable at room temperature (233).

ESTES (C.H2._iOOC..2m+i)

The properties of several esters are lited in
table 15. The ratio of the lower lit at 250 C
to the stoichiometric concentration is about 0.55
for many of these compounds. Thi is the
same ratio DB in equation (21) for paraf
hydrocarbons. The lower lit values ex-
pressed in terms. of the weight of combustible
per liter of air (see section about alcohols) are

listed in parentheses under L(mg/1). These are
larger than the corresponding values for the
hydrocarbons and alcohols. The inert requie-
ments and mium oxygen requiements for
the fist member of the series, methyl formate,
are nearly the same as for methyl iicohol and
dimethyl ether (figs. 76, 82, 86). Thi is not
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TABLE 15.-Properties oj selected esters

Lower lit in ai Uppe Umt in ai
Sp. gr. CoO NetliIl"

Combustible Formul M CAlr~l) Insl
(KCsl)

i. i. L Uu Uu U
(vol pet) mole (vol

CoO (mn
Ref. (vol

CoO (~) Ref.
pet) pet)------

Methyl formiite_________~ HCOOCHi_____ 60.05 2,07 ..48 21. 5.0 0.53 (
142

)W1) 23.0 2.' 80 (111)'66
Ethyllormate ________un HCOOCtHl____ 74.08 ~15 5.65 367 2.S .50 ( .5

) WJ)
16.0 ~8 B2 (40)'M

n-Butyl formate__________ HCOOC.,HI__m 102.13 3.53 3.12 ' 850 1. .M (
7.

) (40)
8.2 ~8 '10 WJ), 50

Methyl acetate______uu CH3COOCH3__ 74.08 2.15 5.6. 358 3.2 .57 i
106

l (40)

16.0 2.S B2 (40)'60
Ethyl actate. __ _________ CHiCQOCiHIM_ 88.10 3.04 4.02 50 2.2 .M 88

(40) 11.0 ~7 510 (175)'56
n-Propyl a.tate____._u_ CH3CQOCIH7__ 102.13 3.53 3.12 , 650 1.8 .58 sa

) (40)
'8.0 2.6 40 WJ), 57

n-Butyl actate__________ CH3COOClHI__ 116.16 4.01 2.M , 1.4

ï

73
) C')

48.0 3.1 '50 (')----._---- , 53

n-Amyl actate___n_n___ CHaCOOC&Hu _ 130.18 '.50 2.16 , 1.0 .51 65
) C~

q.l 3.3 .. (')----~----- '..
~ethyl propionate___n__ CIHICQOCH,__ 88.10 3.04 4.02 2.' .SO .7

) (40)
13.0 e3.2 58 WJ)---------~ '62

Ethyl proplonate._.______ C,HiCOOC,HI. 102.13 3.53 3.12 , 650 1. .58 sa
) (40)

11.0 ~ 3.6 510 WJ)167

M-321 L.=L-¡.
2 Calcuated value.
8t=OOO C.

4t:=lOOO C.

i Figes compiled by Explosives Res. Cente, Fed Bur ofMloeø.
l P=O./i atm.

true of the other members for which data
compiled at the Explosives Research Center are
available-isobutyl formate and methyl acetate

(figs. 87, 88). Accordiglr, it is rather difcult
to make additional generalzations for thi series.

'IGURE 86.-Limits of Flamm..
bilty of Methyl Formte-arbon
Dioxide-Air and Methyl Formte
Nitrogen-Air Mixtures.
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The autoignition temperatures of many esters
in air and oxygen at atmospheric pressure are
given in appendi A. In general, the AIT
values of the esters are lower than are those of
the cOITesp~ding paraffs.
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% air = 100%-% methyl formate-% inert
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10

FioURE 87.-Limita of Flamabil-
ity of Isobutyl Fonnate-Carbon
Dioxide-Air and Isobutyl For-
mate-Nitrogen-Air Mixtures.

FIGURE 88.-Limita of Flamabil-
ity of Methyl AcetateCarbon
Dioxide-Air and Methyl Acetate
Nitrogen-Ai Mixtures.
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FIGURE 89.-Effect of Temperature on Lower Limits of Flammabilty of MEK-Toluene Mixtures in Ai at
Atmospheric Pressure.

ALEHES AN KETONES (C. H,.O)
Pr0l?erties of some aldehydes and ketones are

given il table 16. The ratio of the lower lit
at 250 C in ai to the stoichiometric composition
is approxiately 0.5.

Zabetak, Cooper, and Furno found that the
lower liits of methyl ethyl ketone (MEK) aud
MEK-toluene mixtures vary linearly with
temperature between room temperature and
2000 C (235). A sumar of these data is
given in figue 89; broken curves in this figue
were obtained from the modied Burgess-
Wheeler law, equation (33), takg the lower

lit at 1000 C as the reference value. Simar
data were obtained for tetrahydrofuran (THF)
and THF-toluene mitures (fig. 90). In addi-
tion, it was shown that the systems MEK-
toluene and THF-toluene obey Le Chatelier's
law, equation (46). Calculated and experi-
mental values for the preceding systems in air
are given in figures 91 and 92.

The limits of the systems acetone-carbon
dioxide-air, acetone-nitro¡¡en-air, MEK-chloro-
bromomethane (CBM)-air, MEK-carbon di-
oxide-air, and MEK-nitrogen-air are given in
figues 93 and 94. The data in these figues
were obtained by Jones and coworkers (238).

TABLE 16.-Properties oj selected aldehydes (Jnd ketO's

Lower 11t in ai Uppe l1t In ai
NetliH~

!l gr
Cd

(Kcal)Combustible Formul M ( ~1) In si mole L" Lu L u. u. U
(volpct) (vol Cd (~) Ref. (vol Cd (~')

Ref.
pot) pet)-----

Acetaldehide.. _____Cn_ CHiCHO.____n 440' 1.62 7.73 2M '.0 0.52 82 ("S) '36 '.7 1,100 (M)
Propional ehyde_n__nn C,HiCHOuun 58.08 2.01 '.97 "' 2.' ." 77 (!6) . " 2.' W ('6)
paraldehyde_______n__n CCHiCHOh____ 132.16 ""6 2.72 ---------- 1.3 ... 7S ~lO)

-~-i3---
--n3oo-

Acetone "n_n_un'_____ CHICOCHa.,n__ 58.08 2.01 '.97 "' 2.6 . " 70 96) 2.6 (98)
Methyl ethyl ketone_n__ CHiCOC2lI__n 72.10 2.49 3.67 M8 1. . " 62 (m) 10 2.7 3li ("S)
Methyl prcpyl ketonem_ CHICOCaH7____ 86.13 2.97 2.00 692 1. . " 63 (lO) 8.2 2.' 34 (,0)
Diethyl ketone_________n CIH1COCiHI.._ 86.13 2.97 2.00 692 1. . " 63 (') n.i-S:Ô-
Methyl butylketone_____ CH1COC4H.____ 100.16 '-6 2..0 "' '1.4 . 58 ,. CiO) 3.3 300 (lO)

i Cool flames: Uq=60 vol pet.
i Cool 8iie8: Uu:i17 vol pet.
i Calculated value.
't-=50° C.
It_lOOo C.

761-928 0-65-6
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FIGURE gO.-Effect of Temperature on Lower Limits of. Flammabilty of THF-Toluene Mixures in Ai atAtmospherio Pressure.

The autoignition temperatures of varous
aldehydes and ketones in oxygen and air at
atmospheric pressure are given in appendi A.
In general, the AIT values are lower than those
of the correspondig parafls.

SUL COMPOUNS
The pertinent properties of sulur compounds

are given in table 17. In general, they have
wide flammable ranges and relatively low ign-
tion temperatures (appendi A).

Flammabilty diagrams are ~ven for carbon
disulde mixed with carbon dioxide-air, water
vapor-air (239) and nitrogen-air (fig. 95); hy-
drogen sulde-carbon dioxide-air (fig. 96); and
ethyl mercaptan with chlorodiuoromethane and
dichlorodifuoromethane in air (/17) (fig. 97).
Figue 95 is interesting in that it shows not only
the wide flammable range of carbon disulde in
air but also the large quantities of inert requied
to prevent the formation of flamable miures.

FUS AN FU BLES
F;iels used for propulsion, not covered in

other sections, are considered here (table 18).

Amonia and Related Compounds
This series includes amonia (NII), hydra-

zine (N.H.), monomethylhydrazine (N.II.CR,)
and unsymetrical dIethylhydrazine (N.H..
(CII).).

Amonia forms flammable mitures with air
and other oxidants in a variety of concentra-

tions, as noted in table 19. Whte (225) and
more recently, Buckley and Husa, (19) reported
that, as with hydrocarbons, an increase in
either temperature or pressure tends to widen
the flammable range. Further, Whte found
that the lower lit flame temperature remains

essentialy constant with increase in initial
temperature.

TABLE 17.-Propertus of selected sulfur compounds

Lower 1it in ai Uppe lit in ai

NetåH.

(f&!i)
c.. (~:)Oombustible Formula M Inal Lu Lu L Uu U. U

(volpct) (vol õ:; (n;)
l\ (vol E (n;)

l\
pet) pet) .------

Hydren sude__~~n___ H,;___________ ".08 1.18 12.26 14' '.0 0.33 63 (I) .. 3.. 1,190 (OJ

Carbon diulde. ________ CBI_.._____~.___ 76.13 '.63 ..63 ... 1. .20 .. (8M) ro 7.7 3,40 (...,
Methyl mercaptan.n_n_ CB1BH.n_.__n 48.10 i.SS ..63 27. 3.9 .60 87 ('6 22 3.' 60 ('6

Ethyl mer~a.--~-----~ CZHISH_u______ 62.13 2.16 .... .9. '.S .63 80 (J+l 18 .. .10 (J 4)

Dliethyl s de.__*un_ CHiSCH1_______ 62.13 2.15 4.45 u__ __n_ ... .ro .. (') 20 U 60 (I)

1 Fi compÜ8d at Explosives Res. Center, Federa Burau of Mines.
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% air = 100%-% acetone-% inert

4

Flammable
mixtures

FIGURE 9a.-Limits of FJamabil-
jty of Acetone-Carbon Dioxide-
Air and Acetone-Nitrogen-Air
Mixture .
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TABLE 18.-Properties of selected fuels and fuel blend

Lower lit in ai Uppe lit in ai
NettJH.

(~!i)
CoO (~:)Combustible Formul M In si Lu Lu L U. U. U

(vol pet) (vol CoO en;)
Rot. (vol CoO en;)

Rot.
pct) pet)------

Ammonia. .________ u_.__ NHa_______.__h 17.03 0.59 21. 83 ----.----- 15 0.69 134

r~)

2S 1.3 30 ¡'8.)
Hydrazln_ ___.__u_n_n NlH'______nn__ 32.M 1.11 17.32 ----~----- '.7 .27 70 '88) 100 5.8 ._-.---- 118)
Monomethyl ~drazine__ NaHICHI_______ '6.07 1.59 7.73 -----.--.- , .52 86 11¡ ____u__

-¡¡/BiUnsymetric NsHi(CH.)I_____ 60.10 208 4.91 ---------- 2 ... .. ,." O. 19,1 --------
dimethylhydraZI.

Dlhoraneuu_ ____________ BsHe~_..________ 27.69 .0. 6... 47 .. .12 10 (188) 68 13. -------- (168)
Tetraborane_n___________ BùIio__h___nn 5336 1... 3.67 -~-------- ., .11 10 (') ~-~~---- ~w___~__ -----~.- ------
Pentabore.~~_nnn__n BaHo_._w__~~.~~_ 63.17 21S 3.37 100 ... .12 12

-~eir-
._------ -_.~---- ----~--~ ------

Decaborane_ __n_nnnn BioHil~__~._._~__ 12231 4... 1.87 ~_______n .2 .11 11
-~-~7:i-

~~_w~n_ __~wn_. -¡¡¡¡¡

A viatton gaolie 10(W30- ---~-~~_.~-~-~--~~ -------- _____n___ -----~~--- ~~___n_n 1.3 -------- ---~----
¡:til

._w~____ -------~
Aviation gaslie 11514.__ -----~---~--~----- n______ ---------- d_~_~_._~ ~~._____n 1.2 n______

--I-48-n
7.1 ~~_.---- '41)

Aviation Jet fuel JP-L_n ___~~~_~_d__~~___ -------- -----~---- n___~_~.~ _._~------ _n_____ ¡'41)
.-~-8n-

~._~---- '38

r41i

A viatlon et fuel JP-3__ n ----------~~-.---- -------- ---~--_._- ~~~__~_~n ~_._~__n_ I.' ______n ---..-- '41¡ --~----- n--a3- '41
Aviation Jet fuel JP-4~~__ _________h~.~____ -------- -~---~~--- ~~_~.._~n ~-.~------ 1.3 _n_nn ~'41 S ~.~----~ '41¡
A viat10n jet fuel JP-6_ ~__

-H;~=====:::::=::
__~__n~~~

-~-~29:53~
~~n______ .'" 1Il

-~-75--~
'29 11

Hydrogen.~_~_____nn___ 2.016 .07 57.8 4.0 .14 3.7 (40 2." 270 lIl)

1 Calcuted value.
2t-lfi°O.

It""lOOC.
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FIGURE 94.-Limits of Flammabil-
ity of Methyl Ethyl Ketone
e M E K) - Chloro bromemethane
(CBM)-Air, MEK-Carbon Diox-
ide Dioxide-Air and MEK-Nitro-
gen-Air Mixtures at 25° C and
Atmospheric Presure.
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TABLE 19.-Limits oj flammabiity oj ammonia
at room temperature and near atmospheric
pressure

Oxidant C.. L U Ref.

Ai__________________ 21. 8 15 28 (187,181))
Oxygen_ _ _____ _ - -- --- 57. 1 15 79 (~IJ)
Nitrous oxide_________ 40.0 2.2 72 (1oa)

Hydrazine vapor burns in the absence of an
oxidizer, so that it has no upper limit and can
therefore be used as a monopropellant. The
decomposition flame yields hydrogen, nitrogen,
and a=onia (64, 73). However, hydrazine
vapor can be rendered nonfa=able by addi-
tion of stable diuents or inhibitors. The
amount of diluent requied at any temperature
and pressure appear to be governed in part by
the ignition source strength. With a 0.25-inch
spark gap and a 15,000-volt, 60-ma-lumous-
tube transformer as the energy source, Furo,
Martindil, and Zabetaki (63) found that the

% air = 100%-% methyl ethyl ketone-% inert

Flammable
mixtures

Cst

I

10 20 30 40
ADDED INERT, volume-percent

50

followig quantities of hydrocarbon vapor were
needed to inhibit flame propagation in a
iX-inch glass tube · at 1250 C and atmospheric
pressure: 39.8 pct benzene; 35.0 pct toluene;
27.3 pct m-xylene; 23.8 pct cumene; 21.0 pct
n-heptane. On thi same basis, 95.3 pct air is
needed to prevent flame propagation (188); this
corresponds to a lower liit of flamabilty of
4.7 pct hydrazine vapor. The flamable range
in air at atmospheric pressure is presented
graphicaly in figue 98, which also gives the
flmmable ranges of monomethylhydrazine,
unsymetrical diethylhydrazine, and amon-
ia for comparison (218). The f1a=abilty
diagram for the system hydrazine-n-heptane-
air at 1250 C and atmospheric pressure is given
in figue 99. These data were also obtaied
in a H~-inch glass tube.

A sumar of the autoigntion temperature
data obtained by Perlee, Imhof, and Zabetak
(166) for hydrazine, MMH, and UDMH in ai
and nitrogen dioxide (actualy, the equibrium

i Comparable rests were paral obta in a 2-tncb tube
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FIGUaE 97.-Limits of Flammabilty of Ethyl Mercap-
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FIGURE 95.- Limits of Flammabilty of Carbon Disul-
fide-Carbon Dioxide-Air, Carbon Dioxide-Nitrogen-
Air Mixtures at 25Q C and Atmospheric Pressure, and
Carbon Disulfide-Water Vapor-Air at 100' C and
Atmospheric Pressure.
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FIGURE 96.-Limits of Flammabilty of Hydrogen Sul-
fide-Carbon Dioxide-Air Mixtures at 25° C and
Atmospheric Pressure.

40

mixture NO,~NO,+N,O.) is given in figue
100; sport horizontal lies indicate the un-
certainty in NO,* concentrations. These ma-
terials may i~te spontaneously at room
temperature with relatively smal NO.* con-
centrations in the air; at 25° C, liquid UDMH
igntes in NO,*-ai atmospheres that contain
more than about 8 volume-percent NO.*; MMH
and hydrazine ignite in atmospheres that
contain more than about 11 and 14 volume-
percent NO?, resjlectively. In general, even
smaler concentrations of NO.* produce spon-
taneous i~ition of -these combustibles at
higher initial combustible liquid temperatures.
The effect of the hydrazine liquid temperature
on the spontaneous igntion temperature in
NO,*-air atmospheres is ilustrated in figure 1Oi.
Similar data are O'iven in figues 102 and 103
for MMH and UbMH; there is an apparent
anomaly in the data obtained with MMH at
360, 550, and 67° C.

'lhe use of various helium-oxygen atmos-
pheres in place of air results in the spontaneous
ignition temperature curves given in figue 104
for UDMH. Comparison of curve B of this set
with curve A of figue 100 indicates that the
spontaneous ignition temperature of UDMH in
NO,*-He-O, atmospheres is the same as that
obtained in NO,*-ai atmospheres.
Ignition temperature data obtained with

UDMH in NO,*-air mixtures at 15 and 45 psia
are summarized in figure 105. These indicate
that although the spontaneous ignition tem-
perature of UDMH in air is not affected ap-
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FIGURE 9S.-Limits of Flamma-
bilty of Ammonia, UDMH
MMH, and Hydrazine at A~
mospheric Pressure in Saturated
and N ear~Saturated V apor~Air
Mixtures.
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300 Boron Hydrides
This series includes diborane (B,li) 

, tetra-

borane (B,Hio), pentaborane (B,H.), and deca-
borane (BioH,,). However, reliable upper and
lower limt data are available only on the fit
member of this seres at the present time.
These were obtained by Parker and Wolfard
(163) who determed the lits of flammabilty
of diborane in akin a 5-cm-diameter tube at an
initial pressure oJ 300 mm Hg; this combustible
forms flammable mitures in air in the range
from 0.8 to 87.5 volume-percent. A pale blue
flame pro:¡agated throughout the tube at the
upper liit; luminous flames were not visible
above 79 volume-percent. Limt of flamma-
bilty curves for the system diborane-ethane-air
are presented in rectangular coordiates in figure
107. Except for the slght dip to the ethane-
axis (zero diborane) in the area in which ethane
forms flamable mixures in air, these curves
are rather simar to those obtained with other
combustibl~xidant-inert systems. Burning
velocities in excess of 500 cm/sec were measured
in thi same study for fuel-rich diborane-air
mitures.

Berl and Renich have prepared a sumary
report about boron hydrdes (9). It includes
dito. obtained by these and other authors; they
. found the lower lit of pentaborane in ai to
be 0.42 volume-:¡ercent;

The autoigtion temperature of diborane in
air is apparently quite low. Prce obtained a.
value of 1350 C at 16.1 mm Hg (169); that of
pentaborane is 300 C at about 8 mm Hg (9).

a UDMH
b MMH
c Hydrazine

250

200
Reg.ion of spontaneous ignition

P 150
..
0:~
!;
0:..
0-::
~ 100,

50

c 2S-C

o

Dew point line of NO~~ -~~~~------..-..-
o 5 io 15 20 25

NO~ CONCENTRATION, volume-percnt

FIGURE IOD.-Minimum Spontaneous Igntion Tem-
peratures of Liquid HydraziDe, MMH, and UDMH
at an Initial Temperature of 2áo C in Contact 

With
NO,*-Air Mixtures at 740",10 mm Hg aa a Function
of NO~* Concentration.

preciably by this pressure change, it is affected
in a range of NO,*-air mixtures.

The data presented in figues 100 to 105 were

obtained with liquid fuel in contact with vapor-
ized NO~ in air. Similar data obtained with
vaporized UDMH-air in contact with NO~
are given in fiire 106. This figure indicates
that UDMH-air mixtures that contain more
than 9 volume-percent UDMH wi ignite spon-
taneously on contact with NO~; UDMH-air
mixures that contain more than approxiately
2 volume-percent UDMH can be ignited by an
ignition source under the same conditions (166).

30 Gasolies, Diesel and Jet Fuels
Fuels considered in thi section are blends

that contain a wide varety of hydrocarbons
and additives. Accordigly, their flamabilty
charactertics are governed by the method used
to extract a. vapor sample as well as by the
hitory of the liquid. For example, since the
lower limt of flamabilty, expressed in
volume-percent, is inversely proportional to
the molecular weight of the combustible vapor,
equation (28), the fit vapors to come from a.
blend, such as gasolie, give a higher lower
limit value than the completely vaporized
sample. Conversely, the heavy fractions or
residue give a smaller lower lit value. . For
thi reason, there is some diagreement about
the liits of flammabilty of blends such as
gasolie and the diesel and jet fuels. These
fuels are, in general, charactered by a wide
ditilation range; the ASTM distilation curves
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FIGURE ial.-Minimum Spontaneous Ignition Temperatures of Liquid Hydrazine at Various Initial Temperatures
in NO:¡*-Air Mixtures at 740:1 10 mm Hg as a Function of N03* Concentration.
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FIGURE l02.-Minimum Spontaneous Ignition Temperatures of Liquid MMH at Various Initial Temperatures.
in NCf2*-Air Mixtures at 740:: 10 mm Hg as a Function of NO~* Concentration.
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FIGURE l05.-Minimum Spontaneous Igntion Tem-
peratures of 0.05 cc of Liquid UDMH in NO,*-Air
Mixtures at 15 and 45 Psia as a Function of NO:a*
Concentration.

of two gasolies and three jet fuels considered
here are given in figure 108. . Unfortunately,
such curves give only an approxiate measure
of the volatile constituents in the liquid blend.

Even relatively nonvolatile high-flashpoint oil
may liberate fla=able vapors at such a slow
rate that the closed vapor space above the
liquid may be made flammable at reduced
temperatures. Gasolies can produce flam-
mable saturated vapor-air mixture at tempera-
tures below -650 C (241), although the flash
points of such fuels are considered to be about
-450 C (158). An apparent discrepancy thus
exists if flashpoint data are used to predict
the lowest temperature at which flammable
mixtures can be formed in a closed vapor space
above a blend in long-term storage.

As noted earlier, the limits of fla=abilty of
hydrocarbon fuels are not strongly dependent
on molecular weight when the liits are ex-
pressed by weight. However, since results
measured by a volume are perhaps more widely
used than those measured by weight, typical
flammability curves are presented by volume
for the light fractions from aviation gasolie,
grade 115/145 (fig. 109), and aviation jet fuel,

250

200

Region of spontaneous ignition

P 150
W
'"::
:;
'"w
"'
:2
w
,. 100

50

Lower limit of flammability
of UDMH in air
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FIGURE I06.-Minimum Spontaneous Ignition Tem-
peratures of Vaporized UDMH-Air Mixtures in Con-
tact With 100 pct NO; at 25' C and 740lc 10 mm
Hg as a F'unction of un MH Concentration in Air.

grade JP-- (fig. 110). Combustible vapor-air-
carbon dioxide and vapor-air-nitrogen mixtures
at about 250 C and atmospheric pressure are
considered for each. Similar data are given in
figure 14 for the gasolie vapor-air-water vapor
system at 210 and 1000 C; the effect of pressure
on limits of flammability of volatile constituents
of JP-- vapor in air are discussed in connection

with figure 12.

Minimum autoignition temper,atures of gaso-
lies and jet fuels considered here are given in
compilations by Zabetakis, Kuchta, and co-
workers (126, 237). These data are included
in table 20.

Setchkin (194) determined the AIT values of
four diesel fuels with cetane numbers of 41, 55,
60 and 68. These data are included in table 20.
Johnson, Crelln, and Carhart (92, 93) obtained'
values that were larger than those obtained by
Setchk, using a smaller apparatus.
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TABLE 20.-Autoignition temperature values of
various fue in air at 1 atmosphee

Fuel:Aviation gasolie: AIT, °0
100/130_____ _ __ __ _ _ _ _ __ _ _ _ _ - - - - - -- - 440

115/145____ __________ _____________ - 471
A viation jet fuel:

JP-1------------ __________________ 228
JP-3--- ____________________ ------- 238
JP-4-- ___________ ______ ___ -------- 242
JP-6---- _________ _____ __ - -- --- ---- 232

Diesei fuel:
41 cetane__________________________ 233
55 cetane__________________________ 230
60 cetane______~___________________ 225
68 cetane__________________________ 226
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Burning velocities of the fuels considered
here are in the same range as those of the
hydrocarbons considered earlier. Values for
various fuels have been tabulated by Barnett
and Hibbard (156).

Hydrogen
Numerous fla=abilty characteristics '

studies have been conducted with hydrogen in
recent ;iears. Drell and Belles have prepared
an excellent survey of these characteristics (48).
This survey includes al but the most recent
work of interest.

The low pressure limits of flame propagation
for stoichiometric hydrogen-air mixtures are
somewhat lower than those for stoichiometric
ethylene-air mixtures (197) in cylidrical tubes.

In the ran¡;e from 6 to 130 = Hg, the liit
for stoichiometric hydrogen-ai mitures is
given by the expression:

log P=3.19-1.9 log D, (57)
where P is the low-pressure limit in mileters
of Hg, and D is the tube diameter in mi-
meters.

Hydrogen forms flammable mixures at,
ambient temperatures and pressures with oxy-
gen, air, chlorine, and the oxides of nitrogen.
Limits of fla=abilty in these oxidants at
approxiately 25° C and 1 atmosphere are
lited in table 21.

TABLE 21.-Limit oj jlmmabiüy oj hydrogen
in various oxints at 250 G and atmospheri

pressure

Oxids. t L" U" Ref.

Oxygen_ _ _ ___________ 4. 0 95 (40)
AIT__________________ 4. 0 75 (40)
CWorine_____ _ _ __ _____ 4. 1 89 W6,1S8)
N,O__ _______________ 3.0 84 (189)
NOn ___ _____ __ _ _____ 6.6 66 (189)

Fla=abilty dia~ams of the systems hydro-
gen-air-carbon dioxide and hydrogen-ai-nitro-
gen obtained by Jones and Perrott (112) are
given in figue 11 1. Lines that establish
minimum oxygen values for each system are
also included. Note that although the min-
mum value occurs near the "nose" of the
hydrogen-air-nitrogen curve, the corresponding
value occurs at the upper limit of the hydrogen-
air-carbou dioxide curve.

Flammabilty diagrams obtained by Scott,
Van Dolah, and Zabetakis for the systems
hyclogen-nitric oxide-nitrous oxide, hydrogen-
nitrous oxide-air, and hydrogen-nitric oxide-air
are given in figues 112-114 (189). Upper lit

761-928 ()-65--7
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"
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E,
g 40
Z
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20
Flammable

mixtures
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80

FIGURE 11l.-Limlts of Flammability of Hydrogen-
Carbon Dioxide-Ai and Hydrogen-Nitrogen-Ai
Matures at 25° C and Atmospheric Pressure.

/
curves were found to deviate from the results
obtained from the La Chatelier law, broken
curves; additional data are given in the origial

artië'e.
The burnig velocity of hydrogen in ai at

250 C and one atmosphere range from a low
of a few centimeters per second to 325 cm!sec,

(68). When liquefied, it vaporizes and burns
in ai at a rate that is determined by the rate

at which heat enters the liquid. Heat is
abstracted from thii suroundings and, where a
flame exists, from the flame itself. Figue 115
gives the results obtained from vaporizing
liquid hydrogen from paraf cast in a Dewar
flask; experiental points were obtained from
gas evolution measurements. The solid curve
(theoretical) was obtained by Zabetakis and
Burgess by assumng the heat infux rate to be
conduction liited (234); the initial flash
vaporization rates are probably fi- and
nucleate boilg-limted. The theoretical liquid
regression rates following spilage of liquid
hydrogen onto three soils are presented in
figure 116, the corresponding decrease in liquid
level is given in figure 117. Because of its
low temperature, the vaporized hydrogen
forms a vapor trail as it leaves the liquid.
However, the position of this trail or visible
cloud does not necessary coincide with that
of the fla=able zones formed above the liquid
pooL. This is ilustrated in figue 118, in which
the positions of the fla=able zones and visible
clouds are defined in a height-elapsed time
graph. Two fla=able zones are defined here.
These are also seen in the motion picture
sequence (fig. 119) of the visible clouds and
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FIGURE 112.-Limits of Flammability of H,-NO-N,O at Approximately 28° C aud 1 Atmosphere.
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FIGURE 113.-Limits of Flammabilty of Hz-NzO-Air at Approximately 28° C and i Atmosphere.
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flames that resulted following spilage of 7.8
~ter~ of liquid hydrogen and subsequent
igi:tion of vapors above the spil area. The
?ei¡;~t and width of fiebals that resulted from
i¡;mtion of vapors produced by rapid vaporiza-
tion C?f ab~ut 3 to 90 liters of liquid hydrogen
are given II figue 120. The data are repre-
sented fairly wel by the equation

Hmsx= Wmsx=7.JV, feet= 17.8.JM feet, (56)

I-
w
w..
W..
-:u
(f

where Hmsx and Wms~ are the maxium flame
height and width, respectively, Vi is the volume
of liquid hydro~en in liters, and M is the mass
of this volume II pounds.

The burnig rate of a 6-inch pool of liquid
hydrogen in air is given as the regression of the
liquid level in figue 121; burnig rate data for
liquid methane are included for comparison.
An extrapolated value of burning rate for large
pools of liquid hydrogen is included in figue 52.

Approxiate quantity-distance relationships
can be establihed for the storage of liquid hy-
drogen near inabited buidings and other stor-
age sites if certain assumptions are made (33,
160, 234). Additional work is requied to
establih such ditances for very large qu'antities
of liquid.

The detonation velocity and the static and
reflected pressures developed by a detonation
wave propagating through hydrogen-oxygen
miures are given in figue 16. The predeto-
nation distance in horizontal pipes is reportedly
proportional to the square root of the pipe
diameter (229); this is presumably applicable
to results obtained with a mild ignition source,
since a shock front can establih a detonation
at essentially zero runup ditance. Numerous
investigators have examined this and related
problems in recent years (11-13, 65, 135-137,
151).

HYRAULIC FLUIS AN ENGIN
OILS

5

Both mineral oil derived and synthetic hy-
draulc fluids and engine oil are presently In
common use (148). These materials are often
used at elevated temperatures and pressures
and contain additives designed to improve sta-
bilty, viscosity, load-bearing characteristics,
etc. Such additives affect flammabilty char-
acteristics of the base fluid. However, the base

FIGURE 1I9.-Motion Picture Sequence (16 Frames per
Second) of Visible Cloud. and Flames Resulting
Frcm Rapid Spilage of 7.8 Liters of Liquid Hydrogen
on a Gravel Surace at 18° C. IgnitionSource: 20
Inches Above Gravel.
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fluid generaly plays a predominant role in de-
termining liits of flammabilty and ignition
temperature of a particular fluid. For exam-
ple,. many of the. ,?il-based fluid.s have lower
liits of flannabilty that fall in the ranges
given in figure 22 for paraffn hydrocarbons.
Further, those that have minimum autoignition
temperatures in the lower temperature ranges
considered in fiugres 43 and 71 are not affected
appreciably by oxygen concentration of the
atmosphere and by ambient and fluid-injection
pressures; those that have minimum autoigni-
tion temperatures in the higher temperature
ranges do not follow these ¡;eneralzations (237).
Since these fluids are designed for use at ele-
vated temperatures and pressures, they are nor-
mally made up of high-molecular weight mate-
tials. Accordingly, they are flannable at
ordinary temperatures and pressures as mists
and foams. Burgoyne and his coworkers (27)
found that lubricating-oil mists were flanna-
ble in air but not in carbon dioxide-ai mix-
tures that contained about 28 volume-percent
carbon dioxide (fig. 35). At elevated temper-
atures, the oil vapors cracked and produced
acetylene and hydrogen, which affected the
flammabilty of the resultant mixture; the va-
pors are often unstable at elevated tempera-
tures. Chiantella, Mens, and Johnson have
determined the effect of elevated temperatures
on the stabilty and ignition proi,erties of three
commercial triaryl phosphate fluids (36).

Zabetaki, Scott, and Kennedy have deter-
mined the effect of pressure on the autoigition

temperatures of commercial lubricants (248).
Figure 122 gives the minimum autoigition
temperatures for four commercial phosphate
ester-base fluids (curves 1-4) and three
mineral oils (curves 5-7). In each case, the
minimum autoignition temperature was found
to decrease with increase in pressure over most
of the pressure range considered. A plot of the
logarithm of the initial pressure to temperature
ratio versus the reciprocal of the temperature
is given for curves 1 to 7 in figure 123. The
resultant curves are liear over a lited tem-
perature range.

The ratio of the fial temperature attaied by
air in an adiabatic compression process to the
initial temperature is given in figure 124 as a
function of both the final-to-initial pressure
ratio and initial-to-final volume ratio. If a
lubricating oil is exposed to high temperatures
during a compression process, autoigntion may
occur ü the residence or contact time is ade-
quate. Such high temperatures do occur in
practice and have been known to cause disas-
trous explosions (58, 146, 149, 227, 231). The
curves in figure 125 show that in the compression
pressure range 1 to 10 atmospheres (initial
pressure = 1 atmosphere), a wide range of

~m~ient temperatures can lead to the auto-
igniti?n of a mineral oil lubricant (curve 5) ü
suffcient vapor or mist is in the system. In the
same pressure range, only elevated initial
temperatures could lead to the autoignition of a
ph,?sphate ester (curve 4). If the initial pressure
is increased to 10 a.t~ospheres, autoignition
can occur at lower air-intake temperatures in
every case (248).

MISCELLOUS
The flannabilty characteristics of a number

of miscellaneous combustibles not considered
elsewhere, are discussed in this section. These
include carbon monoxide, n-propyl nitrate, and
the halogenated hydrocarbons. The properties
of these and a great variety of other materials
are included in Appendix A.

The liits of flannabilty of the systems car-

bon monoxide-carbon dioxide-ai and carbon
monoxide-nitrogen-air are presented in figure
126. These curves were constructed from the
flammabilty data obtained by Jones in a 2-inch
vertical glass tube with upward flame propaga-
tion (112); other representations may be found
in the origial reference and in the compilation
prepared by Coward and Jones (40).

MatElials that are oxidied or decomposed
readily may yield erratic flammability data
under certain conditions. This effect IS ilus-
trated in figue 127 which sumarizes the
lower-liits data obtained by Zabetakis, Maaon
and Van Dolah with n-propyl nitrate (NPN) in
air at various temperatures and pressures (243).
An increase in temperature from 750 to 1250 C
is accompanied by a decrelle in the lower-liit

values; a further increase in temperature to
1500 C results in a further lowering of the lower
limt at pressures below 100 psig, but not at the

higher pressures. An increase in the tempera-
ture to 1700 C results in an apparent increase in
the lower-liit value because of the slow oxida-
tion of NPN. A complete ßannabilty dia-
gram has been constructed for the NPN vapor
system in figue 128; a single lower liit curve

and two upper lit curves are given here to
show the effect of pressure on the flannable
range of a vapor-ai system.

The spontaneous ignition of NPN in air was
considered earlier at 1,000 psig (figs. 3, 4). The
eÌiplosion pressures obtained at this intial pres-

sure in air and in a 10-volume-percent oxygen
+90-volume-percent nitrogen atmosphere at
various NPN concentrations are presented in
figue 129. A sumary of the miimum spon-
taneous ignition and decomposition tempera-
tures obtained with NPN in air and nitrogen
respectively are given in figue 130. The data
given in this figue exhibit a behavior that is
typical of that found with other combustibles
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FIGURE 123.-Logarithm of Ini-
tial Pressure-AIT Ratio of
Seven Fluids in Air for Various
Reciprocal Temperatures. Data
from Figue 122.
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FIGURE I24.-Varation in T¡/T,
of Ai With V./V, and With
P,ip. in an Adiabatic Com-
presion Process.
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FIG UR 125.- Variation In Air
Temperature With Pr/Pi in an
Adiabatic Compression Process
for Five Initial Air Tempera-
tures (0°, 25°, 50°, 75°, and
100° C). Regions of autoign-
tion for lubricants iv and V at
P¡lP, Between 1 and 10 Atmos-
phere and Pi of Between 1 and
10 Atmospheres.
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at elevated pressures; the minimum spontaneous
ignition temperature fist decreases with ini-
tial increase in pressure and then increases as
the pressure is iucreased stil further (120,
248).

Burning velocities were found to range from
20 cm/sec to no cm/sec in NPN -air mitures
containing 3.0 to 7.2 volume-percent. NPN.
Detonations were obtained in saturated NPN
vapor-air mixtures from 300 to 650 C and 1
atmosphere pressure; the detonation velocity
was from 1,500 to 2,000 meters per second.
Stable detonations were obtained with liquid
NPN at 90. C; the detonation velocity was
from 4,700 to 5,100 meters per second.

Although many of the halogenated hydro-
carbons are known to be fla=able (40) stil
others such as methyl bromide, methylene
chloride, and trichloroethylene (TCE) have
been considered to be nonflammable or essential-
ly nonfla=able in air. As noted in connection
with the methyl bromide data given in figure
28, Hil found methyl bromide to be flammable
in air at 1 atmosphere pressure (84); the re-
ported liits of fla=abilty were from 10 to

% air = 100%-% carbon monoxide-% inert

FIGURE 126.-Limits of Flammabilty of Carbon Mo-
noxide-Carbon Dioxide-Air and Carbon Monoxide-
Nitrogen~Air Mixtures at Atmospheric Pressure and
26° C.
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FIGURE 128.-Flammable NPN Vapor-Air Mixtures
Formed Over the Pressure Range From 0 to 1,000
Psig at 50' and 125' C.

~5. .volume-percent methyl bromide. At an
ilitial pressure of 100 psig, the flammable range
was foui:d .to extend from 6 to 25 volume-per-
cent. Siinlarly, methylene chloride and tri-
chloroethane were found to be flammable in air
at ambient temperatures although the flam-
mable ranges were not deti:rmined. In general,
much higher s~)Urce energies are required with
these combustibles than are required to ignite
methane-air mixtures.

An approximate flammabilty diagram was
prepared by Scott for trichloroethylene-air
mixtures (190); a modifcation is reproduced in
figure 131. The lower liit data were obtained
in a vertical 7 -inch-diameter flammabilty tube
and the upper limit data in an 8-in'ch-diameter
glass sphere with upward propagation of flame.
Flammable mitures of TOE and air were also
obtained between 10.5 and 41 volume-percent
TOE at 1 atmosphere and 1000 0 in an 8-inch-
diameter glass sphere. Under the same con-
ditions, flammable mixtures of TOE and
oxygen were obtained between 7.5 and 90
volume-percent TOE. However, additional
work must be conducted with thi and the
other halogenated hydrocarbons to determine
the effect 01 vessel size, ignition source strength,
temperature and pressure on their flammabilty
chariiteristics.

Other useful flammabilty data may be found
for various miscellaneous combustibles in many
of the publications lited in the bibliography

(40, 154, 200, 208-214, 218). These include
data on the gases produced when metals react
with water (56) and sulfur reacts with various
hydrocarbons (62). Stil other references con-
sider the hazards associated with the production
of unstable peroxides .(.142, 157, 187, 233) and
other reactive materials (66, 74, 80, 139).
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APPENDIX A
TABLE A-1. Summary of limits offlammability,

lower temperature limits (TL), and minimum
autoignitwn temperatures (ArT) of indiviual
gases and vapors in air at atmospheri pressure

Limits of flam-

Combustible
mabilty (volume-

percent) TL Al
(0 C) (0 C

L.. U..

AcetaL. _ _ _ _ _ _ _ _ _ _ _ __ 1. 6 10 37 23
Acetaldehyde___ __ ___ 4. 0 60 -".---- J7
Acetic acid__________ i 5. 4 -------- 40 46
Acetic anhydride_____ '2.7 , 10 47 39
Acetanilde__ __ _ _ _ ___ '1. 0 -------- ------ 54
Acetone_n__ __ __ ____ 2.6 13 ------ 46
Acetophenone_ _ _ ____ '1. i -------- ------ 57
Acetylacetone_ _ _ ____ '1. 7 -------- ------ 34
Acetyl chlorlde_ _ ____ '5.0 -------- ------ 39
Acetylene_ _____ __ ___ 2.5 100 ------ 30
Acrolein_ _ _ _:.__ _____ 2.8 31 ------ 23
Acrylonitrile______ ___ 3.0 -------- -6 ----
Acetone Cyanohydr_ 2.2 12 ------ ----
Adipic acidnn _ __ _ __ . 1. 6 -------- ------ 42
AldoL_______ ___ ____ · 2. 0 -------- ------ 25
Allyl alcohoL_______ 2. 5 18 22
Allyl amine__ _ h____ 2.2 22 ------ 37
Allyl bromide________ '2.7 -------- ------ 29
Ally i chloride__ _ _ _ ___ 2.9 -------- -32 48
o-AminodiphenyL____ .66 4.1 ------ 45
AmmoniR_ __________ 15 28 ------ ----
n-Amyl acetate______ 1 1. 0 1 7. i 25 36
n-Amyl alcohoL. _____ 1 1. 4 1 10 38 ao
tert-Amyi alcohoL____ . 1. 4 -------- ------ 43
n-Amyl cbloride_ ____ . 1. 6 i 8. 6 ------ 26
tert-Amyl chloride_ ___ 61.5 -------- -12 34
n-Amylether__ __ ____ '.7 -------- ------ 17
Amyl nitrite_________ . 1. 0 -------- ------ 21
n~Amyl propionate___ . i. 0 -------- ------ 38
Amy lene_ _ __ _ __ _ __ __ i. 4 8.7 ------ 27
Anilne_ _ ___________ 7 i. 2 78.3 ------ 61
Anthracene_____ _ ____ '.65 -------- ------ 54
nwAmyl nitrate_ __ ___ 1. 1 -------- ------ 19
Benzene_ ___________ 1 1. 3 1 7.9 ------ 56
Benzyl benzoate_ _ _ __ '.7 -------- ------ 48
Benzyl chloride______ , 1. 2 -------- ------ 58
BicyclohexyL _ _ _ _ ___ 1 .65 " 5. 1 74 24
BiEhenyL--- - -- ---- , .70 -------- 110 54
2- iphenyiamine_____ . .8 -------- ------ 45
Bromobenzene______ _ , 1. 6 -------- ------ 56
Butadiene (1,3)___ __ 2.0 12 ------ 42
~Butane_ _ _ _ _ __ ____ 1. 8 8.4 -72 40
1,3-ButandioL____ ___ . 1. 9 -------- ------ 39
Butene-L_____ __ ____ 1. 6 10 ------ 38
Butene-2______ ______ 1. 7 9.7 ------ 32
n-Butyl acetate______ . 1. 4 1 8.0 ------ 42
n-Butyl alcohoL_ _ ___ 1 1. 7 1 12 ------ ----
8ec-Butyl alcohoL____ 1 1. 7 1 9.8 -- 21 40
tet-Butyi alcohoL _ __ 1 1. 9 1 9.0 11 48
tert-Butyl amine_____ 1 i. 7 1 8.9 ------ 38
n-But 1 benzeneh_h 1 .82 1 5.8 ------ 41y

See footnotes a.t end of table.
114

Limits of flam-
mability (volumew

Combustible percent) TL AI
(0 C) (0 C)

L.. U..

8ee-Butyl benzene____ i 0.77 1 5.8 ------ 420
teTt-Butyl benzene____ 1 .77 1 5.8 450------
n-Butyl bromide__ ___ i 2.5 -------- ------ 265
Butyl cellosolve______ " 1. 1 10 11 ------ 245
n-Butyl chloride_ _ _ __ i. 8 1 10 ------ -----
n-Butyl formate_ ____ 1. 7 8.2 ------
n-Butylstearate_____ , .3 -------- ------ 355
Butyric acid":________ , 2.1 -------- ------ 450
awButryolactone_ _ _ -- 8 2.0 -------- ------ -----
Carbon disulfde_ ____ 1. 3 50 ------ 90
Carbon monoxide_ _ __ 12.5 74 ------ -----
Chlorobenzene_ _ _ _ _ __ 1. 4 -------- 21 640
m-OresoL__ _ _ _ _ _ _ _ __ 8 i. 1 -------- ------ -----
Crotonaldehyde____ __ 2.1 11 16 ------ -----
Cumene_____hh_h 1 .88 1 6.5 425------
Cyanogen_____ __ ____ 6.6 -------- ------ -----
Cycloheptane________ 1. 1 6.7 ------
Cyclohexane_ _ _ _.. _ __ 1. 3 7.8 ------ 245
CyclohexanoL _ __ _ h_ , 1. 2 -------- 300------
Cyclohexene_____ _ _ __ 1 i. 2 -------- ------ -----
Cyclohexyl acetate___ , i. 0 -------- 335------
Cyclopropane_ _ ___h 2.4 10.4 ------ 500
Cymene_ _ _______h_ 1 .85 1 6.5 435------
lJecaborane_ _ _ _ _ _ _ __ .2 -------- ------ -----
lJecalin___ _____ _ _ ___ 1 .74 1 4.9 57 250
nwlJecane_ -- ---- -- -- 12.75 18 5.6 46 210
Deuterium_ _ _ _ _ _ _ _ __ 4.9 75 ------ -----
lJiborane_ _ __h_h__ .8 88 ------ -----
Diesel fuel (60 cetaue)_ -------- -------- ------ 225
lJiethyl amine_______ i. 8 10 ------ -----
Diethyl auaJieh __ __ '.8 -------- 80 630
1,4-Diethyl benzene__ 1 .8 -------- ------ 430
Diethyl cyclohexaue__ .75 -------- ------ 240
Diethyl ether________ i. 9 36 ------ 160
'3,3-Diethyl pentane__ 1 .7 -------- 290------
Diethyl ketone______ i. 6 -------- ------ 450
Düsobutyl c~rbinoL__ 1 .82 11 6. 1 ------ -----
Düsobutyl ketone____ 1 .79 1 6.2 -----
2-4, Düsocyanate_ ___ -------- -------- 120 -----
Düsopropyl ether _ ___ i. 4 7.9 ------
Dimethyl amine_____ 2.8 -------- ------ 400
2,2-Dlmethyl butane_ i. 2 7.0 ------ -----
2,3-Dimethyl butaue_ 1. 2 7.0 ------ -----
Dimethyl decalin _ ___ i .69 , 5.3 ------ 235
Dimethyl dichlorosi-

lane______________ 3.4 -------- ------ -----
Dimethyl etheL _ ____ 3.4 27 ------ 350
n,n-Dimethyl forma-

mide_____________ 1 1. 8 i 14 57 435
2,3-Dimethyl pentane_ 1. i

I
6.8 ------ 335

2,2-Dimethyl propane_ 1. 4 7.5 ------ 450
Dimethyl sulfide_ _ ___ 2.2 20 ------ 205
Dimethyl sulfoxide_ __ -------- -------- 84
Dioxane_ _ __ __ _ _____ 2.0 22 ------ 265
Dipentenenn__ __ ___ 8 .7.5 " 6. i 45 237
Di hen lamine_.:____ '.7 -------- ------ 635
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Combustible

Limts of flm-
mabilty (volume-

percent) TL AIT
(0 C) (0 C)

L.. u..

'0.8 ________ u____ 620
'.7 ________ _h___ 485
1. 7 27 u__u u___
, 60 ________ 74 205
3.0 12.4 -130 515
2.2 11 ______ __h_
3.3 11 19 ______ 365
3.5 ________ __u__ 385
'1.0 '6.7 _u_u 430
3.8 _____h_ _u___ _____
1. 2 7.7 u____ 210

"2.0 "6.6 u____ 260
1. 1 6.7 _u___ 260
2.8 16 ______ 455
1. 5 ___h_U ______ 400
2.8 18 ______ 300
4.0 ________ ______ _____
3.0 50 ______ _____
1.8 11 ______ 440
1. 7 9 ______ _____
2.7 36 ______ 490
3.6 46 ______ 320

'3.5 ________ __h__ 400
3.6 100 _h___ _____" 1. 8 "16 72 390

Diphenyl ether __ _ ___
Diphenyl methane___
Diviyl ether________
n-Dodecane_ _ _ _ _ _ _ __
Ethane_ __ __ ____c___
Ethyl acetate________
Ethyl alcoho1._____u
Ethyl amine_________
Ethyl benzene_ __ ____
Ethyl cWoride____h_
Ethyl cyclobutane___
Ethyl cyclohexane_ __
Ethyl cyclopentane___
Ethyl formate____u_
Ethyl iactate___h___
Ethyl mercaptan_____
Ethyl nitrate__ _ _ _ ___

Ethyl nitrite_________
Etbyl propionate_____
Ethyl propyl ether ___
Ethylene________ ____
Ethyleneimine_______
Ethylene glyco1._____
Ethylene oxide______
Furural alcohoL. _ ___
Gasolie:

100/130_________ 1. 3 7.1 ______ 440
115/145_uu____ 1. 2 7.1 ______ 470

~1í~~~~~~======== --ï.-Ö5- ---6~7-- --~4- m
n-Hexadecane_______ '.43 ________ 126 205
n-Hexae___________ 1. 2 7.4 -26 225
n-Hexyl alcoho1._____ '1. 2 ________ ______ _____
n-Hexyl ether_______ '.6 ________ ______ 185
Hydrazine_n_______ 4. 7 100 ______ _____
Hydrogen___________ 4. 0 75 ______ 400
Hydrgen cyanide___ 5.6 40 _Uh_ _____
Hydrogen sulfide__h_ 4. 0 44 _u___ _____
Isoamyl acetate______ '1.1 '7.0 25 360
Isoamyl alcoho1._____ '1.4 '9.0 _h___ 350
Isobutane___________ 1. 8 8. 4 -81 460
Isobutyl aloohoL____ '1.7 '11 ______ _____
Isobutyl benzene_____ ' . 82 10 6. 0 _h___ 430
Isobutyl formate_____ 2.0 8.9 ______ _____
Isobutylenen_______ 1. 8 9.6 ______ 465
Isopentae___u_____ -1. 4 ________ ______ _____
Isophorone__________ .84 ________ _h___ 460
Isopropylacetate_____ '1. 7 ________ ______ _____
Isopropyl alcoho1.___ 2.2 ________ ______ _____
Isopropyl bipheny1.__ '.6 ________ ______ 440
Jet fuel:JP-4n_________ 1. 3 8 ______ 240

JP-6u_________ ________ ________ ______ 230
KerosInen_____n___ ____Uh ___n___ 210
Methane________---- 5.0 15. 0 -187 540
Methyl acetate______ 3.2 16 ______ _____
Methyl acetylene_ _ __ 1. 7
Methyl alcohoL. u _ _ _ 6. 7
Methyl ainen ___ u _ ' 4. 2
Methyl bromiden _ __ 10
3-Methyl butene-L _ _ 1. 5
Methyl butyl ketoue_ '1. 2
Methyl cellosolven _ _ "2. 5
Methyl cello801ve ace-
tateh__h________ "1. 7 __u____

Methyl ethyl ether___ '2.2 ________ ___u_ _____

See footnotes at end ot table.

ï,-36--- ====== --385

________ ______ 430
15
9. 1

'8.0
720

46 _h__

Combustible

Limits of flam-
mabilty (volume-

percent) AIT
(0 C)

TL
(0 C)

L1i u..

380

Methyl chloride______
Methyl cyclohexane__
Methyl cyclopen ta-

diene_ __ __ _h _____
Methyl ethyl ketone__
Methyl ethyl ketone

peroxide___u_____ ________ __u____ 40
Methyl formate____u 5.0 23 ______
Methyl cycJohexanoL ' 1. 0 _ h _ _ h _ __ _ ___
Methyl isobutyl car-

binoL UU_h _u__
Methyl isopropenyl
ketone_______hu_ '1. 8 '9.0 ______ _____

Methyllactate_______ '2.2 ________ ______ _____
a-Methyl naphthalene '.8 uu____ ______ 530
2, Methyl pentanen_ '1. 2 _____h_ ______ _____
Methyl propionateu_ 2.4 13 ______ _____
Methyl propyl ketone_ 1. 6 8. 2
Methyl styrene______ '1. 0 ________ 49 495
Methyl vinyl ether___ 2.6 39 u____ _____
Methylene cWoride___ ____u__ ________ ______ 615
Monoisopropyl bicy-

clohexyL n h _ ____
2-Monoisopropyl

bipheny1._________
Monomethylhydra-

zIne_ _ _ _ _ _ _ _ _ _ _ _ __
Naphtha�ene_ _ __ _u_
Nicotine__ __n______
Nitroethane_ _ _ _ _ _ _ __
Nitromethane_ _ _ _ _ __

"l-Nitropropane__ ____
2-Nitropropaneu __u
n-Nonane.:_____ _____
n-Octanen_________ _
Paraldehyde____ _ _ _ __
Pentaboranc________ _
n-Pentane____ ____ ___
Pentamethylene gly-

001.______________ _Uhh_ ________ _h___ 335
Phthalic anhydride___ '1. 2 " 9. 2 140 570
3-Plcolie__uhuh_ '1. 4 ________ ______ 500
Pinane__u___U__h_ ".74 "7.2 ______ ___u
Propadlene__________ 2.16 __u____ ______ _____
Propane____________ 2.1 9.5 -102 450
l,2-Propandio1.______ '2.5 ________ _hh_ 410
,B-Propiolactonc__nn a 2. 9 ___n___ h__h n_n
Propionaldehyde_____ 2; 9 17 ______ _____
n-Propyl acetate_____ 1. 8 8 ______ _____
n-Propyl alcoholh___ 12 2. 2 i 14 ______ 440
Propyl amine________ 2.0 ________ ______ _____
Propyl chloride______ '2.4 ________ ______ _____
n-Propyl nitrate_____ "1. 8 "100 21 175
Propylene___________ 2.4 11 ______ 460
Propylenedicbloride__ '3. i ________ ______ _____
Propylene glyco1.____ .. 2. 6 ________ ______ _____
Propylene oxide______ 2.8 37 ______ _____
Pyridinc___n__n_n 11 1. 8 2512 ___h_ _____
Propargyl alcohoL___ '2.4 ________ _h___ _____
Quiolie_h_"UU__ '1. 0 ________ ______ _____
Styrene_____________ 261.1 ____uh ____u _____
Sulfur______________ 27 2. 0 ________ 247
p-TerpheuyL_______ '96 ________ ______ 535
n-Tetradecane_n_n_ 4i 5 _un___ __un 200
Tetrahydrofurane____ 2.0 ________ ______ _h__
Tetralin____________ '.84 "5.0 71 385

'7
1. 1 6.7 250

'1. 3

1.9
'7.6
10

49 445

390
465
295

'1.2 40 _____

.52 184.1 124 230

10 53 18 3. 2 141 435

4 _uu___ ______ ___u
".88 "5.9 ______ 526
i 75 ________ _____
3.4 _uu___ 30 _____
7.3 ____u__ 33 _____
2.2 ________ 34 _____
2.5 ________ 27 _____
".85 ________ 31 205
0.95 ________ 13 220
1. 3 _____h_ _hh_ _h__
.42 _____h_ ___h_ _____
1. 4 7. 8 -48 260
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TABLE A-1. Summary oj limit oj flamma-
biity, lower temperature limits (TL) and
minimum autoignition temperatures (AIT) oj
individua gases and vapors in air at atmospheri
pressure-Continued

Limits of flm-
mabilty (volume-

Combustible percent) TL Al
(0 C) (0 C

Ln Un

2,2,3,3- Tetramethyl
pentane____ __ _____ 0.8 -------- ------ 43

Tetramethylene gly-
col.. _ _ _ _ _ _ - - - - - - -- -------- -------- ------ 39

Toluene_____ ___ -----
i 1. 2 i 7. 1 ------ 48

Trichloroethane____ -- -------- -------- 50
Trchloroethylene_ _ -- 2812 2540 30 42
Trethyi amie__~___ 1. 2 8.0 ------ ----
Trieti:lene tycoL --- '.9 2B 9. 2 ------ ----
2,2,3- rimet yl bu-

1. 0tae___ ________ --- -------- ------ 42
Trimethyl iimine_____ 2.0 12 ------ ----
2,2,4- Trmethyl pen-

tae___ ____ -- ----- .95 -------- ------ 41

Trimethylene glycoL__
. 1. 7 -------- ------ 40

Trioxane__ _ _ _ _ _ - - - -- · 3. 2 -------- ------
Turpentine___ _ _ - - - -- '.7 -------- ----- ----
Unsymmetrical di-

methylhydrazine_ __ 2.0 95 ------ ----
Vinyl acetate__ - __ - u 2.6 -------- ------ ----
Vin¡'1 chloride_ __ __u 3.6 33 ------ ----
m- ylene___________ 1 1. 1

i 6. 4 ------ 53
o-i;lene----- - -- u__ i 1. 1 i 6.4 ------ 46
p- ylene____________ 1 1. 1

i 6. 6 ------ 53
-

T
)

o

o
o
o
o

o

5
o

o
5
o

1t_100"0.
It-=47"0.
It_75"0.
l Calcula.ted.
.t=50° C.
6t_85° c.

't..l40" c.
It-=151° C.
it_110° C.
10t=175°C.

r
II t=60° C.
ISt=53° C.
11 t=86°C.
llt=1300C.
lIt=72° C.
1!t=1l7c C.
l1t=1250C.
18 t~20C C.
Uts=78° C.
lOt_122° C.

lit_43° C.
Jlt=1'l50C.
Jlt..l60° C.
IIt_WO C.
_t=700 C.
II t=29° C.
'It=247c C.
18t=30oC.
II t=20° C.



APPENDIX B

STOICHOMEC COMPOSITON
The stoichiometric composition (0,,) of a

combustible vapor O.H..O,F. in ai may be
obtaied from the equation

( m-k-2X)
C.H..OÀF.+ n+ 4 O,-mCO,

(m-k)t -2 H,OHHF.

100Thus, 0" ( k 2 volume-per-
1+4.773 n+ m- 4 - X)

cent, where 4.773 is the reciprocal of 0.2095,
the molar concentration of oxygen in dr ai.
The followi table lits the values of 0" for
a range of (n+m-~-2X)values from 0.5 to
30.75:

N' 0 0.25 0.50 0.75

0_____ __ _ __ _ ___ -------- -------- 29. 5~ 21. 83
L_____________ 17.32 14. 35 12.25 10.69
2_____ _ _ _ __ _ _ __ 9.48 8. 52 7.73 7.08
3___________n_ 6.53 6.05 5.65 5.29
4______________ 4.97 4. 70 4.45 4.22
5_____ __ _ _ _ __ __ 4. 02 3.84 3.67 3.51
6____ _ __ _ _ _ __ __ 3.37 3.24 3.12 3.01

~===== = = = = = = = = =1

2.90 2.81 2.72 2.63
2.55 2.48 2.40 2.34

9______________ 2.27 2.21 2. 16 2.10
10_____ ________ 2.05 2.00 1.96 1.91

N' 0 0.25 0.50 0.75

1L____________ 1. 87 1.83 1. 79 1. 75
12_____________ 1.72 1. 68 1. 65 1.62
13_____________ 1.59 1. 56 1. 53 1.50
14_____ ___nn_ 1.47 1. 45 1.42 1. 40
15_____________ 1.38 1. 36 1.33 1. 31
16_____________ 1.29 1. 27 1. 25 1. 24
17_____________ 1.22 1. 20 1. 18 1. 17
18_____________ 1. 15 1. 13 1. 12 1. 10
19_____________ 1.09 1. 08 1. 06 1. 05
20_____________ 1.04 1.02 1. 01 1,00
21_____ _ _ __ _ _ __ .99 .98 .97 .95
22_____ _ _ __ _ _ __ .94 .93 .92 .91
23_____ _ __ _ _ ___ .90 .89 .88 .87
24_____________ .87 .86 .85 .84
25_____ _ __ _ _ _ __ .83 .82 .81 .81
26_____ _ _ _ _ _ _ __ .80 .79 .78 .78
27_____ _ _ _ _ _ ___ .77 .76 .76 .75
28_____ _ _ _ _ _ _ __ .74 .74 .73 .72
29_____ _ _ _ _ _ _ __ .72 .71 .71 .70
30____ _ _ _ __ ~ n .69 .69 .68 .68

m-k-2Ài N=n+ 4 ; where n, m, X, and k are the
number of carbon, hydrogen, oxygen, and haog atoms,
respectively, in the combustible.

For example, the stoichiometric mixture com-
position of acetyl chloride (C,H,OCl) in air
may be found by noting that

m-k-2X 3-1-2N=n+ 4 2+ 4 2.0.
The entry for N=2.0 in the preceding table is
9.48 volume-percent, which is the value of 0"
for this combustible in air.
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APPENDIX C
HEAT CONTENlS OF GASES

(Kcalmole1)

T, OK CO. RiO 0. Ni
.

298. 16 0 0 0 0
300 .017 .014 .013 .013
400 .941 .823 .723 .709
500 1. 986 1.653 1. 4541 1. 412
600 3.085 2.508 2. 2094 2.125
700 4.244 3.389 2. 9873 2.852
800 5.452 4.298 3. 7849 3.595
900 6.700 5.238 4. 5990 4. 354

1,000 7.983 6.208 5. 4265 5. 129
1,100 9.293 7.208 6.265 5.917
1,200 10. 630 8.238 7.114 6.717
1,300 11. 987 9.297 7.970 7.529
1,400 13. 360 10. 382 8.834 8.349
1,500 14.749 11 494 9.705 9. 178
1,600 16.150 12. 627 10. 582 10.014
1,700 17. 563 13. 785 11. 464 10. 857
1,800 18. 985 14. 962 12. 353 11 705
1,900 20. 416 16. 157 13. 248 12. 559
2,000 21. 855 17. 372 14. 148 13. 417
2,100 23. 301 18. 600 15. 053 14. 278
2,200 24. 753 19. 843 15. 965 15. 144
2,300 26. 210 21. 101 16. 881 16. 012
2.400 27. 672 22. 371 17.803 16. 884
2,500 29. 140 23. 652 18. 731 17.758

i Godon, J. 8. Tblrmodyna.cs of High Tempera.ture Gas Mix.
tures and Application to Combustion Problems. W ADO Technical
Keport õ7-3, Janua.ry 1957, 172 pp.
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APPENDIX D
DEFONS OF PRINCIPAL

SYMOLS
Symbol:

A__ __ __ _ __
A' ________'
a_________
R________
C.t________
AHe___Uh
K_________
k_________
L_______h
L*________
LAn______

Lt_________
L/D______

Dl.fnitton
Constant.
Area.
Velocity of sound.
Constant.
Stoichiometric composition.
Heat of combustion.
Ratio of duct area to vent area.
Thermal conductivity.
Lower limit of flammabilty.
Modifed lower limit value.
Average carbon chain length for

paraffn hydrocarbons and correla:~
tioD parameter for aromatic hy~
drocarbons.

Lower limit of flammabilty at to C.
Length to diameter ratio.

Symbol:
M____h__
M1________
NOi____h_

n_________
P_--------
Pm________
tiP ___ _ _ ___
71---------
8,,________
T_________
L_________
'T ..________
Uc________
U,________
V_______h
V' ________
v__________
'Y---------

Definition
Molecula weight.
Mach number.
Equilbrium mixture of N02 and

N 104 at a specifed temperature
and presure.

Number of moles.
Presure.
Maximum pressure.
Pressure rise.
Parial pressure.
Burning velocity.
Absolute temperature.
Temperature.
Time delay before ignition.
Upper limit of flammabilty.
Upper liit of flammabilty at t' C.
Volume.
Critical approach velocity.
Liquid regression rate.
Specifc heat ratio.
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Acetylenic hydrcarbons---c----------------_ 53
A1l'fuel ratio_______________________________ 21
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n-Amyl alcohoL_____________________h_____ 67
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Autoignitionu___________________________ 4,32,41

B
Barcades_____ ___ __ ______________________ _ 17
Blast presure______________________________ 16
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Buring velocity____________________________ 42,45
Butadieneu_h___________________hh_____ 48,53 .
n-Butane_______________________________ 21,25,32
Butene-L _ __________U__h__U____h___ 48,50,52
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tert-Butyl alcohoL ___________h_____________ 68

C
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21,25
32,43
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15

16,57
70

21,25

E
Engie oil________h_______________________ 95
EBters_____________ _________ _________ _ ____ _ 70
Ethane_____________hh_U_h__________ 21,25,28
Ethers________ __ ___ _________ _ ___ _______ ____ 69
Ethyl alcohoL________h___________________ 67
2-Ethyl butanoL _ _ _ __ _ __ h _ _ __ _ _ h _ __ __ __ __ 67
Ethylene- u hh __ _ __ ___ h_____ ___ __ ______ _ 48, 52

F
Flame arrestors__uh____h____ __ __ __h____ _ 18
Flame capsu __ ____ _____h___ ___h ___ _____ _ 2
Flame extinctioD__Uh_UhU_____h_____h_ 29
Flammabilty characteristicB_ _ _ ____ _ _ _____ __ _ 20
Foam_ __ __ __ __ ___ _____ _______ ___ __ ____ ____ 8
Formic acid______h____h_h___UhU____.;_ 61
Freon-12______ __ _____ ___ ____ __ _____ _____ _ _ _ 69
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Fuel blends _ h _ __ _ _ __ u _ __ __ __ h __ __ __ __ __ _ 74
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Gasolie____ ____ ___ ____ ___ _________________
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Halogenated hydrocarbonB------------------- 102
Heat of formation___________________________ 51
n-Heptane______________________________ 21,25,35
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n-llexane_______________________________ 21,25,34
n-Hexyl alcohoL____________________________ 67
IIydrauüc fiuidB____________________________ 95
IIydrogen----------- ________ _____ __________ 77, 89
Hydrgen peroxide__________________________ 61

I
Ignition_ _ h _________________ ______ ___ _____
Ignition ternperature_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
Ignitibilty limitB______h_________ __________
Inerting_ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
lBbutylene-- __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ __

J
JP-4_ __ __ __ _ _ __ __ _ _ _ _ __ _ _ _ _ _ __ _ __ _ _ _ _ _ _ ___

K
JrerosIne____ _ _ ___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
lCetoneB_ _ _ ___ _ _ _ _ __ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ __ _ __

L
Layerign--- _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
Le Chatelier'B law__________________________
Limits of fiammabilty__u___________________
Liquid mixtures_ _ __ _____________________ ___
Lower limit__________________ __ ______ ______
Low presure limita_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __

M
~ethane_____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
~ethyl acetylene_______ ____ __ _h __hh _____
~ethyl alcohoL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
~ethyl bromide__ _ h_ _____________ _________
3-~ethyl butene-L __ ____n__ __ ______ _______
~ethyl formate_ _ _ _______________ __ u_ __ ___
Methylene bistearamide_ _ ____ ___ __ ___ ___ ____
~ethylene chloride _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
MInimum oxygen value______________________
~istB_ _ _ u___ ___ _____ ___ _ ____ ___ n_ _ ___ ___

Mixer _ _ ______ __ ___ ___ ___ ______ ___ ____ __ _ __

N
Natural gas_ _ __ _ _ __ _ _ __ _ __ _ _ _ __ _ _ __ _ _ _ __ ___
n-N onane___ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __

3 0

4
2

18
48

11,88

7
73

3
31

2
31

2
12,89

9,21
55
67

28,61
48
71

7
102

11
3,6
4,7

27,30
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