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FLAMMABILITY CHARACTERISTICS OF COM-

BUSTIBLE GASES AND VAPORS

hy

Michue' G, Zubetakis !

Abstract

HIS is a summary of the available limit of flammability, sutoignition,
Tund burning-rate data for more than 200 combustible gases and vapors

in air and other oxidants, as well us of empirical rules and graphs that
can be used to predict similar data for thousands of other combusiibles under
a variety of environmental conditions. Specific data are presented on the
paraflinic, unsaturated, aromatic, and alicyclic hydrocarbons, alcohols, ethers,
aldehydes, ketones, and sulfur compounds, and an assortment of fuels, fuel
blends, hydraulic fluids, engine oils, and miscellaneous combustible gases and
vapors.

Introduction

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

The purpose of this bulletin is to present a general review of the subject
of flammability, and to supply select experimental data and empirical rules on
the flammability characteristics of various families of combustible gases and
vapors in air and other oxidizing atmospheres. It contains what are believed
to be the latest and most reliable data for more than 200 combustibles of
interest to those concerned with the prevention of disasirous gas explosions.
In addition, the empirical rules and graphs presented here can be used to

redict similar data for other combustibles under a variety of conditions.
his bulletin supplements Bureau bulletins (J0)? and other publications (158).

Basic knowledge of combustion is desirable for a thorough understanding
of the material, which ean be found in numerous publications (69, 19%, 208).
Therefore, only thuse aspects required for an unJerstundin r of flammability
are considered here; even these are considered from a fairly elementary
viewpoint.

t Physieal chemist, project coordinator, tins Explosicns, Explusives Resesrch Center, Bureau of Mines, Pittsturgh, I'a.
1 [talicited numbers (D parenthoses refer to lieins in the bibliography at the end of this report

Work on manuscript coiipleted May 1064.
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FLAMMABILITY CHARACTERISTICS OF COMBUSTIBLE GABSES AND VAPORS

DEFINITIONS AND THEORY

LIMITS OF FLAMMARBILITY

A combustible gas-sir mixture can be burned
over a wide range of concentiations—when
either subjected to elevated temperatures or
exposed to a catalytic surface at ordinary
temperatures. However, homogensovs com-
bustible gas-air mixtures are flammable, that is,
they can propagate flune freely within a
limited range of compositions. If)(')r example,
trace amounts of mathuane in air can be readil
oxidized on a hested surface, but a flame wi
propagate from an ignition source at ambient
temperatures and pressures only if the sur-
rounding mixture contains at least 5 but less
than 15 volume-percent methane. The more
dilute mixture is known as the lower limit, or
combustible-lean limit, mixture; the more
concentrated mixture is known as the upper
limit, or combustibie-rich limit, mixture. In
practice, the limits of flammability of a par-
ticular system of gases are affected by the
temperature, pressure, direction of flame propa-
gation, gravitational field strength, and sur-
roundings. The limits are obtained experi-
mentally by determining the limiting mixture

compositions between flammable and non-
flarnmable mnixtures (244). That is,

LT.P= 1/2[Clu+cl!]9 (1)
and

Urp=1/2[Cer+ Gl 2

where L; » and Uy are the lower and upper
limits of flammability, respectively, at a speci-
fied temperature and pressure, C,, and C,, are
the greatest and least concentrations of fuel in
oxidant that are nonflammable, and C,, and
C,, are the least and greatest concentrations of
firel in oxidant that are flammable. The rate
at which a flame propagates through a flam-
mable mixture depends on a number of factors
including temperature, pressure, and mixture
composition. It s a minimum at the limits of
flammabifity and a maximum at near stoichio-
metric mixtures (1.30).

The Bureau of Mines has adopted a standard
appuratus for limit-of-flammuability determina-
tions  (40). Originally designed for use at
atmosphieric pressure and reom temperature,
it was later modified for use nt reduced pres-
sures by incorporuting a spark-gap ignitor
the base of the 2-inch, glass, flame-propagation
tube. 'This modification intmdm-(-xf u difticult
that was not inuanediately apparent, as the
spark energy was not always adequate for use in
Lhmit-o! " vaanability determinations.  Figure 3
Nustrac . the effect of mixture composition on
the electrical spark energy requirements for

1 1 LI \J 1 1 T
Limits of
L flammability e
E. a T
e I Ignitibility x’ T
i e X Ilml's\ .
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Fravre I.—Ignitibility Curve and Limits of Flam-
mability for Mcthane-Air Mixtures at Atmospheric
Pressure and 26° C.

ignition of methane-air mixtures (76). For
example, a 0.2-millijoule (mj) spark is inade-
quate to ignite even a stoichiometric mixture at
atmospheric pressure and 26° C; a 1-mj spark
can ignite mixtures containing between 6 and
11.5 volume-percent methane, etc. Such limit-
mixture compositions that depend on the igni-
tion source strength may be defined as limits of
ignitibility or more simply ignitibility limits;
they are thus indicative of the igniting ability
of the energy source. Limit mixtures that are
essentially independent of the ignition source
strength and that give n measure of the ability
of a flame to propagate away from the ignition
source may be defined as limits of flammability.
T(m:-zidemi;ly rrenter spark energies are required
to establish limits of flammability than are
required for limits of ignitibility (218); further,
more energy is usually required to establish the
upper limit than is required to establish the
lower limit. In general, when the source
strength is adequate, mixtures just ontside the
range of flammable compositions yield flame
caps when ignited.  These flame caps propagate
only a short distance from the ignition source
in ‘n uniform mixture. The reason for this
may be seen in figure 2 which shows the effect of
temperature on limits of flammability at »
constunt initinl pressure, Ax the temperature
is increased, the lower limit decreases and the
upper limit iverenses.  Thus, since a localized
energy  source  elevates the temperature of
nearby gases, even a nonflammable mixture can
propugate flame a short distance from the
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Figure 2.--Effect of Temperature on Limits of
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source. That is, a nonflammable mixture (for
example, composition-temperature point A,
fig. 2) may become flammable for a time, if its
temperature is elevated sufficiently (composi-
tion-temperature point B).

Flammable mixtures considered in figure 2
fall in one of three regions. The first is left of
the saturated vapor-air mixtures curve, in the
region labeled ‘“Mist”. Suach mixtures consist
of droplets suspended in a vapor-air mixture;
they are discussed in greater detsil in the section
onformation 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
second and third regions make up the saturated
and unsaturated flammable mixtures of a
combustible-oxidant system at a specified
pressure.

In practice, complications may arise when
flame propagation and flammability limit deter-
minations are mace in small tubes. Since heat
is iransferred to the tube walis from the flame
front by radiation, conduction, and convection,
a flame may be quenched by the surrounding
walls. Accordingﬂy, limit determinations must
be made in apparatus of such a size that wall
quenching is minimized. A 2-inch-ID vertical
tube is suitable for use with the paraffin
hydrocarbons (methane, ethane, etc.) at at-
mospheric pressure and room temperature.
However, such a tube is neither satisfactory
under these conditions for many halogenated
aund other compounds nor for paraffin hydro-
curbons at very low temperatures snd pressures
(197, 844).

Because of the many difficulties associated
with choosing suitable apparatus, it is not
surprising to find that the very existence of the

limits of flammability has bLeen questioned.
After a thorough stu! , Linnett and Simpson
concluded that while Kmdamental limits may
exist there is no experimental evidence to
indicate that such limits have been measured
(132). In a more recent publication, Mullins
reached the same concluston (164). Accord-
ingly, the limits of flammability obtained in an
apparatus of suitable size and with e satis-
factory ignition source should not be termed
fundamental or absolute limits until the exist-
ence of such limits has been established.
However, as long as experimentally determined
limits are obtained under conditions similar to
those found in practice, they may be used to
design installations that are safe and to assess
potential gas-explosion hazards.

Industrially, heterogeneous single-phase (gas)
and multi-phase (gas, liquid, and solid) flam-
mable mixtures are probably aven more impor-
tant than homogeneous gas mixtures. Un-
fortunately, our knowledge of such mixtures
is rather hmited. 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 100-liter container, although a nonflam-
mable (1.0 volume-percent) mixture would
result if complete mixing occurred at room
temperature. This is an importai:t concept,
since layering can occur with any combustible
gas or vapor in both station and flowing
mixtures. Roberts, Pursall, and Sellers (176-
180) have presented an excellent series of review
articles on the layering and dispersion of
methane in coal mines.

The subject of flammable sprays, mists, and
foams is well-documented (5, 18, 22, 27, 76,
206, 215, 245). Agsin, where such hetero-
geneous mixtures exist, flame propagation can
occur at so-called average concentrations well
below the lower limit of flammability (86);
thus, the term ‘“‘average’’ may be meaningless
when used to define mixture composition in
heterogeneous systems.

IGNITION

Lewis and von Elbe (130). Mullins (158, 164)
and Belles and Swett (166) have preparmf
excellent reviews of the processes associated
with spark-ignition and spontaneous-ignition
of a flammable mixture. In general, many
flammable mixtures can be ignited by sparks
having a relatively small energy content (1 to
100 mj) but a large power d"ensity (greater
than 1 megawatt/cm®), However, when the
source energy is diffuse, as in a sheet discharge,
even the total energy requirements for ignition
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may be extremely large (79, 82, 85, 123, 181,
228). There is still much to be learned in this
field, however, since olectrical discharges are
not normally as well defined in practice as
they are in the laboratory.

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

log r=222E, p ®)

where 7 is the time delay before ignition in
seconds; E is an apparent activation energy for
the rate controlling reaction in calories per
mole; 7' is the absolute temperature, expressed
in degrees, Kelvin; and B is a constant. Two
t{pes of ignition temperature data are found in
the current literature. In the first, the effect of
temperature on time delay is considered for de-
lays of less than 1 second (127, 158). Such data
are aﬁplicable to systems in which the contact
time between the heated surface and a flowing
flammable mixture is very short; they are not
satisfactory when the contact time is indefinite.
Further, equation (3) is of little help, because
it gives only the time delay for a range of tem-
peratures at which autoignition occurs; if the
temperature is reduced sufficiently, ignition does
not occur. From the standpoint of safety, it
is the lowest temperature at which ignition can
occur that is of interest. This is called the
minimum spontaneous-ignition, or autoignition,
temperature (AIT) and is determined in a uni-
formly heated apparatus that is sufficiently
large to minimize wall quenching effects (194,
237). Figures 3 and 4 ilustrate typical auto-
ignition-temperature data. In figure 3 the
minimum autoignition-temperature or AIT
value for n-propyl nitrate is 170° C at an
initial pressure 0{ 1,000 psig (243). Data in
this figure may be used to construct a log

versus %. plot such as that in figure 4. Such

graphs illustrate the applicability of equation
(3) to uautoignition temperature data. The
equation of the broken line in figure 4 is

log r= 1.,2:§,;<,A_128_25,1, (4)

In ihis specific case, equation (4) is applicable
only in the temperature range from 170° to

195° C; another equation must be used for
data at higher temperatures. The solid lines
in figure 4 define an 8 C° band that includes
the experimental points in the temperature
range from 170° to 195° C.

FORMATION OF FLAMMABLE
MIXTURES

heterogeneous mixtures are
always formed when two gases or vapors are
first brought together. Before discussing the
formation of such mixtures in detail, a sunpli-
fied mixer such as that shown in figure 5 will be
considered briefly. This mixer consists of
chambers 1 and 2 contuining gases A and B,
respectively; chamber 2, which contains a
stirrer, is separated from chamber 1 and piston
3 by a partition with a small hole, H. At time
t,, & force F applied to piston 3 drives gas A
into chamber 2 at a constant rate. If gas A4
is distributed instantaneously throughout cham-
ber 2 as soon as it passes through H, a compo-
sition diagram sucg as that given in figure 6
results; the (uniform) piston motion starts at
t, and stops at tr. However, if a time interval
At is required to distribute a samll volume from
chamber 1 throughout chamber 2, then at any
instant between ¢, and fy + Af, & variety of
mixture compositions exists in chamber 2.
This situation is represented schematically in
figure 7. The interval of time during which
heterogeneous gas mixtures would exist in the
second case is determined in part by the rate
at which gas A is added to chamber 2, by the
size of the two chambers, and by the efficiency
of the stirrer.

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

Flammable mixtures are encountered in
production of many chemicals and in certuin
physical operations. These include gasfreeing
a tank containing a combustible gas (232),
drying plastic-wire coating, and recovering
solvent from a golvent-air mixture. When
layering can occur, as in drying operations, it
is not enough to add air at such a rate that the
overall mixture composition is below the lower
limit of flammability (assuming that uniform
mixtures result). Special precautions must be
tuken to assure the rapid formation of non-
flammable mixtures (£35). When a batch

In practice,




DEFINITIONS AND THEORY

P-4 1 1 T ¥ \D
2c | o 800 0
7'y X
5 1t . #4311 1 \
400 -
l ¢ I I I
360+— Sample -—
a vol,cc
‘ ;8%
320— e 100 —
4 X 1.5
§ o .75
ool 0 12 -
% a 250
z 4 %5?)
_— & [
2 240 s 325
-4
o
W 200— —
§ Reg.ion'of
160 |— autoignition ]
>
<
. |
w
© 20— —
VY]
=
—
got- —
40— “o‘ _
’ %
L] —
| laiT | Lo ]

o
150 160 i70 180

190 200 210 220

TEMPERATURE, °C

Fraure 3.—Time Delay Before Ignition of NPN in Air at 1,000 Psig in the Temperature Range From
150° to 210° C. (1-33 apparntus; type-347, stainless steel test chamber.)

rocess is involved, an added precaution must
ge tnken; a constituent at a partinl pressure
near its vapor pressure value may condense
when it is momentarily compressed E;y addition
of other gases or vapors. Accordingly, mix-

tures that are initially above the upper limit of
flammability may become flammable. A simi-
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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sampling line, the test sample will not yield
accurate data. A flammable mixture sampled
in this manner may appear to be nonflammable
and thus create a hazardous situation (236).
A flammable mixture can also form at tem-
peratures below the flash point of the liquid
combustible either if the latter is sprayed into
the air, or if a mist or foam forms. ith fine

mists and sprays (particle sizes below 10 mi-
crons), the combustible concentration at the
lower limit is about the same as that in uniform
vapor-air mixtures (17, 18, 22, 24, 76, 245).
However, as the droplet diameter increases, the
lower limit appears to decrsase. In studying
this problem, Burgoyne found that coarse 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 limit mixtures
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Figure 7.—Composition of Gas in Chamber 2, Figure
5 (Delayed Mixing).

of fine droplets and vapors (£4). With aprays,
the motion of the droplets also affects the limit
composition, so that the resultant behavior is
rather complex. The effect of mist and spray
droplet size on the apﬁarent lower limit is illus-
trated in figure 8. erosine vapor and mist
date were obtained by Zabetakis and Rosen
(245); tetralin mist data, by Burgoyne and
Cohen (24); kerosine spray data, by Anson
(6); and the methylene bistearamide data, by
Browning, Tyler, and Krall (18).

Flammable mist-vapor-air mixtures ma
occur as the foam on a flammable liquid col-
lapses. Thus, when ignited, many foams can
Eropagate flame. Bartkowiak, Lambiris, and

abetakis found that the pressure rise AP pro-
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Frauvre 8.—Variation in Lower Limits of Flammabi)lity of Various Combustibles in Air as a Functien of Droplet
Diameter.
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duced in an enclosure by the complete combus-
tion of a layer of foam of thickness 4, is propor-
tional to A, and inversely proportional to &,
the height of the air space above the liquid
before foaming (7). That is

hy
APC(E' (5)

Pressures in excess of 30 psi were produced by

the ignition of foams in small containers,
Thomas found that an additional hazard

could arise from production of foams by oxygen-

enriched air at reduced pressures (215). Air
can become oxygen-enriched as the pressure i
reduced, because oxygen is more soFubie than
nitrogen in most liquids (83). Thus the pres-
ence of foams on combustible liquids are a po-
tential explesion hazard.

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




PRESENTATION OF DATA

Limit-of-flammability data that have been
obtained at a specified temperature and pressure
with a particular combustible-oxidant-inert
system may be presented on either a triangular
or a rectangular plot. For example, figure 9
shows a triangular flammability diagram for
the system methane-oxygen-nitrogen. This
method of presentation 1s 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 examp]e, the flaminable area of
figure 9 may be presented as illustrated in
figure 10. As noted, the oxygen concentration
at any point is obtained by subtracting the
methane and nitrogen concentrations at the
point of interest from 100 as follows:

Pct 0,=100 pet—pct CH,—pet N;.  (6)

Flommable
mixtures

With either type of presentation, addition of
methane, oxygen, 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, M1 in figures 9 and
10) and the vertices of the bounding triangle.
For example, addition of methane (+CH,) to
mixture M1 yields initially all mixture com-
positions between M1 and C (100 pet CH,).
After a homogeneous mixture is produced, &
new mixture composition point, such as M2, is
obtained. Similarly, if oxy(fen is added (+0,)
to the mixture represented by point M1, all
compositions between M1 and O (100 pct O,)
are obtained initially; if nitrogen is added, all
compositions between M1 and N (100 pct N,)
are obtained initially. If more than one gas is
added to M1, for example, methane and oxy-
gen, the resultant composition point may be
obtained by considering that the mixing process

o N - < . ‘\\_CriticoI\C/N °
100 90 80 70 60 40 30 20 10 0
o OXYGEN, volume-percent N

Figure 9.-—Flammability Diagram for the System Methane-Oxygen-Nitrogen at Atmospheric Pressure and 26° C.
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occurs in two steps. First, the methane is added
to M1 and the gases are mixed thoroughly to
give M2. Oxygen is then added to M2 with
mixing to give a new (flammable) mixture, M3.
If the methane and oxygen were added to a
fixed volume at constant pressure, some of M1
and then of M2 would escape and mix with the
surrounding atmosphere. In many instances
this is an important consideration because the
resulting mixtures may be flammable. For
example, even if an inert gas is added to a
constant-volume tank filled with methane,
flamimable mixtures can form outside the tunk
as the displaced methane escapes into the
atmosphere. If the methane is not dissipated
quickly, a dangerous situation can arise.
When a mixture compouent is removed by
condensation or sbsorption, the corresponding

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

Mixtures with constant oxygen-to-nitrogon
ratio (as in air), are obtained in fllzgures 9 and 10
by joining the apex, C, with the appropriate
mixture composition along the baseline, ON.
Thus, the Air line, CA, (fig. 10) is formed by
joining C with the mixture A (21 percent O,
+79 percent Nj). Using this latter point, A,
one can readily determine the mixture composi-
tions that are formed when mixture Afl is
displaced from an enclosure and mixed with air.
Initially, all mixture compositions between Af1
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and A would form. Since these would pass
through the flammable mixture zone, a hazard-
ous condition would be created. Similarly, if
pure combustible CH, were dumped into the
atmosphere (air), all mixtures between C and A
would form. These would include the flam-
mable mixtures along CA so that & hazardous
condition would ﬁ:ﬂ be created, unless the
combustible were ipated quickly.

Mixtures with constant oxidant content are
obtained by constructing streight lines parallel
to zero oxidant line; such mixtures also have a
constant combustibie-plus—inert. content. One
particular constant oxidant line is of special
importance—the minimum constant oxidant
line that is tangent to the lammability diagram
or, in some cases, the one that passes through
the extreme upper-limit-of-flammability value.
This line gives the minimum oxidant (air,
oxygen, chlorine, etc.) concentration needed to
support combustion of a particular combustible
at a specified temperature and pressure. In
figures 9 and 10, the tangent line gives the
minimu;a oxygen value (Min O,, 12" volume-
percent) required for flame propagation through
methane-oxygen-nitrogen mixtures at 26° C
and 1 atmosphere.

Another important construction line is that
which gives the maximum nonflammable com-
bustible-to-inert ratio (critical C/N). Mixtures
along and below this line form nonflammable
mixtures upon addition of oxidant. The critical
C/N ratio 1s the slope of the tangent line from
the origir (Figs. 9 and 10), 100 percent oxidant,
to the lean side of the flammable mixtures
curve, The reciprocal of this slope gives the
minimum ratio of inert-to-combustible at which
nonflammable mixtures form upon addition of
oxidant. It is of interest in fire extinguishing.

An increase in temperature or pressure
usually widens the flammable range of a
particular combustible-oxidant system. The
eifect of temperature is shown in figure 11;
two flammable areas, T, and T, are defined for
a combustible-inert-oxidant system at constant
Ehrepsure. The effect of tempersture on the

wits of flammability of a combustible in a
specified oxidant was previously shown in
figure 2. This type of graph is especially
useful since it gives the vapor pressure of the
combustible, the lower and upper temperature
limits of flammability (7, and 7T,), the iam-
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 flight vehicles (218).

The lower temperature limit, 7}, is essentially
the flash point of a combustible, in which up-
ward propagation of flame is ; in general, it
18 sumewhat lower than the flash peint, in which

% oir = 100 %~ % combustible vopor - % inert

Flammable
mintures

COMBUSTIBLE VAPOR,volume-percent

INERT, volume- percent -——o

Froure 11.—Effect of Initial Temperature on Limits
of Flammability of a Combustible Vapor-Inert-Air
System at Atmospheric Pressure.
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downward propagation of flame is used. Since
T, is the intersection of the lowerlimit and
vapor-pressure curves, a relationship can be
developed between T, or the flash point, and
the constants defining the vapor pressure of a
combustible liquid. An excellent summary of
such relationships has been presented by Mullins
for simple fuels and fuel blends (154).

At constant temperature, the flammable
range of a combustible in a specified oxidant can
be represented as in figure 12. Here the flam-
mable range of JP-4 vapor-air mixtures is given
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Fiaure 13.—Effect of Temperature and Pressure on I(J)iu.xid:‘s!1 ct)f Flammability of a Combustible Vapor in a Specified
X} .

as a function of pressure (241). A more
generalized ﬂammabiﬁty diagram of a particular
combustible-oxidant system can be presented
in a three dimensional plot of temperature, pres-
sure, and combustible content—as illustrated
in figure 13 ;244). Here, composition is given
as theratio of partial pressure of the combustible
V&POT, Pyapon, to the total pressure, . For any
value of P, the limits of ﬁammabijity are given
as a function of the temperature. For example,
at 1 atinosphere (I’=1), the flammable range is
bounded by the lower limit curve L,L,L,L,, and
the upper limit curve U,U;; all mixtures along
the vapor pressure curve L U, U, are lammable.

The flammable range is the same as that de-
picted in figure 2. At constant temperature
(for example, 7)), the flammable range is
bounded by the lower limit curve L,P;, and the
upper limit curve U,P,,; the broken curve
1Py represents the low pressure (quenched)
limit. The flammable range is the same as
that depicted in figure 12. A similar range is
defined at temperatures T;, T, and T, which
are less than 7,. However, at T, and T} the
upper limit curves intersect the vapor pressure
curves, 8o that no upper limits are found above
U, and U,. In other words, all compositions
along U U;’ aud UL, are flaminable. e curve
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Fioure 14.—Flammability Diagram for the System Gasoline Vapor-Water Vapor-Air at 70° F (21° C) and at
212° F (100° C) and At:nuspheric Pressure.

L,P U U U, defines the range of limit mixtures
which are saturated with fuel vapor. Further,
since L, is the saturated lower limit mixture at
one atmosphere, T is the flash peint.

Some of the points considered in this and the
previous section are illustrated in figure 14
(282). This is the flammability diagram for
the ;ystem gasoline vapor-weler vapor-air at
70° F (21° C) and 212° 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, & 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 .1 and
pure water vapor will formn as noted (if the
temperature is at least 212° F), and the com-
position point will shift towards the 100-

percent-water-vapor point. If water vapor is
removed by condensation or absorbtion, the
composition point will move along the extension
to the line drawn from .1 to the 100-percent-
water-vapor point. The same applies to the
other components, air and gasoline, as indicated
earlier. Moreover, if inore than one component
is involved, the final composition point can be
found by considering the effect of each com-
ponent separately.

Figure 14 is ofy special interest since it can be
used to evaluate the hazards associated with a
gas-freeing operation. For example, mixture
<1 represents a saturated gasoline vapor-air-
water vapor mixture at 70° 1§ A more volatile
gasoline than the one used here would give a
saturated mixture with more gasoline vapor
and less air in a closed tank, a less volatile
gasoline would give less gasoline vapor and
more air. In any event, if a continuous supply
of air saturated with water vapor is added to a
tank containing wmixture A, all compositions
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between A and B (air plus water vapor) will be
formed until all the gasoline vapor is flushed
from the tank, and mixturc B alone remains.
If steam is used to flush mixture A from the
tank, all compositions between A and C will
form until all the gasoline vapor has been
flushed from the tank and only steam remains
(at 272° F or higher). If the tank is permitted
to cool, the steam will condense and air will be
drawn into the tank giving mixtures along
C-B. At 70° F, only air plus a small amount
of water vapor will remain,

If hot water and water vapor at 175° F are
used to flush mixture A from the tank, the
mixture composition can only shift along AC to
E. Mixtures between A and E that are flushed
from the tank mix with air to give mixtures

between poinis along AE and B. Agasin, as
the water vapor in these mixtures condenses
outside the tank, the composition of the result-
ant mixtures will shift away from the 100-
percent-water-vapor point, . The mixture in
the tank will remain at E unless air is used to
flush the tank, in which case mixture composi-
tons between E and B will form. Again, if
the water vapor within the tank condenses, the
mixture composition will shift away from C.
In any event, at this temperature (175° F), the
addition of air to mixture E will lead to 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 flammable mixture is ignited, the
resulting flame, if not extinguished, will either
attach itself to the igniticn source or propagate
from it. If it propagates from the source, the
propagation rate will be either subsonic {de-
}lagration) or supersonic (detonation) relative
to the unburned gas. If it is subsonic, the pres-
sure will equalize nt the speed of sound through-
out the enclosure in which combustion is taking
place so that the pressure drop across the flame
(reaction) front will be relatively small, If the
rate is supersonic, the rate of pressure equaliza-
tion wiil Ee less than the propagation rate and
thare will be an appreciable pressure drop across
the flame front. Moreover, with most com-
buctible-air mixtures, at ordinary temperatures,
the ratio of the peak-to-initinl pressure within
the enclosure will seldom exceed about 8:1 in
the former, but may be more than 40:1 in the
latter case. The pressure buildup is especially
great when detonation follows a lurge pressure
rise due to deflagration. The distance required
for a deflagration to transit to a detonation
depends on the lammable mixture, temperature,

ressure, the enclosure, and the ignition svurce.
ith a sufficiently powerful ignition sourte,
detonation may occur immediately upon igni-
tion, even in the open. However, the ignition
euexﬁly required to initinte a detonation is
usually many orders of magnitude greater than
that required to initiate a deflagration (32, 249).

DEFLAGRATION

Where & deflagration occurs in a spherical
enclosure of volume V with central ignition, the
u{)proxiln‘nte pressure rise AP at aLy instant ¢
after ignition is given by the expressions:

N
|4
—ph_p M\T,

g e 8
lnlll AIDT! ( )

AP=KP, SPp, @

and
P,

where K is a constant, S, is the burning velocity,
P’y is the initinl pressure, I’, is the maximum
pressure, T} is the initinl tempernture, n, is the
number of moles of gas in the initinl mixture,
ny 18 the nunber of moles of gas in the burned
gases, M, is the average moleculur weight of the

initinl mixture, A, is the average moleculur

-

weight of the burned guses, and T) is the final
(s hatic) temperature of the proéucts. With
othe e caclosures, or with noncentral ignition,
the flume front is disturbed by the walls before
combustion is completed, so that calculated
pressure cannot be expected to approximate
sctual pressure. Even with spherical enclosures,
the flame front is not actually spherical, so that
the walls 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 n 19.7 em diameter, 9-liter cylinder
is given in figure 15. The calculated pressure
for u 9-liter sphere is included for comparison;
K in equation (7) was evaluated from the
experimental curve at 70 milliseconds. The
caﬁulamd curve follows the experimental curve
closely about 75 milliseconds, when the latter
curve has a break. This suggests that the
flame front was affected by the cylinder walls
in such a way that the rate of pressure rise
decreased, and the experimental curve fell below
the calculated curve. Further, since the com-
bustion gases were being cocled, the maximum

100 T

Calculoted /
(9-liter sphere)\,’

80}

eoL—

Experimantal
(9-liter cylinder)

a0

PRESSURE RISE, psi

20

J | J

0 40 80 120 160
ELAPSED TIME, milliseconds

Fiaure 15.-—Pressure Produced by Ignition of a 9.8
Volume-Percent Methane-Air Mixture in a 9-Liter
Cylinder (Experimental).
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pressure fell below the calculated value. The
minimum elagsed time (in milliseconds) re-
quired to reach the maximum prescure appears
to be about 75 v/V for the paraffin hydrocarbons
and fuel blends such as gasoline; V is the
volume in cubic feet in this case.

DETONATION

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

Pa_ 1 2

P1—72+l ('YlMl +1)) (9)
where v, is the specific heat ratio of the burned
gases, v, is the specific heat ratio of the initial
mixture, and M; is the Mach number of the
detonation wave with respect to the initial
mixture. M, is given in terms of the tempera-
tures T and molecular weights W of the initial
and final mixtures by the expression:

Wolfson and Dunn have developed generalized
charts that simplify the operations involved in
obtaining the pressure ratio as well 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 pressures
resulting from detonation waves (64, 67, 204).
Figure 16 from the data of Stoner and Bleakney
(204) gives tha detonation velocity, the static
or detonation pressure, and the reflected pres-
sure developed by a detonation wave propa-
gating through hydrogen-oxygen mixtures at
atmospheric pressure and 18° C.

BLAST PRESSURE

The pressures produced by a deflagration or
a detonation are often sufficient to demolish an
enclosure (reactor, building, etc.). As noted, a
deflagration can produce pressure rises in excess
of 8:1, and pressure rises of 40:1 (reflected
pressure) can accompany & detonation. As

(MP+1)*  (va+1)TW, (10)  ordinary structures can be demolished by pres-
i3 12 Th'W, sure differentials of 2 or 3 psi, it is not surprising
3,500 T T Y T T ] 50
P, (theoretical) -145
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-130
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Fioure 16.—Detonation Veloecity, V; Static PrmureLP :

rgg\g Propagating Through Hydrogen-Oxygen

and Reflected Pressure, P,, Developed by a Detonation
fixtures in 8 Cylindrical Ttibe at Atmospheric Pressure and
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that even reinforced concrete structures have
been completely demclished by explosions 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 rupturing of pipes and vessels by
detonations and the relevance of engineering
and metallurgical data to explosions. More
recently, Randall and Ginsburg (171) have in-
vestigated bursting of tubular specimens at
ordinary and reduced temperatures. They
found that the detonation pressure required to
burst such specimens was, in general, slightly
higher than the corresponding static-bursting
pressure. Ductility of the test specimen ap-
peared to have little effect on the bursting
pressure, but ductility increased the strength
of pipes containing notches or other stress
raisers.

When s detonation causes an enclosure to
fail, a shock wave may propagate outward at a
rate determined by characteristics of the
medium through which it is transmitted, and
the available energy. I the shock velocity, V,
is known, the resulting overpressure, (P—P,),
is given by the expression (20.})

P—p,=P —2—7—][}-{—1]’
Tt Ly—1]La

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

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

(11)

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

TaBLE 1.—Conditions of failure of peak over-
pressure-sensitive clements (217)

[
Approx-
imate
incident
Structural element Failure blast
over-
pressure
(pei)

Giass windows, large | Usually shattering, 0.5-1.0
and small. ! occasional frame

failure.

Corrugated ashestos | Shattering. 1.0-2.0
=iding,.

Corrigated steel or Connection failure, 1.0-2.0
aluminurn: panel- followed by buck-
ing. ling.

Wood siding panels, Usua?ly failure oc- 1.0-2.0
standard house curs at main con-
construction. nectsons, allowing

a whole panel te
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 wali pancl, 8 Shearing and flexure | 7. 0-8. 0
or 12 ir:ches thick failures.
(not reinforced).




PREVENTIVE MEASURES

INERTING

In princi%le, a gas explcsion hazard can be
eliminated by removing either all flammable
mixtures or all ignition sources (23, 240).
However, this is not always practicsl, as many
industrial operations require the vresence of
flammable mixtures, and actual or potential
ignition sources. Accordingly special pre-
cautions must be taken to minimize the damage
that would result if an accidental ignition were
to occur. One such precaution involves the
use of explosive actuators which attempt to
add inert material at such a rate that an
explosive reaction is querched before structural
damage occurs (70, 72). Figure 17 shows how
the pressure varies with and without such
protection. In the latter case, the pressure
rise is :(i)proximately a_cubic function of time,
as noted earlier. In the former case, inert is
added when the pressure or the rate of pressure
rise exceeds a predetermined value. This
occurs at the time ¢, in figure 17 when the
expiosive actuators function to add the inert.
As noted, the pressure increases momentarily
above the value found in the unprotected
case and then falls rapidly as the cembustion
reaction is quenched by the inert.

FLAME ARRESTORS AND RELIEF
DIAPHRAGMS

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

In recent studies of the efficiency of wire

auze and perforated block arrestors (161, 162),
alnier found the velocity of approuach of the
flame to be the major ficbor in determining
whether flame passed through an arrestor. For
these two types of arrestors, he found the
critica! npproach velocity to be

,_ LI5k(1,—T,)
V== (12)
and

v 0.8kAUT\—T)

d'Q/z, (13)
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F1aure 17,—Pressure Variation Following Ignition of
a Flammable Mixture in Unprotected and Protected
Enclosures.

where & is the thermal conductivity of the gas;
m is the mesh width; T is the mean bulk tem-
erature of the flame gases through the arrestor,
g‘,, is the initial temperature of the arrestor; ¢ 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
arrestor face; and t is the arrestor thickness.

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

130).

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

In practice, it may be desirable to install
pressure relief vents tu .imit damage to duct
systems where fl: me may propagate. Rasbash
and Rogowski (173) founrs that with propane-
and pentane-air mixtures, the maximum pres-
sure Py (pounds per square inch) deveioped in
anf open-ended duct, having a cross section of
1 ft¥ is:
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Pu=0.07 % and 6< % <48, (14)

where % is the ratio of duct length to diameter.

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

0.8K<P,<18K, (15)
where 2 <K <32, and GS-I—D‘SSO. To keep the

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

When possible, relief vents should be used
with flame arrestors. The vents tend not only
to reduce the pressure within a system following
ignition but also to reduce the flame speed,
thus making all arrestors more effective. Un-
fortunately, in certain large applications (for
example, drying ovens), it is difficult to use
flame arrestors effectively. In such cases,
reater reliance mst be placed on the proper
unctioning of relief vents. Simmonds and
Cubbage (42, 43, 195) have investigated the
design of uffective vents for industrial ovens.
They found two peaks in the pressure rerords
obtained during the v~nting of cubical ovens
(fig. 18). The first peak, P,; the oven volume,
V; the factor, K; and the weight per unit
area (Ib/ft?) of relief, w, were related as follows
for 2 25 percent town gas 3-air mixture:

PV =1.18kw+1.57. (16)
More generally,
PV12=8,(0.3Kw+0.4), (17)

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

The first pressure pulse was nscribed to the
release and motion n} tae relief vent following
iguition; the second pulse, to continued surn-
ing at an increased rate. The secord pulse
represents the pressure drop across the vent,

? Town gas eontained approsimstely 82 pey hydrogen, 17 pet carbon

ninoxide, 15 pet methane; the balanoe was other hydrocurbons, 3 pet;
nitrogen, 9 pet; carbon dioaide, A pet; and oxygen,

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

Pg-—'—K. (l 8)

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

P

PRESSURE —
R

ELAPSED TIME—

F1GureE 18.—-Pressure Produced by Ignition of a
Flammable Mixture in a Vented Oven.

In designing explosion reliefs for ovens, Sim-
monds and Cubbage pointcd 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
small so that it opens before the pressure builds
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) sufficient
free space must be utilized around the oven to
permit satisfactory operation of the relief and
minimize risk of burns to personnel; and (5)
oven doors should be fastened securely so that
they do not open in the event of an explosion.

Burgoyne and Wilson have presented the
results of an experimental study of pentane
vapor-air explosions in vessels of 60- and 200-
cubic-foot volume (30). They found the rates
of pressure rise greater than could be predicted
from laminar burning velocity data, so that the
effect of a relief area in lowering the peak
pressure was less than expected. All experi-
ments were conducted at an initial pressure of
1 atmosphere. Vent daia for use at higher
initinl pressures are summarized in an article
by Block {(10); a code for designinﬁ pressure
relief systems has been proposed in this article.
Other authors have considered the effects of
temperature and characteristics of the flam-
mable mixture on vent requirements (14, 35,
38, 48, 46, 134, 145, 168, 221).




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

PARAFFIN HYDROCARBONS
(CnH2n+2)
Limits in Air

Lower and upper limits of flammability at
25° C (or at the temperature noted) and 1
atmosphere (L,; and Uj;) for many members of
the paraffin hydrocarbon series are given in
table 2, together with the molecular weight, M,
vapor specific gravity, sp gr, stoichiometric
composition in air, C,, (appendix B) and heat
of combustion, AH, (183). At room tempera-
ture and atmospheric or reduced pressure, the
lower limits of flammability of most of this
series fall in the range from 45 to 50 mg com-

FLAMMARBILITY CHARACTERISTICS

bustible vapor per liter of air at standard con-
ditions, that is, 0° C and 760 mm Hg (0.045 to
0.050 oz combustible vapor per cubic foot of
air) (247). This is illustrated in figure 19 in
which some lower limits of flammability are
plotted against molecular weight; except for
methane, ethane, and propane all limit values
fall in a band between concentrations of approx-
imately 45 and 50 mg/lIr.

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

(-

specific volume being volume of combustible
vn&)or per milligram of combustible. At stand-
ard conditions (0° C and 760 mm Hg) this is
about 22.414/1,0003/, where M is the molecular

L (vol pct)
1
{100—L (vol pct)]{ sp vol EE_!]

’

(19)
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Figure 19.—Effect of Molecular Weight on Lower Limita of Flammability of Paraffin Hydrocarbons at 25° C.
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TaBLE 2.—Properties of paraffin hydrocarbons

Lower Uimit iu air Uppser limit in efr
Net AH,
Bg gt Cu Kcal
Combustible Formuia M | (Alr=1) | inair mole In L U Un U
(vol pet) (vol _L_". mg\ | Ref. | (vol Cu mg\ | Ref.
pot) Cat 1 pet) T

Methane. ... ............ 16. 04 0. 55 9.48 191. 8 5.0 0.53 38 Sw 15.0 Lé 126 40)
Ethane.__. .- 40,07 1.04 5.85 341.3 3.0 .58 41 40, 12.4 2.2 190 41
Propane.. _. 4, 00 1,52 4.02 488. 5 2.1 .82 42 5116 0.5 2.4 210 41
n-Butane. . 88,12 2.0t 3.12 635. 4 1.8 .58 48 | (118, 8.4 2.7 240 41
n-Pentane._.... 72,16 2.4 2.58 782.0 1.4 .88 46 40, 7.8 3.1 270 40)
n-Hexsne__..__ 88,17 2.98 2,16 928. 9 1.2 .58 47 46, 7.4 3.4 310 40
n-Heptane. 100. 20 3.48 1.87 1075.8 1.05 .56 47 | (248) 6.7 3.6 32
n-Octane_ ... 114. 23 3.4 1,68 122.8 .08 .58 40 | (2460)]. et aeamna]amaaas
n-Nonane. ... 128, 28 4.43 1.47 1369.7 1.85 .58 LIS 71} ) O PR R P
n-Decane. ... 142. 28 4.91 1.83 1516.68 1.7 .56 48| (246)| 5.6 4.2 380 |......
n-Undecane.__ 156, 30 5. 40 1,22 1663.6 .68 .56 48 (‘;
n-Dodecane. . 170. 33 5.88 112 1810. 5 .60 .54 46 (¢
n-Tridecane. __ 184, 38 6,37 1.04 1957. 4 .88 .53 6] ¢
n-Tetradecane . .. 198, 38 8. 85 .97 2104.3 .50 .52 “io
n-Pentadecane _ _. . 212, 41 7.83 .90 2251.2 .40 .81 46 | (¢
n-Hexadecane. ..._..._... 226, 7.82 .85 2898.2 .48 .81 “| ©®

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

L (“%)zo.x;sML (vol pet).  (20)

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

250 C,
Luy ~0.550,,. (21)

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

CoHiniz+(1.50 +0.5)0,—»nCO, + (n+1)H,0,
(22
so that in air )
100

0"=1+4.773(1.5n+0.5)

vol pet, (23)

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

v _1,000{12.01n+1.008(2n+2)| mg
T 92,414 X4.773(1.5n+0.5) 1

. 14.03n+2.02  mg
("“9'34[ 1.5n40.5 ] 1 (25)

(24)

or

Thus,
C, =87 mg/l, n>4. (26)

4 Calculated value extrapolated to 25° C at Explosives Res. Center,
Faderal Bureau of Mines.

Combining this equation with equation (21),
we have
Lys(mg/1) ~48 mg/1, (27)

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

Lus(vol pet) ~%? . 28)

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

M L (vol pet) 7
L(F/A)_28.96 [IOO—L (vol pet)

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

28.96 100
L4/F)= M [L (vol pct)_l]' (30)

(29)

As noted, the lower limits given in figure 19
were determined at room temperature and at-
mospheric or reduced pressure. Lower limits
vary with temperature as shown for methane in
figure 20. The limit values obtained with up-
ward propagation of flame (21) fall fairly close
to a straight line that passes through the lower
limit value at 25° C and the flame temperature
(1,225° C). This is in accordance with the
White critericn that the flame temperature is
constant at the lower limit (222). The data
obtained by White with downward propagation
of flame fall along a line parallel to the line
through the limit values obtained with upward
propagation. Taking the value 1,300° C as
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Fraurp 20.—Effect of Temperature on Lower Limit of Flammability of Methane in Air at Atmospheric Pressure.

the approximate flame temperature for the

araffin hydrocarbon series (66), and using the
ower limit values at room temperature in table
2, the lumits of the first 10 paraffin hydrocar-
bons are represented as in figures 21 and 22.
Figure 21 ﬁglves the lower limits in volume-per-
cent and figure 22 in milligrams per liter. By
weight, the lower limits of most members of
this series again fall in a fairly narrow band
(“higher hydrocarbons” region). Individual
adiabatic flame temperatures can be determined
for lower limit mixtures using the data in table
2 and appendix C (65).

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

L1=Lu°"~maj_-_—2—535 (t—25°), (31)
or
-Lé'—=1—o.ooo7s4(t—25°). (32)
“°

They are described in wmnore general terms by a

plot of L,/Ly. against the temperature (fig. 23,
solid line).

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

0.75 .
L‘=L“°—m (5_250); (33)
where ¢ is the temperature in °C and AH. is the
net heat of combustion in kilocalories per mole.
Then,

L, 0.75

2=l (p—250 ;
I 1 Lo AH,(t 25%), (34)
Substituting the value 1,040 for L;-AH. ob-
tained by Spakowski (201), we have
-Z-L—'—=I—O.OOO72l(t—-25°), (35)
28°

which is also given in figure 23 for a limited
temperature range with the broken line.
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F16URE 21.—Effect of Temperature on Lower Limits of Flammability of 10 Paraffin Hydrocarbons in Air at
Atmospheric Pressure.

Only the lower limit at 25° C and atmospheric
pressure is needed to use figure 23. For exam-
ple, assuming a constant flame temperature, the
ratio L/L;. at 600° C is 0.55. The calculated
lower limit of methane at 600° C therefore is
5.0X0.55, or 2.75 volume-percent. The same
value can be obtained directly from figure 21.
From the modified Burgess-Wheeler Law curve,
L /L;x=0.585 at 600° C, so that Lyg.=2.92
volume-percent,

Limit-of-flammability measurements are com-
plicated by surface and vapor-phase reactions
that occur at temperatures above the nuto-
ignition temperature. For example, Burgoyne
and Hirsch (25) have shown that methane-air
mixtures containing up to 5 percent methane
burn readily at 1,000° (. KExperiments were
conducted with mixtures containing as litile ns
0.5 percent methane; figure 20 predicts that a
flame would not propagate through such a
mixture,

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

flames (87, 88), the upper limit also increases
linearly with temperature. The effect of

temperature appears to be fairly well correlated
i g ecle

by the modified Burgess-Wheeler law:
U ,=U,,.+2‘—H75‘ (t—25°). (36)

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

g—'-= 14-0.000721 (¢ —25°). (37)
8¢
A plot of UyUye against temperature (fig. 24)
was used to compare recent experimental values
of Rolingson and coworkers (182) for methane-
air mixtures at 15 psig with those predicted by
the modified Burgess-Wheeler law. The experi-
mental and calculated upper limits are given in
table 3 together with the difference, U.yc—

Uewer. 1n each case, the difference is foss than
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Firaure 22 —Effect of Temperature on Lower Limits of Flammability of 10 Paraffin Hydrocarbons in Air at
Atmospheric Pressure by Weight.

4 percent of the experimental value, which is
approximately within the limit of experimental
error. Earlier experiments of White (222) at
temperatures to 400° C, with downward flame
propagation, also are represented quite ade-
quately by equation (37). For example, White
found that the upper limit of pentane in air
(downward propagation) increased linearly from
4.50 volume-percent at about 17° C to 5.35
volume-percent at 300° C. The ratio of 5.35:
4.50 is 1.17, which compares quite well with
Upyge/Upse = 1.20 obtained from figure 24.
Given the vapor pressure curve and the lower
limit of flammability, the low - temperature
limit or approximate tlash point of a combustible
can be calculated from either equation (32) or
(35) (218). Approximate flash points were
obtained previously, using only the vapor
pressure curve and the lower limit ut ordinary
or elevated temperatures (154). The values
obtained with this procedure ure somewhat
low because the lower limit at any temperature
ubove the flash point is less than at the flash

Eoint. The lower temperature limits of paraffin
ydrocarbon at atmospheric pressure are given
in table 4.

TaBLE 3.—Upper flammability limits, U, of
methane-air miztures at 15 psig

Tomgerature Uespeet (vol | Ugate (vol | Usgte=Uesper
© 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. ¢ 18. 6 .7
188

Moderate changes in pressure do not ordi-
narily affect the ﬁmits of flammability of the
paraffins in air, as shown in figure 25 for pen-
tane, hexane, and heptsne in air (241) in a
range from 75 to 760 mm Hg. The lower limits
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TABLE 4.—Lower temperature limits and autoignition lemperayures of paraffin hydrocarbons at
atmospherwc pressure

Autoignition temperature
Lower temperature limit
In air
In air In oxygen
°C °F Ref. °C °F Ref. °C °F Ref.
Methane._ . _______....__ — 187 —305 (%) 537 999 (@ 7:1:7] SR S SV
Ethane_._._.__. S — 130 —202 0] 515 959 (887) 506 943 (94)
Propane. . ____..__.._._.._. —102 - 152 ) 466 871 (@17 ] R . e emaea
n-Butane_ .. __ .. .. ___.__ -72 -—06 ) 405 761 (237) 283 542 (191)
Isobutane_________ ___.__ —81 —114 (1 462 864 (1568) 319 606 (94)
n-Pentane _._ _. e aee —48 —54 L) 258 496 (194) 258 496 (144)
n-Hexane. .. _______.__.__ - 26 —-15 (169) 223 433 (194) 225 437 (94)
n-Heptane_ . _. .__....._._ —4 25 (159) 223 433 (237) 209 408 (94)
n-Octane._ ... ____._.. 13 56 (169) 220 428 (237) 208 406 (191)
n-Nonane. . .. ._.......... 31 88 (169) 206 403 (€5 75} I SIS N
n-Decane. ... ... 46 115 (169) 208 406 (237) 202 396 (94)
n-odecane_ .. __ ... ... 74 165 (159) 204 399 (€5 70 ] PSS NI PN
n-Hexadecane_ ... ___._._ 126 259 O] 205 401 (€170 ] IR NP SO

1 Caculated value.

2
| | | |
N
LOFH— -
8r— N ]
N\ Modified Burgess-Wheeler Law
. N
N N
I 66— ~ ]
<
4 P ——
Constant flame temperature
2 —
0 ||
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Figurz 23.—Effect of Temperature on L,/Ly* Ratio of Paraffin Hydrocarbons in Air at Atmoepheric Pressure.
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Fiaure 24 —Effect of Temperature on U./Uye Ratio
of Paraffin Hydrocarbons in Air at Atmospheric
Pressure in the Absence of Cool Flames.

coincide, bui the upper limits, by weight,
increase with increasing molecular weighs.

By volume, at atmospheric pressure and 25°
C, Spakowski (201) found that the upper and
lower limits were related by the expression:

U =T7.1L3%. 38)

However, the data presented here are correlated
more precisely by a somewhat simpler expres-
sion:

COMBUSTIBLE GASES AND VAPORS

Neither expression is applicable when cool
flames are obtained. Substitution of equation
(21) for Ly into equation (39) gives

Uw=4~8 \/—C':

The limits of flammability of natural gas
(85-95 pct methane and 15-5 pct ethane)
have been determined 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 limits vary
linearly with the logarithm of the initial

(#0)

pressure. That is,
L (vol pct)=4.9—0.71 log P’ (atm), (41)
and
U (vol pct)=14.1420.4 log P (atm), (42)

with a standard error of estimate of 0.53 vol
pet for L and 1.51 vol pet for U,

Although the limits of flammability are not
affected significantly by moderate changes in
pressure, the temperature limits are pressure
dependent. As the total pressure is lowered,
the partinl pressure of the combustible must
also be lowered to maintsin a constant com-
bustible concentration. The effect of pressure
on the lower temperature limit of the normal
paraffins pentane, hexane, heptane, and octane

Usge=6.5 VLo (39) in air, for pressures from 0.2 to 2 atmospheres,
400 I T [ I | T I
Heptane
g e e -
1= ram ol e e ]
- - e —
é 300 m // s \ A
S= Hexane Pentane
Qs
S 2 200} , ~
hy N flammable mixtures
g
@
7
o 100} —
o
=
S O~ Ty o
1 | ! | ] l i
0 100 200 300 400 500 600 700 200

INITIAL PRESSURE, mm Hg

Fiuvre 25.—Effect of Pressure on Limits of Flammability of Pentare, Hexane,

and Heptane in Air at 26° C,
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Fiaure 26.—Effect of Pressure on Limits of Flammability of Natural Gas in Air at 28° C.

is shown in figure 27. The temperature limits
were calculated from the Ly, values, the vapor
pressure curves, and the data of figure 23.

Limits in Other Atmospheres

Limits of flammability of some paraffin hy-
drocarbons have been determined in oxygen,
chlorine, and oxides of nitrogen, as well as in
mixtures of air and various inerts.  The lower
limits in oxygen and in a wide variety of
oxygen-nitrogen mixtures are essentially the
same as those in air at the same temperature
and pressure (fig. 10).  Limit-of-flammability
measurements by Bartkowink und Zabetakis
for methane and ethane in chlorine at 1, 7.8,
and 4.6 atmospheres, ranging from 259 to 200°
', ure summarized in lnhhw 5and 6 (8).

Coward and Jones (j0) have presented
graphically the limits of Qummability of the first
six_menthers of the paraflin series in air con-
talning various inerts, bused on a representa-
tion found useful in some mining applications
and treating inert gas or vapor as part of the

TaBLE 5.—Limits of Aammability of methane in

chicrine
(volume-percent)
|
Temperature, ° C
Preauire, Lim:ts
psig
25 100 200
[ 2, [Lower_ ... 5 6 3.6 0.6
Upper.__.| 70 66 |-._.---.
100 .. .. . lfLower_._.|.._._... 2.4 (]
Wpper 21" 72 76 7"
2000 .. .. ifLower. | . . eeiaaoea
| Upper. ... 73 72 75
{

atimosphere  with which the combustible is
mixed. The composition of a point on such a
dingram, except one that represents only com-
bustible and air, cannot be read directly.
Instead, one must determine the composition
of the ntmosphere, add the combustible con-
tent, and then compute the total mixture com-
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Froure 27.—Effect of Pressure on Lower Temperature
Limits of Flammability of Pentane, Hexane, Heptane,
and Octane in Air.

TasLE 6.——Limits of flammability of ethane in

chiorine
(volume-percent)
Temperature, ° '
Pressure, Limits
psig

25 100 200
0_____."_-__{L_0wer-__, 6.1 2.5 2.5
Upper-... 58 58 |.......
100.._.___...{Lowcr.,__ 3.5 1.0 1.0

Upper... _. 63 75 82
200 .____.___ {Lower.. U DU OUUTOT

Upper.... 66 73 76

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

Unfortunately, the methane-methyl bromide-
air data were obtained in a 1%-inch tube.
Although satisfactory for methane and other
hydrocarbons, this tube is apparently not
satisfactory {or many of the halogenated K dro-
carbons. Thus a recent industrial ex ly)sion
involving methyi bromide prompted Hill to
reconsider the flummability of methyl bromide
ir air (84). He found tha! methyl bromide was
not vnly dammable in air but that it formed
ﬂnmma[‘;le mixtures at 1 atmosphere wita a
wider variety of concentrations than Jones had
reportad (96). This would suggesi that there
is no justification for the asswmnption that
Jones’ flammabilit 7 data for methyl bromide
were influenced by the presence of mercur
vapor (196). Hill’s limit values at atmospheric
pressure are included in figurs 28 and are used
to form the approximate, broken, flammability
curves for tﬁe methane-methy! bromide-air
system.

Data of Moran and Bertschy for psntane-
perfluoropropane-air, pentane-sulfur hexafluo-
ride-air and pentane-perfluoromethane-air mix-
tures are included in figure 32 (747). Data by
Burgoyne and Williams-Leir for hexane-methyi
bromide-air snd hexane-Freon-12* (F-12;
CF,Cl)-air mixtures have been included in
figure 33. Thess duta were all obtained in
1%-inch-diameter tubes. An investigation of
flammability of hexane-methyl bromide-air
mixtures in a 4-inch tube indicated that an in-
crease in tube size (from 1%-inches to 4-inches-
ID) resulted in a narrowing of the flammable
range; the upper limit decreased from 7.5 to
5.7 volume-percent n-hexane vapor in air while
the lower limit remained constant. The
amount of methyl bromide required for extinc-
tion decreased from 7.05 volume-percent in the
1%-inch tube to 6.0 volume-percent in the 4-
inch tube. However, again this is not in line
with the resulis obtained by Hill with methyl
bromide-nir mixtures (84). Accordingly, whife
the data obtained in approximately 2-inch tubes
were used to construct figure 33, the Hill data,
obtained in a larger apparatus, are also used to
form the approximate, broken, flammability
curves for the hexane-methyl bromide-air
system,

The limits of flammability diagrams for the
system n-heptane-water vapor-air at 100° and
200° C (fig. 34) show the effects of temperature
on a system that produces both normal and
cool flimes at atmospheric pressure (192). 1In-
terestinglv enough, the minimum oxygen re-
quircment for flame propagation (Min OQ,) at
200° O is the same for the cool and normal
flame regions in this instance. Further, the
decrense in minimum oxygen requirements

+ Trade names are used for identification only; this does not imply
endorsement by the Bureau of Mines.
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Fiounre 28.—~Limits of Flammability of Various h})ethann-lnen ‘as-Air Mixiures at 25° C and Atmospheric
ressure,

{from 13.540.3 volume-percent at 100° C to
12.84+0.3 volume-percent at 200° (V) is wit'.in
the range predicted by the modified Burgess-
Wheeler law (equation 335 and fig. 23). Ow-
ever, the available data ere too meagor at
present to permit a realistic evaluation of the
vardity of this law.

Tnspection of the limit-of-flammubility curves
in figures 28 to 33 reveals that cscept for
methane and ethane, the minimum amounts of
carbon dioxide and nitrogen required for flame

extinction (peak values) at 25° C and atmos-
pheric pressure ore about 28 and 42 volume-
percent, respectively. T. . vatio of these values
1s approy’ ately inversely proportional to the
ratio of theii heat capacities at the temperature
at which cu.nbustion occurs.  Accordingly,
generalized flammability diagrams of the tyﬁe
Fiven in figure 35 can be constructed for the
righer hydr ~arbons, ignoring the presence of
cool flames. Such diagrams do not appear to
be applicable to the halogenated hydrocarbons
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Frcyre 29.—Limits of Flammability of Ethane-Carbon Dioxide-Air and Ethane-Nitrogen-Air Mixtures at 25° C
and Atmospheric Pressure,

since these materials tend to decompose even
in flames of limit-mixture composition and, as
noted, may themselves propugate flume. Cole-
man (37) has found that the ratios of the peak
values of a halogenated hydrocarbon are not
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
Eressure on the limits of flammability of comn-
ustible-inert-air mixtures. One such set of
data is summarized in figure 36, which gives
the limits of flammability of natural gas
(85 pct methane--15 pet ethane) nitrogen-air
at 26° C and 0, 500, 1,000 and 2,000 psig (105).

Similar datn are given for ethane-carbon
dioxide-nir (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 requirements for
flame propagution (min ;) through natural
gas-nitrogen-air, ethane-nitrogen-nir, and pro-
pane-nitrogen-air at atmospheric and elevated
wressures and 26° C are summarized in figure 41.
The minimum O, values in volume-pereent
are related to pressure as follows:

for natural gas:

Min. 0,=13.98—1.68 log #; (43)
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Froure 30.—Limits of Flammability of Propane-Carbon Dioxide-Air and Propane-Nitrogen-Air Mixtures at 25° C
and Atmospheric Pressure.

for ethane:
Min, 0,=12.60~1.36 log P; and (44)
for propane:
Min. 0;=13.290—1.52 log P; (45)

where 7 is the initial pressure in psia.

The lower limit of flammability of any
mixture of the paraffin hydrocarbons can be
calculated by Le Chatelier’s law (40, 129, 235):

100 &,
I = (.,»‘,?_,(‘_.100 (46)

5L

where (", and L, are the percentage composition
and lower limit, respectively, of the 1" 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 25° C and
atmospheric pressure of:

L25.=—1—(~)0————~ =4.3volpet. (47)
% 15 5
50 3.0 2.1

Liquid mixtures can be treated in the same way
if the relative escaping tendencies of the various
components are known. Since the paraffin
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 i** com-
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Fieure 31.—Limits of Flammability of Butane-Carbon Dioxide-Air and Butane-Nitrogen-Air Mixtures at 256° C
and Atmouspheric Pressure.

ponent in the blend, p, 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 ure
given by solid lines and four experimental
values by circles.

Autoignition

Two types of autoignition data are obtained
depending upon whether the objective is to
cause or to prevent the ignition of a combustible
in air. The first type are usually cbtained at
hii;h temperstures, where the ignition delay is
relatively short. Typical of these are the data
of Mullins (768), Brokaw and Jackson (16, 90),

Ashman and Biichler (6), and Kuchta, Lam-
biris, and Zabetakis (127). These are not
normally used for safety purposes, unless there
is some assurance that the contact time of
combustible and air is less than the ignition
delay at the temperature of the hot zone. The
minimum autoignition temperature (AIT) is
usually the quantity of interest in safety work,
especially when combustible and air can remain
in contact for an indefinite period.

Some AIT values for paraffin hydrocarbons in
air obtained by Setchkin in a l-liter spherical
Pyrex flask (194) and by Zabetakis, Furno, and
Jones in a 200 c¢c Pyrex Erlenmeyer flask
(237) are given in table 4. Interestingly
enough, experiments conducted in these and
other flasks generally indicate that flask shape
and size are important in determining the Al
The AIT data obtained in the 200 cc flask may
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Fioure 32.—Limits of Flammability of Various n-}l,’entane-lnert Gas-Air Mixtures at 25° C and Atmospheric
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Fiaure 33.—Limits of Flammability of Various n-llexane-Inert Gas-Air Mixtures at 25° C and Atmospheric
Pressure,
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Fiovre 36.—Effect of Pressure on Limits of Flammability of Natural Gas-Nitrogen-Air Mixtures at 26° C.
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Frovre 38— LEffect of Pressure on Limits of Flammability of Ethanc-Nitrogen-Air Mixtures at 26° C.
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Figure 40.—Effect of Pressure on Limits of Flammability of Propane-Nitrogen-Air Mixtures,

be correlated with molecular structure by
lotting them against the average carbon chain
ength defined as

zing(

Lave Rpa1—7)’ (49)

where g, is the number of possible chains each
containing N, earbon 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 hu< 6. The former
has only one chain of 9 carbon atoms with a
methyl group on each end, and the latter has
a maximum of 4 chains with 3 earbon atoms, 8
chains with 4 earbon atoms, and 3 chains with 5
earbon atoms. Thus, n-nonane has an average
chain length of > and 2,2,33-1etramethyl
sentane has an average of 3.9, The more highly
Lrnnched 2 combustible is, the higher its
ignition temperature wiil be. Minimum auto-
ignition temperatures of 20 paraflins  were
plotted as ordinate against the average chain

length as abscissa (ﬁi. 43). The data fall into
two regions—a high-temnperature region in
which the AIT is greater than 400° C and a
low temperature region in which the AIT is less
than 300° C. These regions coincide with those
of Muleahy who found that oxidation proceeds
by one of two different mechanisms (162), aud
by Frank, Blackham, and Swarts (60). The
AIT values of combustibles in the first 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 effec's of oxygen concentration and in-
jection pressure are too meager to permit a
detailed comparison.

The physical processes (206) and reactions
that lead to autoignition are of interest in any
detailed study of this ignition process. Salooja
(184), Terao (207), Affens, Johnson and Carhart
(1, 2), and others have studied the autoignition
of various hydrocarbons in an effort to deter-
mine the mechanisms that lead to the ignition
reaction.
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An increase in pressure generally decreases
the AIT of a combustible in a given oxidant.
For example, the AIT of a natural gas in air
decrensed from 530° (' at 1 atmosphere to 240°
(' at 610 atmospheres (9,000 psig) (78). The
Al'l’s of severu‘ hydrocarbons were found to
obey Semenov’s equation over a limited pressure
range (248):

log 17) : A+B (50)

where T is the AI'T at an initial pressure £, and
A and B are constants.  Accordingly, the AIT
values obtained at atmospheric pressure should
not be used to assess ignition hazards at high
pressires,

Burning Rate

The burning velocities, S,, of various hydro-
carbons have been measured by numerous in-
vestigators in air and other oxidants (68, 131).
At one atmosphere and 26° C, the burning
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velocities of paraffin hydrocarbons in air range
from a few centimeters a second near the limits
to about 45 cm/sec near the stolchiometric
mixture composition; much higher values are
obtained with paraffin hydrocarbon-oxygen mix-
tures. Figure 44 gives results obtained by
Gibbs and Caleote for four paraffin hydrocar-
bon-air mixtures at atmospheric pressure and
room iemperature (68). The data are ex-
pressed in teris of the stoichiometric composi-
fion, €',; burning velocities are given for the
composition range from 0.7 to 1.4 (',,. These
authors have presented similar data for com-
bustibles at 25° and 100° (*. Figure 45 gives
results obtained by Singer, Grumer, and Cook
for three paraffin hydrocarbon-oxygen mixtures
at atmospheric pressure and room temperature
in the range from 0.3 to 1.4 (7,, (198). Burning
veleeities range from a low of 125 cm/fsec to a
high of 425 em/see; these values are consider-
ubly greater than those obtained in air. A
chinnge in either temperature or pressure will
alter 8, for a particular mixture.  For example,
Agnew and Graiff (3) found that an increase in
pressure cnuses 8, of stoichiometric methane-nir
und propane-sir mixtures to decrease in the
prossure range from 0.5 to 20 atmospheres (fig.
46); &, of stoichiometric methane-oxygen mix-
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 mixture composition, an increase
In temperature raises S,. In general:
S,=A+ BT~ (501)

where A and B are constants, T is the tempera-
ture and n is a constant for a particular mixture
composition. Dugger, Heimel, and Weast
(50, 51, 81) obtained a value of 2.0 for n for
some of the paraffin hydrocarbons (fig. 48).
The burning velocity of the stoichiometric
methane-air und methane-oxygen mixtures given
in figures 44 and 45 do not agree with the values
given in figures 46 to 48 but, in each case, the
burning velocity data are internally consistent.
The actual flame speed relative to u fixed
observer may be much greater than S, since
the burned gases, if not vented, will expand and
impart u motion to the flame zone. If detona-
tion occurs, the reaction speed increases mark-
edly. For example, figure 49 gives the Kogarko
data on velocities with which a detonation wave
propagates through various methane-air mix-
tures at atmospheric pressure in a 30.5 cm-
diameter pipe (/27). Similar results have been
obtained Ey Gerstein, Carlson, and Hill at low
pressures with natural gas-air mixtures (67).
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In each case, powerful initiators were rejuired
to obtain a detenation in relut.vely large pipes.
The energy requiremenis for ignitioi: nre res uce.
if oxngn Is used us the oxidant in place of air.
Further, the detonation velocity incres .os as
the o;(tiy'ga‘n content of the atinnsphere i in-
creased. Detonation velocities o)htained .
Morrison for methane, ethane, propaie. itane,
and hexane in oxygen are given in ;. 2 50
160); similar data obtained by Waymu: nd
olter are given in figure 51 for n-heptuue-
nitrogen-white fuming nitric acid . »pore (279).
Of principal interest here is the un.-gnitude of
the detonation velocity; even in air, ti:is velocity

is .- ﬁzron‘t {hnt pres re -vaves are nct sent out
ahes ' of the detonation front. Thus, pressure
deteci r= that are nsef <l i1 esplosion preven-
ton witi: leflagrati 4 wave  are useless with
deu mnatioi-

With liqe | fuels, t: = burning rete depends

ourt o0 the aate of v op rizetion nid on the
pool size  Burges: Strus e and Cirvmer (20)
inve shows that the ligu:« 5 ~ression rute v is

gLt by
V=0,(1 —e& N, (52)

where + is the value of v in large ponls, A is
a cu:istaat, and d is the pool diameter. They
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expressed v, as:

net heat of combustion, AH, )

. ~0.007 (et heut of combus
’ 0076 sensible heat of vaporization, AH,

cm/min.  (53)

Figure 52 gives a summary of the r. values for
n number of combustibles, including several
paraffin hydrocarbons (27). Of special signifi-
cance here is that Al /AF! is nearly eonstant
(nbout 100) for the paraffin hydrocarbons, so
that their linear burning rates in lurge pools
are all about % em per minute.

UNSATURATED HYDROCARBONS
(CMH'.’H) C::Hﬁn-_‘)
Limits in Air
The molecular weight, specific gravity, and
other properties of the hydrocarbons consid-

ered here are included in table 7. At room
temperature and atmospheric pressure, the

lower limits of flammability of the olefins
(C.H,;,) excluding ethylene {all 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 limit
of flammuability of ethylene in air at atmospheric
pressure, assuming a  constant  limit  flame
temperature, is shown by the curve labeled
“Upward propagation of flume” in figure 53,
Unfortunately, only downwurd flame propaga-
tion data are availuble over an extended tem-
perature range (222); these are included in
figure 53. As in the case of similar data ob-
tained with methane, these define a straight
line parallel to the “Constant flame tempera-
ture,” “Upward propagation of flame” line.
Again, the modified Burgess-Wheeler  law,
equation (33), gives u variation in lower limit
with temperature that is close to that given by
the “Constant flame temperature” line, so that
either could be nsed at temperatures below the
AIT of ethylene (4902 €. Muoreover, as the
limit fluiue temperatures of olefins are not too
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TaBLE 7.—Properties of unsaturated hydrocarbons

Lower limit in atr Upper limit in air
Bp gr Cn Net AFf,
Combustible Formula M | (Alr=1) | inair Keal Ly Lss L U1 Un U
(vol pet) | \ nole (vol t-—=—1 /rag\ | Ref. | (vol |—>=| /mg\ | Rel.
pct) Cu "“ prt) Cue -l_
EthLiylene 28. 05 0.97 6. 53 316, 2 2.7 0. 41 35 | (116)] a6 5.5 {286)
Propylene.. 42,08 1.45 4.45 460, 4 2.4 .54 46 | (101 11 2.5 210 (40)
Butene-1__.__.... 56. 10 1.04 3.37 607.7 1.7 .30 44 () 9.7 2.9 270 (1)
cis-Butene-2_. .. 56.10 1.4 3.37 606, 0 L8 .53 46 (40) 9.7 2.9 270 4
Iscbutylene...._. - 56. 10 1.04 3.37 04, 1 1.8 .53 46 40) 9.6 2.8 b (£0n)
3Methyl-butene-t ... __. 70. 13 2.42 2.72 752.3 1.5 .58 48 (49) 2.1 3.3 310 (40)
Propadiene_._. .. 40. 06 1.38 4.97 43.7 2.6 .53 48 nlo. ... PO S AU
1,3-Butadiene. . .. 5.0 1.87 3.67 576.3 20 54 49 | (10#)] 12 3.3 320 (26)
! Figures compiled at Explosive Res. Center, Federal Bureau of Mines.
$ Calculated value.
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FiGrrE 47.— Variation in Burning Velocity of Stoi-
chiometric Methane- and Ethylene-Oxygen Mixtures
With Pressure at 26°C.
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the generalized graph for L,/L,¢ (fig. 23) can be
used for these unsaturated hydrocarbons.
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Limits in Other Atmospheres

The limits of flammability of ethylene, propy-
lene, isobutylene, butene-1, 3 methyl butene-1,
and butadiene in various inert-pir atmospheres
heve been determined by Jones and coworkers

COMBUSTIBLE GASES AND VAPORS

Downward propagation
of flame

(%

Modified Burgess-Wheeler Law

/Upward propagation
Constant flame tempera(ure"\ of flame ,
] I I \

o] 200 400 600 800 1,000 1,200
TEMPERATURE, * C

ETHYLENE. volume-percent
3

Fraure 53.—Effect of Temperature on Lower Limit of
Flammability of Ethylene in Air at Atmospheric
Pressure.
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Firoure 54.—Limits of Flammability. cf -lthylenc-
Carbon  Dioxide-Air and Ethylene-Nitrogen-Air
Mixtures at Atmospheric Pressure and 26° C.

(100, 101, 103), (figs. 54-60). The first two
figures are Inodifications of the limit-of-
flammability diagrams given in (40); the third
is essentinlly the same as that given in the earlier
publication but includes the experimental
oints. The other curves were constructed
?rom original, unpublished data obtained at
the Explosives Res. Center, Federal Buresu of
Mines.

Other limit-of-flammability determinations
have been made in oxygen and nitrous oxide.
These data are included in table 8 (40, 100, 106).

Autoignition

There have been few d eterminations of AI'T’s
of the unsaturated hydrocarbons in air or other
oxidants; the available data (94, 116, 191) are
summarized in table 9.
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Fraurs 55.-—Limits of Flammability of Propylene-Carbon Dioxide-Air and Propylene-Nitrogen-*ir Mixtures at
Atmospheric Pressure and 26° C.

Harana haic

The burning velocity of ethylene has been
determined in air, oxygen, and oxygen-nitrogen
atmospheres by numerous investigators (3, 47,
W, 68, 181). In general, it is higher than the
burning velocities of the paraffin hydrocurbons
under the same conditions (fig. 47).  Similar
results are to be expected for other unsaturated
hydrocarbons, although the available datn are

rather meager.
Sta bility

Muny unsaturated hydrocarbon vapors can
propagate flame in the absence of air au elevated
temperatures and pressures; that is, they have

no cper Yimig of Ainmuoigy. These eem.
bustif)ics have positive heuws of formation,
AH; (table 10) and would therefore litersts
heut if decomposed to the elements cerbon and
hydrogen.  Even more heat would be liber-
ated if pases with a negative heat of for-
mation - for example, methane—form from the
elements. Tn practice, a mixture of products
results upon decomposition of such combusti-
bles.  For example, a propagating decompo-
sition reaction can be initiated in pure ethylene
in a 2-inch-1D tube at 23° (' ami)fpressures as
low as 750 psig, using 2 grams of guncottor:.
A reaction can be initiated at 21° C and pres-
sures as low as 975 psig with 1 gram of
guncotton. The decomposition products are
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TABLE 8.---Limits ¢f flommability of unsaturated
hydrocarbons at almospheric pressure and room
lemperature, 1n wolume-percent combustible
vapor

(L=lower iimit; U = uppex Hinit)

Tu aiz In oxygen | In nitrous
oxide
Combustible

L ' U L U L U
——
Ethylere__.___. 2.7 36 2.9 80| 1.9 40
Propylene....__| 2.0 11 2.1 53| 1.4 2
Buteng-i__..__..] 1.8 10 1.7 88 1 |.o._.
Butene-2__. ._ .. L7 e u7r! 55 ] ____________

. i |

primarily carbon, methane, and hydrogen:
approximately 30 Kcal are reloused per mole o
ethylene decomposed. Propylene yielded simi-
lar products following explosive decomposition
during compression to 4,860 stiospheres (34).

"TABLE 9. —Minimuin auloignition temperatures
of unsaturcted hydrocarbons af aimospheric
pressure

Autoignition temperature

7}

Coembustible In a'r In oxzygen

i
SC|°F Ref|°C °F'Ref.

1
Eshylene. ... 490 | 014 [(116) 485 | §05 |(116)
Propylene...___. 458 | 356 | (94)] 423 | 793 | ()
Butene.1__._____ 394 | 723y () | 310 590 [ (1)
Butene-2___.....} 324 | 615 | () | ._..y-..__|..---

1,5-Ruradiene._..| 418 | 784 |(181)| 335 | 635 ((191)
| |

Ml(:lzures ocompiled by Eiplesives Kes. Caater, Federal Bureau o
(o3,

Propediene and buiadiene also decompose
readily under the action of powerful ignitors.
Propadiene vapor bas besn decomposed in a
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FiGure 57.—Limits of Flammability of Isobutylcne};rWater Vapor-Oxygen Mixtures at 150° C and Atmosperic
casure,

st ivbe at 120° C and 5) psSig using a
piatinum 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).

TasLE 10.—Heats of formation (Keal/mole) of
unsaturated hydrocarbons at 26° (.

Combustible: alip
Acetylene.._._.__ . .. _______ _____ . 54. 2
Propadicne.. ... _______ __________ 7] 45. 9
Methylacetylene. . ______ . " 44, 3
1-3, Butadiene._._______________ ________ 26. 8
Bthylene_ . ____ . . . ... 12. 5
Propylene. ... ____ .71 4.9
1-Buteme_ . ___ .. ___.__________.___ ... .3

! Rofs. (/84, 189),

ACET_ENC HYDROCARBONS
(C nH n— 2)

Limits in Air

Acetylene forms flammable mixtures in air
at atinospheric pressure and 25° C, in a range
from 2.5 to 100 volume-percent scetylene.
Quenched and apparatus limited upper limits
have been obtained in 1-, and 2-, and 3-inch-
diameter tubes (40), but pure acetylene can
propagate flame at atmospheric pressure in
tubes with dinmeters of at least 5 inches.
Sargent has summarized availsble data on
initial pressure requirements for deflagration and

I
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Fiure 58.—Limits of Flammability of Butene-1-
Carbon Dioxide-Air and Butene-1-Nitrogen-Air
Mixtures at Atmospheric Pressure and 26° C.
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detonation tkrough acetylene in horizontal
tubes of about .02 to 6 inches ID at 60° F. (89,
186). His curves are given in figure 61, which
also includes an experimental point from the
data of Jones and coworkers obtained in a
vertical 2-inch-diameter tube. The existence
of this point, at a pressure below that given by
Sargent’s curve for a 2-inch tube, indicates that
this curve should be used only for horizontasl
systems. The point labeled “Industrial explo-
sion’” was reported by Miller and Penny (144)
and presumably refers to a deflagration. The
third experimental point is discussed, along
with the detonation curve, in the section on
stability,

The effect of temperature on the lower limit
of flammability was determined by White in a
2.5-cm tube with downward propagation of
flame (222). Although the actual s)imit values
are not satisfactory for our purposes, they can
be used to check the applicability of the L},’/sz
ratio data presented in figure 23. The White
ratio of lower limits at 300° and 20° C. is

2.19/2.90=0.76; the corresponding ratio from

10

F1ooRe §9.—Limits of Flamma-
bility of 3 Methyl Butene-1-
Carbon Dioxide-Air and 3
Methyl-Butene-1-Nitrogen-Air
Mixtures at Atmospheric Preg-
sure and 26° C,

Cst

3 METHYL BUTENE-, volume-percent

I
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“Constant flame temperature’ curve in figure
23 is 0.78. Accordingly, this fizure should be
satisfuctory for use witfx acetylene at tempera-
tures in the range from 20° to 300° C.

The lower limit of flammability of methyl-
acetylene (propyne} in air at atmospheric
pressure is 1.7 volume-percent, equal to 0.34 C,,
which compares favorably with the vajue for
acetylene (0.32 (). Upper limit investiga-
tions have been conducted by Fitzgerald (59)
in a 2-inch tube at 20° and 120° C to determine
the low-pressure limits or lowest pressures at
which a flame will propagnte through methyl-
acetylene vapor at these temperatures. He
found these to be 50 and 30 psig at 20° and
120° C, respectively. In a 4-inch tube, Hall
and Straker (77) obtained a low-pressure limit
of 43 psig at 20° C. This indicates that the
upper limit of flammability of methylacetylene
in air is probably less than 100 percent at 20° C
and 1 atmosphere.

ADDED INERT, volunie-percent

The quantities of propylene required to
prevent flame propagation through methyl-
acetylene-propadiene-propylene mixtures at
120° C and 50 and 100 psig have been deter-
mined in i-, 2-, 4-, and 12-inch tubes (fig. 62),
and at 120° 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 quantity of propylene required to prevent
flame propagation increases; this efTect is less
pronounced in the larger vessels {diameter
greater than 4 inches) than in the smaller
vessels (diameter less than 4 inches). The
results obtained in the 24-inch sphers were
similar to those in the 12-inch tube,

Limits in Other Atmospheres

Gliwitzky (71), and Jones and coworkers
determined the effects of carbon dio:ide and
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Fiavre 61.—Effect of Tube Diameter on Initial Pressure Requirements for Propagation of Deflagration and
Detonation Through Acetylene Gas.

nitrogen, on the limits of acetylene in air at
atmospheric pressure and room temperature.
Unfortunately, all measurements were made in
tubes that were too narrow to give actual upper
limit data. Nevertheless, the resulting
quenched-limit data are summarized in figure
63, because they show the relative effects of
adding two inert diluents to- acetylene-air
mixtures in a 2-inch-ID tube.
Autoignition

A summary of available autoignition tem-
perature data for acetylene, acetylene-air, and
acetylenc-oxygen mixtures in clean systems is
given in figure 64. They are based on measure-
ments by Jones and Miller (110), by Jones and
Kennedy in quartz tubes (99), and by Miller
and Penny in a 0.5-inch steel pipe, 15 inches
long (144). Jones and Miller found minimum
autoignition temperatures of 305° and 296° C
for a variety of acetylene-air and acetylene-
oxygen mixtures, respectively, at atmospheric
pressure. Miller and Penny report little varia-
tion in the autoignition temperature of acety-
lene in & clean pipe at 4 to 26 atmospheres initial
pressure. However, the presence of 1 gram of
powdered rust, scale, kieselguhr, alumina, silica

gel, or charcoal lowered the pipe temperature
required for ignition to a 280° to 300° C range.
The presence of 1 gram of potassium hydroxide
lowered the pipe temperature still further to
170° C. The unpact of a 0.25-inch steel ball
falling from a height of 15 inches against a
fragment of copper acetylide produced a hot
spot that ignited the surrounding gaseous acety-
lene at room temperature and 3 atmospheres.

Burming Rate

The burning velocity data for acetylenc in
air obtained by Manton and Milliken at 1
atmosphere and room temperature are given in
ficure 65 (Z38). The burning velocity ranges
from a low of a few centimeters per second near
the lower limit to a high of about 160 cm/sec
on the rich side of the stoichiometric composi-
tion. Parker and Wolfhard (764) have found
considerable variation in the burning velocity
of acetylene in various oxidants. The burning
velocities in stoichiometric mixtures with oxy-
gen, nitrous oxide, nitric oxide, and nitrogen
tetroxide were found to be 900, 160, 87, and 135
cm/sec, respectively; for comparison, the burn-
ing velocity in a stoichiometric acetylene-air
mixture (fig. 65) 13 130 cm/sec.



FLAMMABILITY CHARACTERISTICS 57

000

\ \

\
'
I2-inch-1D bomb,100 psig \ >
4-inch-1 D bomb,I00 psig ~ \‘
2-inch-1 D bomb,100 psig - \
\

I-inch-I D bomb,100 psig ~ \\

\ \\
AN\
\. \\Z-inch-lD

\

\ W\

(0 2\
100 g0 80 70 60

40 30 20 10 (o)

PROPYLENE, volume-percent

FieURE 62.—Range of Flammable Mixtures for Methylacetylene-Propadienc-Propylene System at 120° C and at
50 and 100 Psig.

The burning 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 <iraiff (8) and Parker and
Wolfhard (7164) found th: burning velocities
of stoichiometric acetylene-oxygen and acety-
lene-nitrous oxide mixtures were independent of
pressuve between approximately 0.5 and 2
atmospheres and 0.03 and 1 atmosphere, re-
spectively.  The burning velocilies of stoichio-
metrie acetylene-nitric oxide and acetylene-
nitrogen tetroxide nixtures increased slightly
over this pressure range 0.03 to 1 atmosphere

(164).
Stability

A= noted, acetylene can propagate flame in
the absence of air (39, 165). The pressures

required for propagation at subsonic (deflagra-
tion) and supersonic rates (detonation) nto
the unburnnd gus are given for & range of pipe
A oers i Goure 61 (185).  Deflagration is
Jiscussed briefly under Limits of Flanmimability;
detonation is discussed in this section.

The curve labeled “Detonation’” in figure
61 gives the minimum pressure required for
propagation of a detonation, once initiated, in
tnbes of 0.3 to 10 inches diemeter. In prac-
tice, a detonation may be initinted directl
from a deflagration that has propagated through
a rather ill-defined distance, known as the
predetonation or run-up distance. This dis-
tance depends on temperature, pressure, tube
dinineter, condition of tube walls, and on
ignition-source strength.  For example, using
a fused platinum wire ignitor, Miller and Penny
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(144) found the predetonaticn distance for
acetylene in a 1-inch tube to be 50 feet at 51.4
psia, 22 feet at 55.9 psia, 12 feei ot 73.5 psia,
and 2.8 to 3.2 feet at 204 psia initwl 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 fairiy close to the detonation curve
established by Sargent (185). The maximum
lenth-to-diameter ratios (L/D) given by Sargent
for establishing detonation in acetylene is
plotted nagainst intial pressure in figure 66.
In tubes, having a diameter greater than those
given along the top of the fizure and having
powerful ignitors, the L/D ratio will be less than
that given by the curve. Nevertheless, this
ficure should be of use in giving the outer
bound of L/D and the approximate quenching
dinmeter; n better value for the quenching
diameter can be obtnined directly from figure
61.

Although predetonation distances are diffi-
cult to measure and experimental data often
exhibit much scatter, they are of interest in
safety work because they can be used to evalu-
ate the maxinum pressures likely to oceur in
a system due to cascading or pressure piling.
‘This phenomenon presents a sp-<ial problem
because the final pressure achieved in a detona-

700
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tion depends on the initial pressure at the onset
of detonation. Fur example, the maximum
pressure to be expected from the deflagration
of acetylene at moderate pressures is about 11
times the initial pressure (144); the maximum

59

to be expected {rom & dotonation is about
50 times the initial preseure. As the pressure
eqnalizes gt the spoed of sound in a deflsgra-
tion, the maximum initinl pressure to be ex-
pected upon transiticn from deflagration to a
detonation is approximately 1i times the frac-
tion of acetylene that has been burned times
the initial precombustior pressure. Fifty times
this pressure is tho approximate maximum
pressure that would be obrained when a detona-
tion occurs. o illustrate this, Sargent has
plotted ihe final-to-initial pressure ratio (P,/Py)
against the predetonation distance-to-tube
length for acetylene. A simiiar graph is given
in ggure 67. To use this graph, the maximum
redetonation distance to be expected must
rst be determined from fgure 66. This diz.
tance divided by the tube length gives the
maximum final-to-initial pressurse ratio.

AROMATIC HYDROCARBONS
(C nH! Lo z)

Limits in Air

The combustibles considered in this section
are listed in table 11, with pertinent properties.
At atmospheric pressure and room temperature,
the lower limits of flarnmability of the aromatic
hydrocarbons are approximately 50+2 mg/l
(0.05040.002 oz combustible vapor per cubic
foot of alr).

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

QUENCHING DIAMETER, inches

12 8 4 2 1 0.5
60T T T T
50 =
Figure 66.—Maxiinum L/D ratio £
Required for Transition of a }
Deflagration to a Detonation . 40 -
in Acctylene Vanor ai .0° I’ o
and from 10 to 70 Psia. 3
30} -
20 1 1 1 | 1
10 20 30 40 50 €0 70

INITIAL PRESSURE, psia



60 FLAMMABILITY CHARACTERISTICS OF COMBUSTIBLE GASES AND VAPORS

TanLE 11.—Properties of selected aromatic hydrocarbons

C N Lower limit in air! | Upper limit in air?
(in | net A R
Combustible Formula M Sp gr Air (vol Keal ‘ I ] U
(Air=1)| pct) mole Lo | Tam " g | [Noo
(vol | @, (7}15) (vol | &, (g\g)
pet) 1 pet) 1
Benzene ol CeHy 78. 11 2. 69 2.72 757.5 | 1.3 0. 48 47 7.9 2.9 300
Toluene__. .. _ .l CiHy 92. 13 3. 18 2,27 901. 5| 1.2 .53 50 7.1 3.1 310
Ethyl benzene CyH 106. 16 3. 67 LOG ] 1045. 51 1.0 .ol 48 6. 7 34 340
o-Xvleneo . . . 1 CyHy 106. 16 3. 67 196 | 1045. 9 | 1.1 . 56 53 6. 4 3.3 J20
m-Xvlene .. CyHyo 106. 16 3,67 L6 | 1046.5 ] 1.1 56 H3 6. 1 3.3 320
p-Xylene_ . CsHyo 106. 18 3. 67 1,96 ) 1045.7 | 1.1 -6 h3 6. 6 3.4 340
Cumene_ .. __ ... .0 (3Hy, 120. 19 4. 15 1.72 7 11942 .88 .ol 48 6.5 3.8 370
p-Cymene_ . ... D CigHye 134. 21 4. 63 1.53 | 1341. 8 . 45 . h6 51 6.5 36 350
{ R, (447).
400 — T T SR s S
300 —
Fiavre 67.—Final-to-Tnitial Pres- S |
sure Ratios Developed by Acet- > 200 -
ylene With Detonation Initia- Q
tion at Various Points Along a
Tube.
100 -
)
i H | | _J!
0 0.2 04 0.6 ug 10

PREDETONATION DISTANCE / TUBE LENGTH

Their values range from 8.8 percent cumene
(80° (' and atmospheric pressure) to 10.8 per-
cent cumene (146° (" and 10 psig pressure).

100°, and 200° (! (235, 247); the variation in
lower limit with temperature is given by equa-
tions (31) and (33) derived for paraflin hydro-
carbons, and the corresponding curves of figure
23, For example, Lawe ¢/ L0 ¢ was found to he
1.07/1.24 or 0.86; the ratio predicted by the
curve in figure 23 is 0.87.

Limits in Other Atmospheres

The limits of flammubility obtained by Bar-

The upper limits of the aronmaties eonsidered
here at 100° (" are included in table 11 (247,
These were obtuined wt atmospherie pressure
in a 2-inch-diameter tube, opent at one end
Butler and Webb obtained upper iimit data on
n commercinl grade cumene (93,3 pet cumerne)
i air at elevated temperatures and atmospheric
and elevated pressures in o closed bomb (31},

povie (29 and by Jones (40) for bengzene-
carbon  dioxide-nir und  benzene-nitrogen-nir
mixtures at atmospherie pressure and 25° O aree
griven in figure 685 similar date wre given for
the Inst two mixtures st ntincespherie pressure
and 150° C. The inerting requtrements at 25°
C'are approximately the sanie as those of n-
hexane (fig. 33). Again, it should be noted
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Froung 68.—-Limits of Flammability of Benzene-Methyl Bromide-Air Mixtures at 25° C and Benzene-Carbon

¥

Dioxide-Air and Benzene-Nitrogen-Air Mixtures at 25° and 150° C and Atmospheric Pressure,

that the methyl bromide data are not consistent
with those¢ obtained by Hili (compare figs. 28
and 32). These latter data (84) were used to
construct. the approximate (broken) flamma-
bility curves for the benzene-methyl bromide-
air gystem.

The decrease in the minimum oxygen require-
ments for flame propagation (from 14.240.3
volume-pereent at 25° (' o 131403 volume-
percent at 150° in a carbon dioxide-air atmos-
phere; from 11.4-+0.3 volume-percont at 25°
' 1o 10.1+£03 volume-percent at 150° in a
nitrogen-air atinosphere) 18 within the range
')rodi(‘!ml by the modified Burgess-Wheeler
aw (equation (35), fig. 23).

The limits of flammability of orthoxylene
(CeH¢- (CHy ) =water-hvdrogen  peroxide  roix-
tures were determined at 154° (" and 1 atmos-
shere  presesure by Martindill, Lang, and
Zubetakis (140). The duta are presented in
» trinngular plot in figure 69; compositions are

expressed in mole-percent es in the original
presentation. Thic system has no lower limit
mixtures, as a flame can be initiated in hydrogen
remxide vapors (186). As a 90-weight-percent
1iydrogen peroxide wus actually used to obtain
these flammability data, all compositions were
cnlculated to yield values based on a 100-percent
hydrogen peroxide content. This could be done
here because only three ccmponents are consid-
ered. Where four components are considered,
the flammability uata ean be presented in a
three-dimensional plot; if two of the mm%o-
nents npsmur in fixed proportions, a triangular
plot ean be used with the two components (for
example, 90-weight. percent hvdrogen peroxide)
considered as a single component. Such a
plot is presented in figure 70 for 90-weight-
percent hvdrogen peroxide-orthoxylene-formic
acid (HCOOQH) at 154° O and 1 atmosphere.
This was considered to be u plane in a regular
tetrahedron in the original article and is there-
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Fiaurg 69.—Limits of Flammability of Hy0y-CeH, . (CH,)y~H,0 at 154° C and 1 Atmosphere Pressure.

fore not u regular triangle. As before, only an
upper limit curve is given because 90-weight-
percent hydrogen peroxide is flammable. In
addition, a calculated curve based on Le Chate-
lier’s rule is given, as is the upper limit curve
obtained with decomposed hydrogen peroxide.
Decomposition of the peroxide lowers the upper
limit appreciably and yields a systemm which
has a lower limit of flammability (not deter-
mined in this study).

Autoignition
The minimum autoignition temperatures of
a series of aromatic hydrocarbons in air at
atmospheric ?ressure are given in figure 71 as
& function of the correlation parameter L,,,.

This parameter was determined by use of
equation (49), treating the benzene ring as a

—CH,; group (241). When the benzene rin
contains two side groups, L,, is determine
first for the side group that yields the largest
average value amf to this is added ¥, %, or %
of the average chain length of the second side
group; (%, %, and ¥ correspond to the ortho-,
meta-, and para-positions, respectively). The
date again fall into high- and low-temperature
regions (fig. 43).

Bumning Rate

Burning rates and detonation velocities of
benzene in air end oxygen appear to be ap-
proximately the same as those of the higher
paraffin hydrocarbons. For example, the re-
sults of Golovine and Fyodorov (2/1) show
that the maximum burning velocities of benzene
in nitrogen-oxygen mixtures range from about
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295 cmy/sec in oxygen to 45 cm/sec in air; the
maximum burning velocities of hexane in
various nitrogen-oxygen mixtures range from
about 260 cm/sec in oxygen to 40 cm/sec in
air. Similarly, Fraser (67) found the maximum
detonation velocities of benzene and n-octane
in oxygen to be 2,510 and 2,540 m/sec,
respectively.

ALICYCLIC HYDROCARBONS
(C.H,)

Limits in Air

A summary of the pertinent properties of
some of the members of the series is given in

table 12. The lower limits of flammability in
air at atmospheric pressure and room tempera-
ture fall in the range from 48+ 3mg/l (.048
+.003 oz combustibfe per cubic foot of air).
By volume, this is equivalent to approximately
0.55 (,,, which is the same as for paraffin
hydrocarbons. The ratio of the upper limit
to C,, appears to increase with molecular
weight.

According to Jones (40), the lower limit of
cyclohexane in air at atmospheric pressure and
26° C determined in a 2.0-inch tube is 1.26
volume-percent. Under the same conditions,
Burgoyne and Neale (26} found the lower limit
to be 1.34 volume-percent, using a 2.5-inch
tube. Matson and Dufour (/41) found the

o U T LI
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TABLE 12.—Properties of selected alicyclic hydrocarbons

Lower limit in alr Upper limit in afr
Net AH,
BE g Co kcal
Combustible Formula M i (Alr=1} [ inair mole Ly Ly L U
(vol pet) (vol T mg Ref. | (vol Un mg Ref.
pet) T pet) Cu 1
Cyclopropane .. _ ... ... CyHe. ... 42,08 1.45 4.45 468 2.4 0. 54 448 | (10m) 10. 4 2.3 220 | (107
Cyclobutape. ... ... ... Callg ... ... 56,10 1.4 3.37 1 600 1.8 .56 L3 (G0 T IO PP DRI R,
Cycloix-ntane._. ... e Collpenn..... o] 70,13 2.42 2.72 740.8 1.8 .58 48 | (1) PR S
Cyclohexane. ... .. ... [} 3 T P 84 16 2.1 2.0 881.7 LR .87 49 (40) 7.8 3.4 320 (40;
Ethylcycishutene . ... . ¢ Celdyp ... . . 84.16 2.4 2.7 1 880 1.2 .53 46 40) 7.7 3.4 310 (40
Cycloheptane .. PRI B 471 1 £Y TR, 08.18 8.39 1.96 | 11024 1.1 . 56 49 W) 8.7 3.4 310 | (1)
ethyicheylhexane. ... ColHp-.. ... .} 9818 3.39 1.98 1026.0 1.1 . 56 49 (40} 6.7 3.4 310} (V)
Ethylcyclopentane . .. _. CHu- ... 90.18 3.39 1.96 1032. 6 1t .56 490 (40 18.7 3.4 310 40)
Ethylcylcohexane. . ..... | Colyo. ... ... 1221 1.7 LN nms.7 5. 95 .58 4 “0)| 6.6 3.9 350 | (40)
1 Calealated value,
$ P05 atm.
14=130° C.

lower limit to be 1.12 volume-percent at 21° C
in a 1Z-inch diameter chamber about 15 inches
Jong; however, there is evidence that they did
not use the same criteria of flammability as did
the other authors; only one observation window
was provided at the top of a rather squatty
chamber, whereas with the glass tubes used by
Jones and by Burgoyno and Neeale the flaine
could be observed along the entire tube. Ac-

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

Limits in Other Atmospheres

The limits of flammability of cyclopropane-
carbon dioxide-air, cyclopropane-nitrogen-air,
and cyclopropane-helium-air mixtures at 25° C
and atmospheric pressure are given in figure

whitiais 1 1
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72 (106). The first *wo curves are similar to
:tilé()»se obtained with paraffin hydrocarbons (fig.

The limits of flammability of cycloprepane-
belium-oxygen and cyclopropane-nitrous oxide-
oxygen mixtures at 25° C and atmospheric pres-
sure are given in figure 73 (106). The latter
curva differs from the former, as both additives
are oxidants (oxygen and nitrous oxide).

The limits of flaramability of cyclopropane-
heliam-nitrous oxide mixtures at 25° (7 and
atmospheric pressure are given in figure 74 (106).
Here the minumum oxidant concentration
(nitrous oxide) required for flame propagation
is approximately twice the corresponding con-
centration of oxygen in the systems cyclo-
propane-helium-air (fig. 72) and cyclopropane-
holium-oxygen (fig. 73).

10 20 30

40 50
ADDED INERY, volume-percent

ALCOHOLS (C,H;,+,.OH)
Limits in Air
The alcohols considered here are listed in
table 13 together with Lgo and Uye. The
ratios Lgpe/C,, are approximately 0.5. How-
ever, the L (mg/l) 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:

(54)

This equation gives the values listed in paren-
theses in the mg/l column; these are in fair
sgreement with the values obtained for the
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F1eure 74.—Limits of Flammability of Cyclopropane-
Helium-Nitrous Oxide Mixtures at 25° C and Atmos-
pheric Pressure.

saturated hydrocarbons. Approximate L (mg/
1) values can be obtainad from the higher
hydrocarbon values given in figure 22 by
multiplying these by the ratio M/(M—16).
Further, figure 19 can be used to obtain L* and
L values in volume-percent. For example, at
25° C, L* is about 47 mg/l from figure 22; the

corresponding Lgi. from figure 19 for ethyl
alcohol (M =46) is 2.2 volume-percent. Then,
from equation (54), L is 3.4 volume-percent ; the
measured value is 3.3 volume-porcent.

The lower limits of methyl alcohol have been
determined by Scott and coworkars at 25°, 100°,
and 200° C (192). The values ai these three
terperatures are 6.7, 6.5, and 5.9 volume-per-
cent, respectively. The calculated values ob-
tained from the modified Burgess-Wheeler law
(fig. 23) at 100° and 200° C are 6.4 and 5.8
volume-percent, respectively.

Limits in Other Atmospheres

The limits of Aammability of methyl alcohol-
carbon dioxide-air and metnyl alcohol-nitrogen-
air mixtures at atmospheric pressure and 25°
and 50° C are given in figure 75; flammability
determinations on mixtures containing more
than 15 percent methyl alcohol vapor were
conducted at 50° C. The maximum amounts
of carbon dioxide and nitrogen required to
prevent flame propagation in these mixtures

0 T T T T N
% air = 100% — % methyi alcohol—% inert
35 §\ ]
N\
\
\
\\
30 \ \ 4
13 \ \
g N
g as)- \\ \ .
.§ \
& NN
4 NN
< 20} \ \\ 4
3 \
3 Flammable  \ \  Saturated at
S mixtures < 25°Cand 1 atm.
= 15+ -
2> C02
E Cst N2
=
10 -
g
54 —
] 1 1 I
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FIGURE 75.—Limits of Flammability of Methyl Alcohol-
Carbon Dioxide-Air and Methyl Alcohol-Nitrogen-
Air Mixtures at 25° C and Atmospheric Pressure.
(Broken curve at 50° C and atmospheric pressure.)
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TABLE 13.—Properties of selected simple alcohols

Lower timit in air Upper lmlit in alr
8 cu | TR
ar ']
Combustib} Formul M AE--I i Inalr mols In L Un U
ombustie ormui ¢ ! (vol pet) (moh) {vol Ly my\ | Rel. | (vol RO M) Ref.
pet) Cus 1 pet) Cu 1.
Mettiyl aleohol........... CHiOH......... s24| 1n| 122 wo| er| ossi{ B um|l rs| 20,0 em
Ethyl aleohol . _..._...... CaHOH ... 46.07 1.5 6.53 se| s3] .soff 72 }(40) v | 29l 380 e
n-Propyl sleohol. ... ... CHOH._.._... 60.00 [  2.07| 448 us| 22 efl (Rllen| qef a2 $B)} w
n-Buty} alcohol. ._.._. ... CHyOH........ .12 2.8 3.87 ar| sl 8 }(') TR U R ®
pri-n-Amyl aloohol_ ... CHuOH. ... 88.18 3.04 2.712 uz| aql el % b e10 e
n-Hexyl aloohol......_.... CeHuOH. ... 102.17 3.58 2.27 38| 12 .u{ ] JO L
M—18 $¢=100° C.
R ey v lull"lzures complled by Explosives Res. Conter, Federal Buresu of
14=60°, e,
¥ At saturation terperature. ¢ Calculated value,

were compared with the corresponding maxima,
for pareffin hydrocarbons (figs. 28-35); it was
found that appreciably more inert is required to
make mixtures containing methyl alcohol non-
flammable. Conversely, methyl alcohol re-
quires less oxygen to form flammable mixtures,
at a given temperature and pressure, than paraf-
fin hydrocarbons do. This may be due in part
to the oxygen of the aleohol molecule. For the
simple alcohols, we have:

C,H;n ,OH+41.5n0,—nCO; 4+ (n4+1)H,0. (55)

Thus, the ratio of oxygen required for complete
combustion of an alcohol to that for complete
combustion of the corresponding paraffin,
equation (22), is:

In

3n+1 (56)

Ro,=

When n=1, this ratio is 0.75. The correspond-
in% ratios of the experimental minimum oxygen

alues from figures 75 and 28 are 0.82 with
carbon dioxide and 0.85 with nitrogen as inert.

The limits of flammability of methyl alcohol-
water vapor-air were obtained by Scott (192)
in a 2-inch-ID cylindrical tube at 100° and
200° C and in a 4.9-liter cylindrical bomb at
400° C and 1 atmosphere (fig. 76). Similar
data were obtained by Dvorak and Reiser in a
2.2-liter apparatus at 100° C (53).

The limits of flammability 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 flammability data
obtained for ethyl alcohol at 100° C ‘and 1
atmosphere are given in figure 78. Flammabil-
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% air = 1009 ~% methyl alcohol~% watell\
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F1gURE 78.—Limits of Flammability of Methyl Alcohol-
Water Vapor-Air Mixtures at 100°, 200°, and 400° C
and Atmospheric Pressure.

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

Autoignition

The minimum autoignition temperatures in
air and oxygen of a number of alcohols at
atmospheric pressure are given in appendix A,
Comparison of these values with those of the
correspondin \)araﬁ‘ins (methyl alcohol and
methane; ethyl alcohol and ethane, otc.),
shows that the AIT values of the alcohols are
gererally lower.
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Figoaz 77.—Limits of Flammability of Ethyl Alcohol-
Carbon Dioxide-Air and Ethyl Aleohol-Nitrogen-Air
Mixtures at 25° C and Atmospheric Pressure.
(Broken curves at one-half atmosphere.)
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Fiaure 78 —Limits of Flammability of Ethyl Alcohol-
glater Vapor-Air Mixtures at 100° C and Atmospheric
ressure.

Buming Rate

The burning velocities of methyl and iso-
propy! alcohol in air were determined by Gibbs
and Calcote for a range of mixture compositions
at 25° C; the maximum 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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% air m 1009 ~% alcohol—% water vapor
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mixtures
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Figure 79.—Limits of Flammability of fert-Butyl
Alcohol-Water Vapor-Air Mixtures at 150° C and
Atmospheric Pressure.

9 oxygen = 100% — % alcohol—% CO2
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tert-BUTYL ALCOHOL VAPOR, volume-percent
N
Q

CARBON DIOXIDE, volume-percent

Fieure 80.—Limite of Flammability of (tert-Butyl
Alcohol-Carbon Dioxide-Oxygen Mixtures at 150° C
and Atmospheric Pressure.

hol at 100° C; the maximum values were 72.2
and 64.8 cm/sec, respectively. These values
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Figure 8l.—Limits of Flammability of 2-Ethyl-
butanol-Nitrogen-Oxygen Mixtures at 150° C and
Atmospheric Preasure,

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

The methyl alcohol iquid-burning rate ob-
tained from equation (53) is in fair agreement
with thet obtained experiment,a.ll?r (fig. 52).
The reletively low AH /AH, ratios for the aleo-
hols indicates that they should be characterized
by low-burning rates in large pools.

ETHERS (C,H.,,.OC,H.,.,)
Limits in Air
The properties of s few common ethers sre
listed in table 14. Unfortunately, the limits
data show appreciable scatter, so it is difficult
to establish any general rules with the given

data. However, as a first approximation, the
Ly/C,, is about 0.5 for the simple ethers.

Limits in Other Atmospheres

Because of the importance of ethers as anes-
thetics, liinits of flammability were determined
in several atmospheres. The limits of the sys-
tems dimethyl ether-Freon-12 (CCLF;)-air
dimethyl ether-carbon dioxide-air, and dimethyi
ether-mtrogen-air obtained by Jones and co-
workers are given in figure 82 (114); the
limits of the systems diethyl ether-carbon di-
oxide-nir and diethyl ether-nitrogen-air are
given in figure 83 (26, 166, 108), Cool flames
exist above the upper limit as noted; the upper

£a
<

" T I T T
9% air w 100% ~-% ether~% inert

- =

Cool flames

-
(=]

DIMETHYL EYHER VAPCR, volume-percent
N
S

10 20 30 40 50
ADDED INERT, volumne-percent

Fioure 82.—Limits of Flammabilitg of Dimethyl Ether-
Carhon Dioxide-Air and Dimethyl Ether-Nitrogen-
Air Mixtures at 26° C and Atmospheric Pressure.
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Fiourg 83.--Limits of Flammability 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 air is 48.4 vol-
ume-percent, according to Burgoyne and Neale
(26). 'The limits of the systems diethyl ether-
helium-oxygen and diethyl ether-nitrous oxide-
oxy%en are given in figure 84 and the limits of
diethyl ether-helium-nitrous oxide are given in
figure 85 (106). Again, as with the alcohols
more inert is needed to assure the formation of
nonflammable mixtures than is needed for the
corresponding paraffin hydrocerbens. Also,
cool flames are encountered at lower tempera-
tures and pressures.

Comparison of curves in figures 84 and 85
shows that the minimum oxidant requirement
for the formation of flammable diethyl ether-
helium-oxidant mixtures is approximately twice
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TABLE 14.—Properties of selected ethers

Lower Hmit {n alr Upper limit in alr
Net aHl,
Combustible Formula M | KBS | e (E‘o’%) Ln | Ln | I R
(vol pet) :)\é(;; Cn (,Ll“) Ref. gg)n W (7_1;_8 Rel.
Dimethyl ether. ......... CHOCH:. ...... wo! el e me| a4l osef{ Rlu| = 41 160w
Diethyl ether. ........... CiHiOCH,. ... uiz| 286 887 eos| 19| .sel{ |} vse | 1| LSO GO
Ethyl propyl ether. ....... CiH(OCsHr....... 15| 32| ar2| oamo| 17| .62 (%}l o 5.1 80 (8
DI4-propys ether.......... 0G| 1217|383 | 2zm| sew| ne| e[ BHun| ze| 38| | G0
Divinyl ether............. CHIOC)Hs....... 0| 242 wo2] ool 7| e (Blen| =z .71 L0 N
\Lo=], M-~16 | : galculated value.
0ol flames: Uy, >16 vol pot.

f Cool flames: Uzn =53 vol pot.

100

% 02 = 100%~% diethyl ether—{% He or N20)

80

Cool flames

40

DIETHYL ETHER, volume-percent

20

0 20 40 60 80 100
HELIUM OR NITROUS OXIDE, volume-percent

F1aure 84.—Limits of Flammability of Diethyl Ether-
Helium-Oxygen and Diethyl Ether-Nitrous Oxide-
Oxygen Mixtures at 25° C and Atmospheric Pressure.

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

Autoignition

In genersl, ethers are readily ignited by hot
surfaces. These combustibles usually have a
lower ignition temperature in air and in oxygen
than do the corresponding paraffiné and
aleohols. The nvnilnbYe avtolgmtion tempera-
ture data are included in app-ndix A,

s Rel. (166).

30 T T 1
% N20 = 100% —% diethy! ether—% He

Flammable
mixtures

Cst

DIETHYL ETHER, volume-percent

| I L N
0 20 40 60 80
HELIUM, volume-percent

Figure 85.-—Limits of Flammability of Diethyl Ether-
Nitrous Oxide-Helium Mixtures at 25° C and At-
mospheric Pressure.

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

ESTERS (C.H.,,_,O0C,H;n1)

The properties of several esters are listed in
table 15. PI‘he ratio of the lower limit at 25° C
to the stoichiometric concentration is about 0.55
for many of these compounds. This is the
same ratio as in equation (21) for paraffin
hydrocarbons. The lower limit values ex-
pressed in terms of the weight of combustible

er liter of air (see section about alcohols) are
ﬁstod in parertheses under L(mg/1). These are
larger than the corresponding values for the
hydrocarbons and alcohols. The inert require-
ments and minimum oxygen requirements for
the first member of the series, methyl formate,
are neerly the same as for methyl alcohol and
dimethyl ether (figs. 76, 82, 86). This is not
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TaBLE 15.—Properties of selected esters

Lower limit in alr Uwpper lmit in afr
Ap. gr. Cu Net A,
Combustible Formula M | (Alr=1) | Inair Kenl In I L Uy Un U
(vol pet) | \ ol (vol - mg\[ Rel. | (vol e mgYy | Ref
pet) ot 1 pet) M T
Methyl formate. ... HCOQOCH).....| 60.08 2.07 0.48 20| so0] om|l I8 }(m) 2.0 24| 800 | (a1n
Ethyl formate... ... ... HCOOCHy ....| 74.08 2.50 5.83 367 2.8 .80 ,22 } 40) 16.0 2.8 430 [ (40)
a-Butyl formate ... ...l HCOOCHy...._| 102,13 a8 312 ves0| 7| el D Juo| szl 26| 40 w0
Mothyl acetawe........... CICOOCH:. .| T4.08 2,50 565 ass| 32 sl 0wl weo] 2wl e wo
Ethylncetate...... ... | CHCOOCH,..| 88.10 304 4.02 s | zz! e (Bbue| nol 27| mojum
n-Propyl acetnta_. . ... CILCOOGH:. | 102,13 3.53 312 reso | 1s| el 8 } Goy| 80l 28] 400| w40)
n-Butyl acetate. . _....... CILCOOC,Hy..| 11618 4.0l 265 | ... | e f{ 28 Yol e s | o
n-Amyl acetate........... CH:COOCH Y. 130,08 | 460 | 216 ao| sl Rl ] ss] wmo| @
Methyl proplonate .. .| CeHsCOOCH;. .| 88.10 3.04 4.02 2.4 .60 ,g; } uol 130 83.2 880 [ (40)
Ethy! proplonate ...._._.. CiH,CO0C ;.| 102,13 383 3.12 1.8 sl 5 ‘} wo)| 10| e3.8 810 | U0
M=32 “r=100° C.

AV s Figures compiled by Explosives Res. Center, Federal Bureau of Mines,

2 Calculated value. ¢ P~0.5 atm.

$0=80° C.
true of the other members for which data The autoignition temperatures of many esters

comPiled at the Explosives Research Center are
available—isobutyl formate and methyl acetate
(figs. 87, 88). Accordingly, it is rather difficult
to make additional generalizations for this series.

in air and oxygen at atmospheric pressure are
given in appendix A. In general, the AIT
values of the esters are lower than are those of
the corresponding paraffins.
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FigURE 86.~—Limits of Flamma-
bility of Methy! Formate-Carben
Dioxide-Air and Methyl Formate-
Nitrogen-Air Mixtures.

10

METHYL FORMATE, volume-percent

Flammable
mixtures

i T T T

% air = 100% ~-% methyl formate—% inert

Cst

1 { | ]

20 30 40 50

ADDED INERT, volume-percent

10




72 FLAMMABILITY CHARACTERIBTICH OF COMBUSTIBLE GABL( AND VAPORA
10 Y - 7 T
L % air = 100% —% isobutyl formate
8 —
_g 6 €02 -
]
Flaung 87.—Limits of Flarrmsbil-  &J Flammable
ity of Isobutyl Formatsa~Carbon < mixtures
Dioxide-Alr and Isobuty! For- =
mate-Nitrogen-Alr Mixtures. &
- 4 — -t
= Cst
2
2
— 2 p
e
, | ' { L J
0 10 20 30 40 50
ADDED INERT, volure-percent
20— T T T I
% air = 100% —% methy! acetate~~% inert
§ 15 _
£
e
W 10 -
Fiouas 88.—Limita of Flsmmabil- « Flammable N2
ity of Methyl Acetate-Carbon [ mirtures
Dioxide-Air and Methy) Acetate- 3
Nitrogen-Air Mixtures. 5
>
E 5
&
=
| [ | |

0 10 20 30 40 50
ADDED INERT, volume-percent




—
o

—
P-3

€
i
2
G
£
2
Q
>
4
je]
Qa
<
>
bt
o
o
[
%]
=2
2]
-3
(o]
Q

FLAMMABILITY CHARACTERISTICS 73
B B R T T T T T T 1 T T T T T T
Flammable mixtures ,
18 — .
e —rm— ——— —
S — —
———— —

12k Toluene
s Experimental
| e = = Calculated -*"‘-“-:'
1.0 1 d 1 1 1 i t t ! 1 { L 1 L 1 5. 1
20 40 60 80 100 120 140 160 180

TEMPERATURE, *C

Fioure 89.—Effect of Temperature on Lower Limits of Flammebility of MEK-Toluene Mixtures in Air at
Atmospheric Preasure.

ALDEHYDES AND KETONES (C, H,.O)

Properties of some aldehydes and ketones are
given 1n table 16. The retio of the lower limit
at 25° C in air to the stoichiometric composition
is approximately 0.5.

Zabetakis, Cooper, and Furno found that the
lo'wer limits of methyl ethyl ketone (MEK) and
MEK-toluene mixtures vary linearly with
temperature between room temperature und
200° C (£356;. A summary of these data is
given in figure 89; broken curves in this figure
were obteined from the modified Burgess-
Wheeler law, equation (33), taking the lower

limit at 100° C as the reference value. Similar
data were obtained for tetrahydrofuran (THF)
and THF-toluene mixtures (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,

T%e limits of the systems acetone-carbon
dioxide-air, acemnennitrogen-air, MEK -chlorc-
bromomethane (CBM)-air, MEK-carbon di-
oxide-air, and MEK-nitrogen-air are given in
figures 93 and 84. The f:ta in these figurcs
were obtsined by Jones and coworkers (£38).

TaBLE 16.—Properties of selected aldehydes and kefones

Lower Limit in alr Upper lmit iu atr
Ney AH,
BE [ Cu Kcal |
Combustible Formula M | (Alr=l) | inaslr mole Ly Ly L Un Us U
(vul pet) (vol o mg\ | Ref. | (vol Cn _m__() Ref.
pet) 1 pet) 1.
Ameteldehyde...... ... . | CHLHCHO, . .. | 4.0 i.82 .78 264 4.0 0.82 B2 (£23)) 136 47 1,10 EM)
Propionaldehyde... . = | CyH, CHG. ... 86.08 2.00 4.97 09 2.9 .5 T (28) "4 2.8 420 )
Paraldehyde. ... ... ((“thHO;: ..... 132.18 4.58 2.72 1.3 .48 S Y] IR OO P ae
Acetone - CH,COCH, ...| 83.03 2.0t 4.9 403 2.6 .82 0| (B8] 18 2.6 390 | (88)
Methyl ethyl ketone. . CHLCOC .. 72.10 2.49 367 48 19 .82 62 | (235)! 10 2.7 350 (”3;
Methyl Qn‘pylketonn .| CHCOCsiy .« 84.13 2.97 2.90 o2 1.6 .88 63 1 (40) 8.2 2.8 340 | (40
Diethyl ketone . CiHLyCOCH,. .1 8818 2.97 2% 02 1.8 .58 [ I T T R I LT
Methyl butyl ketone CHCOCHy . | 10018 3 46 2.40 840 ‘1.4 .58 o4 (JO)’ 8.0 8.3 390 | (40)

1 Cool flamet.: U’u-ﬂo vol pet.
1Cool flames: Up=17 vol pot.
¥ Caleulatnd value.

¢ (mB0°® C,

1{=100° C.
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FI1GURE 00.—Effect of Temperature or 1oW r Limits of Flammability of Ty F-Toluene Mixtures in Air at
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The sutoigd! ition temperatures of various FUELS AND FUEL BLENDS

aldebhydes and ketones in oxyger and air 8t
atmosphenc p ressure are given in appe endix A. Fueis used fo ropulsion covered in
In genera\ IT values are lower than those  other gections, & ons d red here (table 18).

of the correSpondmg para

SULFUR COMPOUNDS
This series includes monia (NHy), by hydra-

The pertment Yropemes of sulfur compounds zine (NaHa), ™ onom h h{\d razine (N N, Hy-CHs )
gen neral, they have and un psymimetrs

Ammonia and Related Compounds

are given in

wide ﬁsmmable ranges and relatw ely low igni- (CHs)a)-

tion temperatures ,(&PPG“d‘X p. Ammonia forms flammable [ixtures with gir
,Fl&ﬂﬂnﬂbﬂlg diagrams are given for carbon  and other oxidants in & vanety of concentrs~
disulfide with carbon dioxide-ait, water  tions, 88 © poted ip in table 19 White (226) 8n

vapor-slt (239) end “‘({’i“gg‘:“;‘;}; %%g gg;' :‘Y’ more recent 1y,B uckley snd “Husa, (19) reported
eth 3 ron%éthan’e a?x that, 88 with hydrocarbons, an increase 1D

either tem mperature of pressure tends to widen
Further, White found

8p
(Al=1) el
(vol PV (“‘°‘°
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Figure 91.—Effect of Liquid Composition on Lower Limits of Flammability of MEK-Toluene Mixtures in Air
at 30° and 200° C.
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Fiaurs 92.—-Effect of Liquid Composition on Lower Limits of Flammability of THF-Toluene Mixtures in Air
‘\ at 30° and 200° C,
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TaBLE 18.—Properties of selected fuels and fuel blends
Net AH, Lower Umit in air Upper iimit in air
Combustible Formuls M (ﬂ;fl) el E"—‘l‘;) Lan | Is | L Us | Us v
(vol pet) | ~1° (vol Ca mg) | Ref. | (vol Cn (E!) Ref.
) ( 1 pet) 1
Ammonia. .._............ NHjp.oooennnnnns 17.08 0,50 21.88 [ 13
Hydragine. -2 1700000 Nl 13208 L1 17.83 |- 0
onomot.hylox.a{dnum.. NsHiC | s8.07 1.5% 7.7 |. L]
Unsymmetri NiHy(CH .| 00,10 208 a9 [
dimethylhydrazine,
Diborane. BiHa.. .| 2.8 .98 [ %] 10
«He. | 8388 1.84 367 10
-] BsH 617 218 837 12
- 122.31 423 1.87 1
Aviation o 118/148. |- LIT LTI B [
Avistion Etntuel JP-1... 48
Aviation Jet fuel JP-3_. | ... e eiiceviraeene | caeeemees] B et
Aviation Jet fuel JP—4__. 48
Aviation Jet fuel JP-8 [ T T I I T I 148
Hydrogen... ... ... ... Hpooocvaniaioos 3.7
i Caloulated value, $g=100° O
1¢=150° C.
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Fiaurn 94.—Limits of Flammabil-
ity of Meth{l Ethyl Ketone
(MEK) - Chlorobromemethane
(CBM)-Air, MEK-Carbon Diox-
ide Dioxide-Air and MEK-Nitro-
fn-Air Mixtures at 25° C and

tmospheric Pressure.

METHYL ETHYL KETONE, volume-percent
o

% air = 1009 —9% methyl ethyl ketone—-% inert
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T i i [

mixtures
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TaBLE 19.—Limits of lammability of ammonia
at room temperature and near atmospheric
pressure

Oxidant Cy L U Ref.
Airo__ .. 21.8 | 15 28 | (167, 182)
Oxygen._._.._._.__._.... 57.11 15 79 (£25)
Nitrous oxide_...._.._ 40. 0 2.2 72 (109)

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 ammonia (64, 78). However, hydrazine
vapor can be rendered nonflammable by addi-
tion of stable diluents or inhibitors. The
amount of diluent required at any temperature
and pressure appears to be governed in part b
tha ignition source strength. With a 0.25-inch
spark gap and a 15,000-volt, 60-ma-luminous-
tube transformer as the energy source, Furno,
Martindill, and Zabetakis (63) found that the

10 20 30 40 50
ADDED INERT, volume-percent

following quantities of hydrocarbon vapor were
needed to inhibit flame propagation in a
1%-inch glass tube * at 125° 8 and atmospheric
pressure: 39.8 pet benzene; 35.0 pct toluene;
27.3 pct m-xylene; 23.8 pct cumene; 21.0 pct
n-heptane. 8n this same basis, 95.3 pet air is
needed to prevent flame propagation (188); this
corresponds to a lower limit o% flammability of
4.7 pct hydrazine vapor. The flammable range
in air at atmospheric pressure is presented
graphically in figure 98, which also gives the

ammable ranges of monomethylhydrazine,
unsymmetrical dimethylhydrazine, and ammon-
ia for comparison (218). The flammability
diagram for the system hydrazine-n-heptane-
air at 125° C and atmospheric pressure is given
in figure 99. These data were also obtained
in a 1)-inzch glass tube.

A summary of the autoignition temperature
data obtained by Perlee, Imhof, and Zabetakis
(166) for hydrazine, MMH, and UDMH in air
and nitrogen dioxide (actually, the equilibrium

+ Comparable resuits were partialiy obtained in s 3-inch tube.
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at Atmospheric Pressure and 27° C,

mixture NO,*=NO,+N;0,) is given in figure
100; short horizontal lines incﬁcate the un-
certainty in NO,* concentrations. These ma-
terials may ignite spontaneously at room
temperature with relatively small NO,* con-
centrations in the air; at 25° C, liquid UDMH
ignites in NO,*-air 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,*, respectively. In general, even
smaller concentrations of NO;* produce spon-
taneous ignition of these combustibles at
higher initial combustible liquid temperatures.
The effect of the hydrazine liquid temperature
on the spontaneous ignition temperature in
NO;*-air atmospheres is illustrated in figure 101.
Similar data are given in figures 102 and 103
for MMH and MH; there is an apparent
anomalg' in the data obtained with M&fﬂi at
36°, 55°, and 67° C.

The use of various helium-oxygen atmos-
pheres in place of air resuits in the spontaneous
ignition temperature curves given in figure 104
for UDMH. Comparison of curve B of this set
with curve A of figure 100 indicates that the
spontaneous ignition temperature of UDMH in
NO,*-He-O, atmospheres is the same as that
obtained in NO;*-air atmospheres.

Ignition temperature data obtained with
UDkMH 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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NO,*-Air Mixtures at 740+ 10 mm Hg ae a Function
of NOy* Concentration.

preciably by this pressure change, it is affected
1n a range of NO;*-air mixtures.

The data presented in figures 100 to 105 were
obtained with liquid fuel in contact with vapor-
ized NOf in air. Similar data obtained with
vaporized UDMH-air in contact with NO}
are given in figure 106. This figure indicates
that UDMH-atr mixtures that contain more
than ¢ volume-percent UDMH will ignite i?on-
tansously on contact with NOZ; 6DM I.air
mixtures that contain more than approximately
2 volume-percent UDMH can be ignited by an
ignition source under the same conditions (166).

Boron Hydrides

This sories includes diborane (B,H,), tetra-
borane (BHy), pentaborane (BsH,), and deca-
boraae (BiwHu). However, relinble upper and
lower limit data are available only on the first
member of this series ut the present time.
These were obtained by Parker and Walfhard
(168) who determined the limits of lammability
of diborane in air in a 5-cm-diameter tube at an
initial pressure of 300 mm Hg; this combustible
forms flammable mixtures in air in the range
from 0.8 to 87.5 volume-percent. A pale blue
flame s)ropagated throuF out the tube ai the
upper limit; luminous {lames were not visible
above 79 volume-perccnt. Limit of flammu-
bility curves for the system diborpne-ethane-air
are presented in rectangular coordinatesir: figure
107. Except for the slight dip to the ethune-
axis (zero diborane) in the area in which ethane
forms flammable mixtures in air, these curves
are rather similar to those obtained with other
combustible-oxidant-inert systems. Burning
velocities in excess of 500 cm/sec were measured
in this same study fcr fuel-rich diborane-air
mixtures.

Berl and Renich have prepared a summary
report about boron hydrides (9). It includes
data obtained by these and other authors; they
found the lower limit of pentaborane in air to
be 0.42 volume-percent.

The autoignition temperature of diborane in
air is a?parent,ly quite low. Price obtained a
value of 135° C at 16.1 mm Hg (169); that of
pentaborane is 30° C at gbout 8 mm Hg (9).

Gasolines, Diesel and Jet Fuels

Fuels considered in this section are blends
that contain a wide variety of hydrocarbons
and additives. Accordingly, their Hammability
characteristics aro governed by the method used
to extract a vapor sample as well as by the
history of the liquid. For example, since the
lower limit of flammability, expressed in
volume-percent, is inversely proportional to
the molecular weight of the combustible vapcr,
equation (28), the first vapors to come from a
blend, such as gasoline, give a higher lower
limit value than the completely vaporized
sample. Conversely, the heavy fractions or
residue give a smaller lower limit value. For
this reason, there is some disagreeinent about
the limits of flammability of blends such as

asoline and the diesel and jet fuels. These
%uels are, in general, characterized by a wide
distillation range; the ASTM distilletion curves
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of two gasolines and three jet fuels considered
here are given in figure 108. Unfortunately,
stuch curves give only an approximate measure
of the volatile constituents in the liquid blend.
Even relatively nonvolatile high-flashpoint oils
may liberate flammable vapors at such a slow
rate that the closed vapor space above the
liquid may be made flammable at reduced
temperatures. Gasolines can produce flam-
mable saturated vapor-air mixture at tempera-
tures below —65° C (241), although the flash
points of such fuels are considered to be about
~45° 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 lammability of
hydrocarbon fuels are not strongly dependent
on molecular weight when the limits are ex-
pressed by weight. However, since results
measured Ky a volume are perhaps more widely
used than those measurec{) by weight, typical
flammebility curves are presented by voﬁxme
for the light fractions from aviation gasoline,
grade 115/145 (fig. 109), and aviation jet fuel,

T T T T T T
200 | -
Region of spontaneous \grition
5 180 1~ -~
w
o
2
<
[+ 4
(VY]
a
3
[T¥]
00k -
Lower limit of flammability
. of UDMH in air
50 —
Dew point line
/ of UDMH
/’ -
d o -7
0 4 8 12 16 20
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Floure 106.—Minimum Spontaneous Ignition Tem-
peratures of Vaporized UDMH-Air Mixtures in Con-
tact With 100 pet NO; at 25° C and 740+ 10 mm
Hg as a Function of UDMH Concentration in Air,

grade JP—4 (fig. 110). Combustible vapor-air-
carbon dioxide and vapor-air-nitrogen mixtures
at about 25° C and atmospheric pressure are
considered for each. Similar data are given in
figure 14 for the gasoline vapor-air-water vapor
system at 21° and 100° C; the effect of pressure
on limits of lammability of volatile constituents
of JP—4 vapor in air are discussed in connection
with figure 12.

Minimum autoignition temperatures of gaso-
lines 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 fucls with cetane numbers of 41, 55,
60 and 68. These data are included in table 20.
Johnson, Crellin, and Carhart (92, 93) obtamed
values that were larger than those obtained by
Setchkin, using a smaller apparatus.
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Mixtures at 27° C and Atmospheric Pressure,

TABLE 20.-—Autoignition temperature ralues of
various fuels in air at ! atmosphere

Fuel:

Aviation gasoline: AIT, °C
100/180. - .o oo aea 440
)BT, 72 . DRI 471

Aviation jot fuel:

JP-1 e 228
P8 e e 238
P-4 el ieea 242
B L T 232
Diesel fuel:
41 cotane . _ ... ... ooa.- 233
S55cetAne ... ... ... ae o aa.... 230
80 cetane . ... ... ... L..._o_. 225
B8cetane. .. .. ... .ieiieciccaana- 226




ra__—...__“._‘ [

FLAMMABILITY CHARACTERISTICS 89

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 tabuleted by Barneti
and Hibbeard (156).

Hydrogen

Numerous flammability  characteristics
studies have been conducted with hydrogen in
recent Itiea.rs. Drell and Belles have prepared
an excellent survey of these characteristics (48).
This survey includes all but the most recent
work of interest,

The low pressure limits of flame propagatinn
for stoichiometric hydrogen-air mixtures are
somewhat lower then those for steichiometric
ethylene-air mixtures (9?) in cylindrical tubes,
In the range from 6 to 130 mm Hg, the limit
for stoichiometric hydrogen-air mixtures is
given by the expression:

log P=3.19—1.19 log D, (57)

where P is the low-pressure limit in millimeters
of Hg, and D is the tube diameter in milli-
meters.

Hydrogen forms flammable mixtures at
ambient temperatures and pressures with oxy-
it:g; air, chlorine, and the oxides of nitrogen,

imits of flammability in these oxidants at
approximataly 25° C and 1 atmosphere are
listed in table 21,

TasLe 21 —Limits of flammability of hydrogen
in various szidants at 26° C and atmospheric
pressure

Oxidant IJ” l]’_r, Ref.
40 95 (40)
4.0 75 40
4.1 89 | (216, 128)
3.0 84 (189)
6.8 66 (189)

Flammability diagrams of the syatems hydro-
gen-air-carbon dioxide and hydrogen-air-nitro-
gen obtained by Jones and Perrott (/12) are
given in figure 111. Lines that estublish
minimum oxygen values for each systein are
also included. ~ Note that although the inini-
mum value occurs near the “nose” of the
hydrogen-air-nitrogen curve, the corresponding
value occurs at the upper limit of the hydrogen-
air-carbon dioxide curve.

Flammability diagrams obtained by Scott,
Van Dolah, and Zabetakis for the “systems
hydrogen-nitric oxide-nitrous oxide, hydrogen-
nitrous oxide-air, and hydrogen-nitric oxide-air
aregivenin figures 112-114 (189). Ubpper limit
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% alr = 1bo%-% hydrogen—~ % inart
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HYDROGEN, volume-percent
8 3
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ADDED INERT, volume-percant

FiguRre 111.—Liraits of Flammability of Hydrogen-
Carbon Dioxide-Air and Hydrogen-Nitrogen-Air
Mixtures at 26° C and Atmospheric Pressure.

curves were found to deviate from the results
obtained from the Le Chatelier law, broken
curves; additional data are given in the original
article,

The burning velocity of hydrogen in air at
25° C and one atmosphere range from a low
of a few centimaters per second to 325 cm/sec
(68). When liguefied, it vaporizes and burns
in air at & rate that is determined by the rate
at which heat enters the liquid. Heat is
abstracted from the surroundi and, where a
flame exists, from the flame itself. Figure 115
Fives the results obtained from vaporizing
iquid hydrogen from paraffin cast in a Dewar
tlask; experimental points were obtained from
gas evolution measurements. The solid curve
{theorstical) was obtained by Zabetakis and
Burgess by assuming the heat influx rate to be
conduction limited (234); the initial flash
vaporization rates are };'robably film- and
nucleate boiling-limited. The theoretical liquid
regression rates following spillage of liquid
hydrogen onto three sogs 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 necessarily coincide with that
of the lammable zones formed above the liquid
pool. This is illusirated in figure 118, in which
the positions of the flammable zones und visible
clouds are defired in a height-elapsed timeo

raph. Two flammable zones are defined here.
hese are also seen in the motion picture
sequence (fig. 119) of the visible clouds and
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SCALE,FEET

fumes that resulted following spillage of 7.8
liters of liquid hydrogen and subsequont
ignition of vapors above the spill area. The
height and width of fireballs that resulted from
ignition of vapors produced by rapid vaporiza-
tion of about 3 to 90 liters of liquid hydrogen
are given in ﬁﬁm 120. The data are repre-
sented fairly well by the equation

Hupg=Waa=7+ V1 oot =17.8y/3 feet, (56)

where Hy,. and Wi, are the maximum flame
height and width, respectively, V| is the volume
of liquid hydrogen in liters, and M is the mass
of this volume in pounds.

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

Approximate quantity-distance relationships
can ba esiablished for tﬁe storage of liquid hy-
drogen near inhabited buildings and other stor-
age sites :{ certain assumptions are made (33,
160, 234). Additional work is required to
establish such distances for very large quantities
of liquid.

The devonation velocity and the static and
reflected pressures developed by a detonation
wave propagating through hydrogen-oxygen
mixtures are given in figure i6. The predeto-
nation distance in horizontsl 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 establish a detonation
at essentially zero runup distance. Numerous
investigators have examined this and related
prog)lems in recent years (I1--13, 65, 136-137,
161).

HYDRAULIC FLUIDS AND ENGINE
OILS

Both mineral oil derived and synthetic hy-
draulic fluids and engine oils are presently In
common use (/48). These materials are often
used at elevated temperatures and pressures
and contain additives designed to improve sta-
bility, viscosity, load-bearing characteristics,
etc. Such additives affect flammability char-
acteristics of the base fluid. However, the base

Fi1gere 119.—Motion Picture Sequence (16 Frames per
Second) of Visible Clouds and Flames Resulting
From Rapid Spillage of 7.8 Liters of Liquid Hydrogen
on a Gravel Surface at 18° C. Ignition Source: 20
Inches Above Gravel.
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FiourE 121.—Burning rates of
liquid hydrogen and of liquid
methane at the boiling points in
6-inch-Pyrex Dewar tasks.
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fluid generally plays a predominant role iu de-
termining limits of flammability and ignition
temperaiure of a particular fluid. For exam-
le, many of the oil-based fiuids have lower
imits of flammability that fall in the ranges
siven in figure 22 for paraffin hydrocarbons.
h‘urther, those that have minimum autoignition
temperstures in the lower temjperasture ranges
considered in fiugres 43 and 71 are not effected
appreciably by oxygen concentration of the
atmosphere and by ambient and fluid-injec*ion
pressuies; those &I‘:atv have minimum auioigni-
tion tempergtures in the higher temperature
ranges do not follow these genersiizations (237},
Since these fluids are designed for use at ele-
vated temperatures and pressures, they wre nor-
mally ma(I:: up of high-molecular weight mate-
tiuls. Accordingly, they are fHammable at
ordinary temperatures and pressuves as mists
and foams. Burgoyne and his coworkers (87
found that lubricsting-oii mist: were flumma-
ble in air but not in earbon dioxide-air mix-
tures that contained about 28 wslume-percent
carbon dioxide (fig. 45). At clevated temper-
atures, the oil vapors cracked and produced
acetylene and hydrogen, which affected the
flammability of the resultent mixture; the va-
pors are often unstable at elevated tempera-
tures. Chiantella, Affens, and Johnson have
determined the effect of elevated temperatures
on the stability and igniticn properties of three
commercial triaryl phosphate fluids (36).

Zabstakis, Scott, and Kennedy have deter-
mined the effect of pressure on the autocignition
temperatures of commercial lubricants (248).
Figure 122 gives the mirimum autoignition
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
lop;aritgm of the initial pressure to temperature
ratio versus the reciprocal of the temperature
is given for curves ! to 7 in figure 123. The
resultant curves are linear over ¢ limited tem-
perature range.

The ratio of the final temperature attained by
air in an adiabatic compression process to the
initial temperavure 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, autoignition may
occur if the residence or contact time is ade-
quate. Such high temporatures do occur in
practice and have been known to cause disas-
trous explosions (68, 146, 149, 227, 281). The
curves iu tigure 125 show that in the compression
pressure range 1 to 10 atmospheres (initial
pressure==1 atmosphere), a wide range of

ambient temperatures can lead to the auto-
ignition o1 » mineral oil lubricant (curve 5) if
suficient vapor or mist is in the system. In the
same pressure range, only elevated initia)
temperatures could lead to tge autoignition of a
phosphute ester (curve 4). If the initial pressure
18 increased to 10 atmospheres, autoignition
can corur at lower air-intake temperatures in
every case (248).

MISCELLANEOUS

The flammability characteristics of a number
of miscellanenus 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
gre included in Appendix A.

The limits of flammability of the systems car-
bon monoxide-carbon dioxide-air and carbon
monoxide-nitrogen-air are presented in figure
126. These curves were constructed from the
flammability data obtained by Jones in a 2-inch
vertical glass tube with upward flame propaga-
tion (112); other representations may ound
in the original reference and in the compilation
prepared by Coward and Jones (40).

Materials that are oxidized or decomposed
readily may yield erratic flammability data
under certain conditions. This effact is illus-
trated in figure 127 which summarizes the
lower-limits data obtained by Zabetakis, Mason
and Van Dolah with n-propyl nitrate (NPN) in
air at various temperatures and pressures (243).
An increase in temperature from 75° to 125° C
is accompanied by a decrease in the lower-limit
values; a further increase in temperature to
150° C results in a further lowering of the lower
limit at pressures below 100 psig, but not at the
higher pressures. An increase in the tempera-
ture to 170° C results in an apparent increase in
the lower-limit value because of the slow oxida-
tion of NPN. A complete flammability dia-
gram has been constructed for the NPN vapor
system in figure 128; a single lower limit curve
and two upper limit curves are given here tc
show the eflect of pressure on the flammable
range of a vapor-air system,

he spontaneous ignition of NPN in air was
considered earlier at 1,000 psig (figs. 3, 4). The
explosion pressures obtained at this initial pres-
sure in air and in & 10 volume-percent oxygen
+90-volurne-percent nitrogen atmosphere at
various NPN concentrations are presented in
figure 129. A summary of the minimum spon-
taneous ignition and decomposition tempera-
tures obtained with NPN iun air and nitrogen
respectively are given in figure 130. The data
given in this figure exhibit a behavior that is
typical of that found with other combustibles
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80 at elevated pressures; the minimum spontaneous

) . ignition temperature first decreases with ini-
% air = 100%—% carbon monoxide—% inert tial increase in pressure and then increases as
thg : pressure is increased still further (1£0,
248).

Burning velocities were found to range from
20 cm/sec to 110 cm/sec in NPN-air mixtures
containing 3.0 to 7.2 volume-percent NPN.
Detonations were obtained in saturated NPN
vapor-air mixtures from 30° to 65° C and 1
atmosphere pressure; the detonation velocit
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 flammable (40) still
others such as methyl bromide, methylene
chloride, and trichloroethylene (TCE) have
been considered to be nonflainmable or essential-
ly nonflammable in air. As noted in connection
with the methyl bromide data given in figure

Freure 126.—Limits of Flammability of Carbon Mo- : .
noxide-Carbon Dioxide-Air and Carbon Monoxide- 28, Hill found methyl bromide to be flammable

Nitrogen-Air Mixtures at Atmospheric Pressure and in air at 1 atmosphere pressure (84); the re-
26° C. ported limits of flammability were from 10 to
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15 volume-percent methyl bromide. At an
initial pressure of 100 psig, the flammable range
was found to extend from 6 to 25 volume-per-
cent. Similarly, methylene chloride and tri-
chloroethane were found to be flammable in air
at ambient temperatures although the flam-
mablie ranges were not determined. In general,
much higher source energies are required with
these combustibles than are required to ignite
methane-air mixtures.

An approximate flammability diagram was
prepared by Scott for trichloroethylene-air
mixtures (190); a modification is reproduced in
figure 131. The lower limit data were obtained
in a vertical 7-inch-diameter lammability tube
and the upper limit data in an 8-in‘ch-diameter

lass sphere with upward propagation of flame.
‘lammable mixtures of TCE and air were also
obtained between 10.5 and 41 volume-percent
TCE at 1 atmosphere and 100° C in an 8-inch-
diameter glass sphere. Under the same con-
ditions, flammable mixtures of TCE and
oxY'gen were obtained between 7.5 and 90
volume-percent TCE. However, additional
work must be conducted with this and the
other halogenated hydrocarbons to determine
the effect ot vessel size, ignition source strength,
temperature and pressure on their flammability
characteristics.

Other useful flammability data may be found
for various miscellaneous combustibles in many
of the publications listed in the bibliography
(40, 164, 200, 208-214, 218). These include
data on the gases produced when metals react
with water (66) and sulfur reacts with various
hydrocarbons (62). Still other references con-
sider the hazards associated with the production
of unstable peroxides (142, 157, 187, 233) und
other reactive materials (66, 74, 80, 139).
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TarLe A—1. Summary of limits of flammability, N
lower temperature limits (T.), and minimem Limits of flamn-
autoignition temperatures (AIT) of rndividucad mubility (volume-
gases and vapors in air at atmospheric pressure Combustible percent) T, o AIT
——— ) e0
Limits of flam- Ly U
mability (volume- -
Combustible percent) T, | AIT
BEEOREIGES) sec-Butyl benzene__.__| ' 0.77 V5 8 ... 420
tert-Butyl benzene____| .77 LIV N - N DS, 450
Ly U n-Butyl bromide._.._ V205 | 265
Butyl eellosolve.___._ 81.1 1071 } ______ 245
n-Butyl chloride__ __. 1.8 L ¥ S e
Acetal . ______._.__ 1.6 | 10 37 | 230  n-Butyl formate. .. .. 17 N -
Acetaldehyde...___.. 4.0 60  |.._... 175 n-Butyl stearate.___. LIRS T P D 355
Aceticacid.____.____ 154 j.._.... 40 | 465 Butyric aeid_..._.__. $2.01 oL ... .. 450
Acetic anhydride_____| 527 310 47 390 a-Butryolactone. . _ . 820 |oeouonoo|ooaaas .
Acetanilide_.._______ L0 VR 1 I SRR IR 545 Carbon disulfide. . ... 1.3 50 c a0
Acetone____..__.____ . 2.6 13 ... 465 Carbon monoxide.-..| 12,5 74 SRS N
Acetophenone. . _____| *¢1.1 |..__.__.|...__. 570 Chlorobenzene. ... .. L4 | ... 21 640
Acetylacetone. . _ __.. LT 340 m-Cresol... o ... LIS T U U B
Acetyl chloride_ . _ . ] 480 e 390 Crotonaldehyde. ... 2.1 n16 . o
Acetylene_...____._. 2.5 100 |...._. 305 Cumene..___._.___... 1,88 PGB JLo. o 425
Acrolein._ . _.__. .. __ 2. 8 31 |.-..- 235 Cyanogen_. ... .. 6.6 |..._.... B o
Acrylonitrile.___.____ 30 ... -6 |- Cycloheptane.. .. ... 1.1 6.7 . NI
Acetone Cyanohydrin. 2.2 12 ... Cyclohexane_ . ... _. 1.3 7.8 |.. [ 245
Adipic meid.... ... ... 11.6 R R 420 Cyclohexanol.__..__. L2 el 300
Aldol.. ... .. __.. ¢2.0 | ... I 250 Cyclohexene. ... .. LI TR D . e
Allyl alcohol...__.__. 25 1 18 22 ... Cyclohexyl acetate...| ¢ 1.0 |.____... RRE
Allyl amine. .. ... . __ 2.2 22 ... 375 Cyelopropane_ - ___ .. 24 | 10.A 500
Allylbromide..._.__| 42.7 |...._.. I I 295 Cymene..__........ !'.8) V6O |...o..1 43
Allyl chlonde.J 222770 209 [TIIITT Z327) 485  Deeaborane. ... .2 ...l .
o-Aminodiphenyl_.___ . 66 4.1 ... 450 Decalin_._ ... ._.__. 174 t4.9 0 5871 2s0
Ammonia_ . ______. 15 28 oo l.... n-Decane. ... ... 2751 B56, 46 210
n-Amyl acetate. ... ._; ' 1.0 171 25 360 Deuterium ..o oo .. 4.9 75 .. o
n-Amyl alcohol . ____. 1.4 110 38 | 300 Diborave. . .. ...... : 8 88 I .
tert-Amyl aleohol___._| *¢1.4 |_.._.._ |.. .| 435 Diesci fuel (60 cetana) e ] 22
n-Amyl chloride . _. 4 1.6 186 . 260 Dicthy I amine. ... L8 |10 S
tert-Amylehloride. .| ¢1.&5 (.. ...l -2 345 Diethyl «oulive  __f €08 |._. ... %01 630
n-Amylether .. ___. 7. R DU N FoA-Diethyl iz e 4 .8 i I EETT  B )
Amy! nitrite___. .. ___ 1.0 ... L. - 200 Incthyl eyelohora o L6 L ;240
n-Amyl propionate_..! *+1i.0 R R TV Diethyl ether. 1.9 36 [ 160
Amylene._ ... __.._. . 1.4 7 | 275 3, - Dicthvl pentan 7 ‘ ) L2090
Aniline_ .. .______. 112 i P83 .. ¢ 615 Duchy! Kovone oo S 6 | 4w
Anthracene._______.._ .85 L 540 Dits brityy carbinol. LY w1 RS
n-Amyl nitrate_ . __ .. 1.1 A {195 Diiso rutyl keteon oo Y L I f
Benzene..__.._.. ... 11,3 17 I I TH 2.4, D soevanate o [ S
Benzyl benzoate. . _.{ 4.7 ... .. S ase Ditsopropy! cther. 1ot ol v
Benzyichloride.... .1 ¢1.2 (... __ [ 5 &8 Ditnethyl o it P2 | T
Bicyclohexyl .. ... 1 .85 LI B 240 2,2-Dimethy itane [ UL
Biphenyl . "0 v 170 | | 0 340 A3-Dimethy, aiane ' Too
2-Bipnenylamin«.. .| ¢ .8 - [ 150 dmethyl decs: g4 s S L 235
Bromobenzene. ... Y1.6 . ..._.. l RUS P ety ediehlo e ’
Butadiene (1,3)-..... 2.0 12 To420 trio, . A }
n-Butane._ ... ... ___ 1.8 841 - 405 Dimethylcieer L 3. 7 . 450
1,3-Butandiol.._.....{ *1L9 ... _. { . W n, - Pimethyl forna : ‘
Butene-1.__ ... __. 1. 6 1v .- i i R T A [ " 135
Butene-2_. . ... ... ! 1.7 9.7 $ . 343 2,315 hylpestane | 11 N 3365
n-Butyl acetate. . ._ . dosnd ‘ 1R oo 425 2.2-Du byl propne l RN PR 450
n-Butyl slcohol__.. .| ' 1. 7 112 1. Divvetuy salfide. .o | PRSI 205
sec-RButyl alcohol . __ | ' 1.7 198 21 405 Dimethyl culfoxide. . 1o . S
tert-Butyl alcohol. _ ../ ' 1.9 190 1, 480 Dioxe ¢ . o ... ! AT g TN
tert-Butyl amine_ (. L W4 PR YL © 3RO bipen.cue . ... . P75 6] 15 REve
n-Butyl benzene. . __. 1,82 P38 ... I 410 rphenylacdne oo L SRS e

See tootnotes at end of table,
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Limits of flam- Limits of flam- r
mability (volume- mability (velume- 1
Combustible percent) T, | AIT Combustible petcent) T, | AIT
CO|CO SLORE (O]
Ly Usi Ly Uun
Diphenyl ether_ ... _. 10.8 |--ooo.-- cee---| 620 Methyl chloride...... LI (R PRI RSP .
Diphenyl methane. .. T 485 Methyl cyclohexane. . 1.1 6.7 [ 250
Divinyl ether________ 1.7 27 feol--o-- Methy! cyclopenta-
n-Dodecane. .. ___._. 4,60 _______ 74 205 jene__.__...____.- 1.3 17. 6 49 445
Fthane. .. _____.... 3.0 12.4 |~13C | 515 Methy! ethyl ketone. . L9 10 |..... o
Ethyl acetate..___.__ 2.2 /5 S PN [, Methy! ethyl ketone
Ethyl aleohol_.. ____. 32| u19 L. 365 peroxide. - .o .o faanai]on oL .| 40 390
Ethyl amine_.__.____ k: 2 0 DR P 385 Methyl formate_____. 50 X 465
Fithyl benzene.___ ... 11.0 16,7 [__-.__ 430 Methyl cyclohexanol. $1L.0 |l 205
Ethyl chloride_. ... K38 2 Y PRSP RV Methyl isobutyl car-
Ethyl cyclobutane.__ 1.2 7.7 [ceeoon 210 binol___._._..__..] *L2 ... 40 | ___.
Ethyi cyclohexane...! 1420 HE 6 (. ... 260 Methy! isopropenyl
Iithyl eyclopertane. . 1.1 6.7 (......; 260 ketone __....._.... 51.8 9.0 oo olaos
Ethyl fermate. .. ____ 2.8 16 |.._.-. 455 Methyl lactate______. V2.2 e
Ethyl lactate . ..... 1R J O (R 400 a-Methyl naphthalene L - T P, ceeea-| 530
Ethyl mercaptan.._.. 28, 18 |.._._. 300 2, Methyl pentane. .. LI V- D SN N
Ethyl nitrate_______._ 4.0 | Lol Methyl propionate. __ 2.4 | & S D
Ethyl nitrite. ... .. 3.0 50 ... e Methyl propyl ketone. 1.6 82 . |...__
Ethy!l propionate_.___ 1.8 11 - 440 Methyl atyrene. . ____ $1.0 ... ... 49 | 495
Ethyl propyl ether_ .. 1.7 £ T PR S Methyl vinyl ether. .. 2.6 39 ..
Ethylene .. ... _..._ 2.7 36 |....__ 490 Methylene ehloride_ ... ____|_ .. ... __|._____ 615
Fthyleneimine. .. ... 3.6 46 |-..__. 320 Monoisopropyl bicy-
Ethylene glyeol._ .. . 3.5 | e 400 clohexyl. ... .. __ 52| 1841 124 | 230
sSthylene oxide. ... 3.6 100 |- .l 2-Monoisolpropyl
Furfural aleohol. __ _. 151.8 [1916 72 | 390 biphenyl._ ... _____ w53 1832 141 435
Gasoline: Monoimnethylhydra-
100/130. .. .. ... 1.3 /0 T P 440 Zine. . _ . ._..... - S O S SO
TI5/145 ... ... 1.2 7.1 .. 470 Naphthalene. ... ... 19 .88 259 | ____. 526
Glyeerine. . oo oo oo aaee e 370 Nieotine_ _.__._____. LI &+ )RR R P,
n-Heptane. o _ . ... 1. 05 6.7 -4 215 Nitroethane. . ______. 34 | oL 30 {.....
r-Hexadeeane o .o _ .. R 43 ... .. 126 205 Nitromethane. .. ... _ LI 2 I 33 |._._.
n-Hexane_. _._.____ i 1.2 7.4 -26 225 1-Nitropropane.__._. 22 ..___... 34 .....
n-llexylalcohol __ .. T L2 oo Lo o 0 ol 2-Nitropropane__.._ .. 2.5 |l . 27 (...
n-Hexyl ether___ . AJP T D . 185 n-Nonane_.._______. 4 85 ... 31| 205
I[y(h‘“zi”(l __________ 4.7 100 [N I n-Octane. __.__._____. 0.95 |....._.. 13 220
Hvdrogen. ... .. 4.0 75 .ol 400 Paraldvhyde. ....._.. ) I: T O S Ao
Hydrogen eyanide._.c 5.6 46 [ Pentahorane_._._..._} 5 N
Hvdrogen sulfide. .o .. | 4. 0 44 R (R n-Pentane ____.._... i 1.4 ‘ 7.8 1 —48 260
lsoamyl aectate . N U v7.0 25 360 Pentamethylene gly- | ;
Tsoamvy) aleahnl . . 11,4 YO 350 (23] I O D | 335
Isobutane. . _ ...} 1.8 FY - 81 q64) Phthulic anhwdride...| 71.2 ‘ 24 2 | 140 570
Isobutyl aleohol L AR e e 3-Picoline. ... ...._.. J 4 |l 500
Isubut vl benzene [ R O 430 Pinance ... ..., PB4 BT
[sobaty] formate . 2.0 LRt I Propadienc. ... ..., ! 2,16 L T
Isobatviene. . ol 1.8 0.6 465 Propane_ _ ... .. .. S| 0.5 102 1 450
I=apentare i .4 i - 1,2-Propandiel ... $2.0 . -2 400
Isophorone L) N - 16y B-Propiolactone ____ 12,4 R R S
[<oproptiecetane. RIS Ny . Propionaldehyde. ‘ 2.9 17 g
T~oprapy] aieohnd 200 r=-ropyl neetate. . 1.8 : i
Lsopropyl biphenyl. At - $40 n-Propyl aleohol Y Tl o440
Jet fuel: ; Propyl wmine 20 Lo L
JEf A P N . 240 Propiviehloride.. .. ¢2. 4 o - A
I L 230 n=-Propyl nitrave. . - Y18 T 1o 21 0 17h
Koerasine I . 210 Propslene 3 ' 204 11 460
Methane A0 15 10 — 18T H40 Propy beoe dichloride LIRS . R
Mothvl aectate ! KA 16 o Cropvlene glyveol M2 3 o
Moyl neetylene : 1.7 |- Propylense ovide 2N 347 .
Aethvl qleohol! 0. ‘l‘ S0 JaND I’_\'l'i";ll.r e . npN iR e
Methy! amine . g2 S Prop arevi aleohol . . LU |-
Metovl bromide. 10 ) ‘ Quinoiine ... ..o VL0 )
3-Metbhyl bitene-1 .0 1.3 o1 .. Revrene LU | _
Methyl buryt ketone 812 L ] T Sulfur N2 247
Merhyl eellsolve P T2 B A pelorptonyl LT . . 535
Methyl cellosolve nee- ; l n-Tetradecuine 5 200
fwte . Lo 0 8T 46 1 Tetrahvdreaofurane. 2.0 .
Mathyt ethyl ether LIS . R - Tetealin. o0 0. LY “hou Tl 48O

Rer foctnotes at end of table,
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- TasLE A—I. Summary of limits of flamma-
bility, lower temperature bhmits (T.) and
mimimum. autoignition temperatures (AIT) of
individual gases and vapors wn airat atmospheric
pressure— Continued

Limits of flam-
mability (volume-
Combusiible percent) T, | AIT

. CO|C0

Lll Ull
2,2,3,3-Tetramethyl

pentane...__. .... . 0.8 oo feaaaas 430
Tetramethylene gly-

110) PR 390
Toluene.....- ... 480
Trichlorosthane 500
Trichloroethylene____| 3812 40 30 | 420
Triethyl amire______ 1.2 80 ... _|-o---
Trietk}lylene dycol._.. L9 89 .2 | ...
2,2,3-Trimethyl bu-

tane.. .o oo L0 . ]o. 420
Trimethyl amine._ ... . 2.0 12 oofeaae-

4 2,2,4-Trimethyl pen-

: tene..........__. 15 2 IR D 415
Trimethylene glycol. .| 4 1.7 | .. ___._|[._.... 400
Trioxane_..._..__.._. $83.2 |cceeeieafocaeeafaaaen
Turpentine.______.. L A RS IO PSRRI
Unsymmetrical di-

methylhydrazine___ 2.0 86 |ooio|aa---
Vinyl acetate._._.... 2.6 ... SN (SRR
Viuyl chloride_______ 3.6 7 S R S
m-Xylene. .. _....... 111 i34 .o 530
o-Xylene_ .. __.._____ 111 6.4 | _..- 465
p-X{rlene ____________ 111 1.6 1. ... 530

14=106° C. 1 ¢m60° C. 3 tudld® C.
1{=d7°C. 13 ¢ 53° C. 111950 C.
34=78° C. 1 tasgp C. % ¢=160° C.
1 Caleridated. 1 tm130° C. Mi=06°C.
11e50° C, 1m72° C, ¥ (w700 C.
11=88° C. #emll7°C. ¥ {=26° C,
T¢=140" C. 11 tm1250 . N =247°C.
11=150°C. 1 m200° C. 1 {=30° C,
tte110° C 1o 78° C. # {=203° C.

W (m175° C. xtmizze C.




APPENDIX B

STOICHIOMETRIC COMPOSITION

The stoichiometric composition (C,) of a
combustible vagor C.H,O\F; in air may be
obtained from the equation

C.HnONF,+(n+ Tﬂ) 0,-nCO,
m—=k
+(2%) H0-+4HF.

100
144773 (n+—"—‘-:i"—-‘2)‘

cent, where 4.773 is the reciprocal of 0.2095,
the molar concentration of oxyﬁen in dry air.
The following table lists the values of C,, for

Thus, (',;= volume-per-

—k—2\
a range of (n—{—%———) values from 6.5 to
30.75:
N1 0 0.25 0.50 0.75

| SN PSRN F 29.53 | 21 83
Deme e - 17.32 | 14.85 | 12.25 10. 69
2 - 9. 48 8. 62 7.73 7. 08
B 6. 53 8. 05 5. 65 5. 29
4 . 4, 97 4,70 4. 45 4. 22
B 402 3.8 | 367 3. 51
[ . 3. 37 3. 24 312 3. 01
(O 2. 90 2. 81 2,72 2. 63
I 2.55| 2.48]| 2.40 2, 34
I 2.27 | 221 2. 16 2. 10
100 oo 2.05 2. 00 1. 96 1. 91

N1 0 0.25 0.50 0.76

1. 87 1. 83 1.79 1. 75
1. 72 1. 68 1. 85 1. 62
1. 59 1. 56 1. 53 1. 50
1. 47 1. 46 1. 42 1. 40
1. 38 1. 36 1. 33 1. 31
1. 29 1. 27 1. 26 1. 24
1. 22 1. 20 1.18 1. 17
1. 15 1. 13 1. 12 1. 10
1. 09 1. 08 1. 06 1. 05
1. 04 1. 02 1.01 1. 60
99 . 98 .97 . 95
94 93 .92 91
90 89 . 88 87
87 . 86 .85 84
83 . 82 .81 81
80 79 .78 78
77 76 .76 75
74 74 .73 72
72 71 .71 70

. 69 69 .68 68

m-—k—2\

lN=n+——4—-——-; where n, m, A\, and k& are the

number of carbon, hydrogen, oxygen, and halogen atoms,
respectively, in the combuastible.

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

m—k—2\ _  3—1—2

N=n+ 1 =24 2 =2.0.

The entry for N=2.0 in the preceding table is
9.48 volume-percent, which is the value of C,,
for this combustible in air.
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APPENDIX C
HEAT CONTENTS OF GASES

(Keal/mole t)
T,°K CO, H,0 Oy N,
208. 16 0 0 0 0

300 . 017 .014 | .013 . 013
400 . 941 .823 | .723 . 709
500 1. 986 1. 6563 | 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, 364
1,000 7.983 | 6.208 | 5 4265 5. 129
1,100 9. 293 7.208 | 6. 265 6. 917
1,200 10. 630 8.238 |7 114 8. 717
1,300 11. 987 | 0.207 | 7. 970 7. 529
1,400 13. 330 | 10. 382 | 8. 834 8. 349
1,500 14. 749 | 11. 494 | 9. 705 9. 178
1,600 16. 160 | 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. 569
2,000 21, 856 | 17, 372 |14. 148 13. 417
2,100 23. 301 | 18. 600 {15. 053 14. 278
2,200 24. 753 | 19. 843 |15. 966 15. 144
2,300 26. 210 | 21. 101 18. 881 16. 012
2. 400 27. 672 | 22. 371 |17. 803 16. 884
2,500 29, 140 | 23. 652 18. 731 17. 758
1 Gordon, J. 8. Thermodynamics of High Tem ature Gas Miz-
tures and Application to Combuatlon Problems, ADOC Technical

Report 57-33, January 1957, 172 pp.
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APPENDIX D

DEFINITIONS OF PRINCIPAL
SYMBOLS

Symbol: Definition
Ao Constant,
A . iea,
[ J Veloeity of sound.
B .. Constant,
C,i-—-- ... Stoichiometric composition,
AH........ Heat of combustion,
Koooooo._. Ratio of duct area to vent area,
koo Thermal conduectivity.
L. . _. Lower limit of flammability,
L* ... Modified lower limit value,
Laye. - --._ Average carbon  chain  length for

paraffin hydrocarbons and correla-
tion parameter for aromatic hy-

drocarbons,
L, ._.__ Lower limit of lammability at ° C.
LiD____._. Length to diameter ratio.

Symbol: Definition

M. ... Molecular weight,

My ... Mach number.,

NOj. ... Ev}uilibrium mixture of NOQ, and
NsO, at a specified temperature
und pressure,

Mool Number of moles.

P ... Pressure,

P Maximuin pressure.

AP........ Pressure rise,

Poeeeee e Partial pressure.

Sue e Burning velocity.

Y (. Absolute temperature,

[ 2, Temperature,

T Time delay before ignition,

Uo..... Upper limit of lammability,

Ugooeo - Upper limit of flammability at t* C,

| (S, Volume.

Ve .. Critical approach velocity.

¥.....--... Liquid regression rate,

Ve Specific heat ratio.
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