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PREFACE

The physics of explosions in air from condensed, high explosive sources such as
TNT has been adequately discussed in the literature, including a book by one
author of this text. But, many other classes of accidental explosion can and
have occurred in a wide variety of industries and operations involving energetic
materials. As was true about fifteen years ago for explosions of high explosive
sources, much of the theory and experiment regarding explosions of lower energy
density sources such as bursting pressure vessels, explosive gas mixtures, dust-
air suspensions, liquid propellant mixtures, and hybrid mixtures is fragmented
and can only be retrieved by a reader through careful study of a rather diverse
literature. This book is an attempt to gather and present the available material
for explosions in air of the "non-ideal" explosion sources most often encountered
in industrial accidents.

Both theoretical and experimental approaches to these classes of explosions are
covered, with rather complete descriptions of the physical processes known or
believed to occur. Types of explosion sources include combustible dusts,
chemically reactive gases, compressed but non-reactive gases and flash-
evaporating fluids, 1iquid rocket propellants, and hybrid mixtures of combustible
dusts and gases.

The approach is to consider each class of explosion source separately, first
discussing fundamentals, then presenting methods of analysis and testing, and
finally giving curves or equations to predict effects of the particular class of
explosion.

An extensive bibliography is included. Tables of pertinent properties of
potentially explosive materials are given in appendices.

The book deliberately omits discussions of reflected or diffracted blast wave
parameters, and damaging effects of blasts. These topics are treated in detail
in other texts and manuals.

It is hoped that this book will become a useful counterpart to Cole’s Underwater
Explosions and Baker’s Explosions in Air.
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PUBLISHERS’ NOTE

This book had just been taken into production when the grievous news was received
of the death of its first author, the distinguished scholar in the field of
explosion physics, Dr. Wilfred E. Baker.

Dr. Baker’s outstanding contributions to the science of explosions and to the
protection of human lives and properties from accidental explosions have long
been highly regarded internationally. His publications, five books and numerous
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world as basic guidelines to solve any problems on explosion phenomena. His
brilliant dedication of all his energies and wisdom to the founding of explosion
hazard evaluation as a branch of science will always be remembered by his readers
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I. INTRODUCTION

Accidental explosions have plagued industry almost from the start of the
industrial revolution, and unfortunately they still occur more often than we
would 1ike. The majority of such accidents are probably relatively benign,
causing no or little damage or injury, and at most startling people by the "bang"
accompanying the explesion. But, a significant number are severe enough to cause
property damage, injury, or death.

A prerequisite for any explosion is a rather rapid release of energy in or
from a limited volume. This covers a wide spectrum of possible accidental
explosion sources, which Strehlow and Baker (1976) have classified into the
following groups:

1) Condensed phase sources

2) Combustion explosions in enclosures

3) Pressure vessel bursts

4) Boiling Liquid Expanding Vapor Explosions (BLEVESs)

5) Unconfined Vapor Cloud Explosions (UVCEs)

6) Physical vapor explosions

7) Nuclear reactor runaway

The first group contains primarily exothermic chemical materials which are
designed to explode, or at least to release their energy quite rapidly. It
incudes high explosives, solid propellants and mixed fuels and oxidizers of
liquid propellants. In this book, we will not cover explosions of high
explosives or solid propellants, because good references are already available
[Baker (1973), Baker, et al (1983), Swisdak (1975)], but we will discuss
explosions of 1iquid propellant mixtures because there has been extensive testing
of such mixtures and little data are available in the open literature.

The second group includes a number of sources which are very important in
industrial safety, and we include discussions of all of these sources. They are
all enclosed mixtures of fuels and oxidants, with oxygen in the air usually being
the oxidant. Dust and air, gas and air and fuel mist and air as explesive
sources are covered, as well as "hybrid" mixtures of combustible dusts and gases
with air.

The third group includes failures of pressure vessels containing compressed
gases or flash-evaporating fluids, where the stored thermodynamic energy in the
fluid is the explosion source. Again, this class of explosion source is covered
quite thoroughly in this book.



The fourth group, with the acronym BLEVE, represents a safety hazard more
from the aftereffects of fireballs and fires following the explosion, and from
"rocketing” or hurling of large pieces of the failed pressure vessels. As
explosion sources, they differ little from failures of a vessel containing a
flash-evaporating fluid, so we do not include extensive discussions of blast
waves accompanying BLEVEs.

Unlike BLEVEs, the fifth group {UVCEs), has as a major damaging effect from
the explosion and accompanying blast wave. The occurrence of several truly
catastrophic industrial explosions of this type have generated much related
research and testing, which we summarize in this book.

In the foundry industry, the papermaking industry, and postulated for certain
accident sequences for nuclear power plants, physical vapor explosions (or steam
explosions) are a cause for concern. There being essentially no measurements
or validated prediction methods for explosion effects for this group, we do not
discuss them further in this book.

Finally, nuclear reactor runaway conditions have been postulated to generate
a variety of dynamic pressure effects or chemical reactions leading to explosive
mixtures. Again, we do not discuss those postulated explosions.

Dust explosions are discussed in Chapter II. We first present a discourse
on fundamentals of the topic, then note the strong effect of confinement on dust
explosions. Results of a similitude analysis giving scaling laws for vented dust
explosions are then followed by a discussion of testing methods and explosion
control methods. Because dust explosions in grain elevators represent probably
the most severe and costly of this class of accidental explosion, we include a
special discussion of that topic.

Chapter III covers all types of reactive gas explosions. It also starts
with a discussion of fundamentals, including particularly the differences between
burns and detonations. A general scaling law for this class of explosion is
presented next. Then, we cover confined explosions, both deflagrations and
detonations. The next topic is UVCEs, including properties of free-air blast
waves generated by these explosions. Control methods are then discussed, and
testing methods for assessing gas explosion hazards.

It is probable that most serious coal mine explosions are "“hybrid"
explosions, involving mixtures of both methane and coal dust with air. These
very violent explosions, and others in other industries, highlight the enhanced
hazards for this class of explosion. The same general approach as in earlier
chapters is followed in Chapter IV in discussing this topic, with fundamentals
presented first, followed by scaling, test methods, and control methods.

Chapter V covers explosions of systems which release stored pressure energy.
Apart from explosions of high explosives, this is a group for which we have the
best fund of information, both theoretical and experimental, to assess explosions



and blast wave properties. The order of presentation is fundamentals, scaling,
results of analysis and results of tests.

The last chapter, Chapter VI, covers the topic of 1liquid propellant
explosions. This topic is important for safety considerations at rocket launch
and handling facilities, and was the subject of intensive study by NASA and the
U.S. Air Force in the 1960-1970 decade. The mixing of propellants and oxidizers,
which is usually quite comb]ex and heterogeneous for the common rocket propeliant
combinations, is discussed first, followed by a discussion of classes of
explosions which can occur in launch pad accidents. Scaled blast data from past
test work are also presented.

Throughout the book, we include curves or equations for scaled free-air blast
parameters for those classes of accidental explosions where predictions are
possible. The text material is supplemented by appendices and by an extensive
bibliography.



II. DUST EXPLOSIONS
A. Fundamentals

Dusts are quantities of solids as small particles--small enough that they
remain suspended in air for significant times when airborne. Field (1982) notes
that particles with diameters up to 500xm can be airborne and can be considered
as explosible dusts, if they are combustible.

When do combustible dusts explode? Most combustible dusts are fuels which
can burn, but they can only burn if an oxidizer is present, and if they are
ignited.’

In essentially all accelerated explosions involving dusts, significant
confinement of the dust-oxidizer mixture is a prerequisite for an explosion.
Unconfined dust clouds can be ignited, flame can propagate through the clouds,
and large fireballs result. But purely combustible dust clouds apparently cannot
be exploded, producing blast waves, from "soft" ignition by low-energy ignition
sources.

Explosions are indeed possible for unconfined clouds of either some purely
combustible dusts of high reactivity, e.g., flake aluminum powder, and of dusts
of inherently explosive materials such as solid high explosives, with "hard"
ignition from intense explosion sources such as high explosives.

There is a truly voluminous literature on control of dust explosions and
their effects. Because a number of excellent comprehensive references are
available, we will not try to duplicate that material and offer a competing
treatise in this subject. Instead, we will summarize, highlighting our own
experience and giving a guide to available literature. Other excellent
comprehensive references on this topic, in addition to Field (1982) are
Bartknecht (1978a), Bartknecht (1981), Palmer (1973), and Cashdollar and
Hertzberg (1987). Related symposium proceedings include "Flammable Dust
Explosions" (1988}, "First Int. Colloquium on Explosibility of Industrial Dusts"®
(1984), and "Shenyang Int. Symp. on Dust Explosions" (1987).

B. The strong effect of confinement

As noted before, except in certain special cases with very strong ignition
sources, dust explosions producing damaging pressures cannot occur without strong
confinement. Explosibility of combustible dusts is determined experimentally

'Exceptions are dusts of solid explosives, solid propellants or similar
materials, which contain both fuel and oxidizer within each particle.



by testing in unvented containment vessels of various sizes, as will be discussed
in more detail later in this chapter. Such testing serves to establish upper
limits on deflagrative explosion pressures P,, and the maximum rates of rise of
such pressures (dP/dt),.. within "compact" enclosures, i.e., enclosures whose
maximum internal principal dimensions are about equal (spheres, cubes, or short
cylinders).

Typically, pressure variations with time within such unvented enclosures
appear as shown in Fig. 2-1. Pressure initially increases quite slowly after
dust ignition, following nearly a cubic increase with time. As combustion ends,
the gage pressure peaks at a maximum value P,, and then decreases because of heat
losses to and through the test vessel. Although pressure variations of this
character are measured for almost all combustible dusts, the values of P, and
(dP/dt),.. are quite dependent on the particular material, particle sjze and
shape, and moisture content for those dusts which can absorb moisture. Data on
P, and (dP/dt),.. for very many combustible dusts are reported in a variety of
references, with the most extensive compilations appearing in Field (1982) and
NFPA68, 1988 Ed. Values for P, are essentially independent of test vessel
volume, but (dP/dt).., is quite dependent on this volume. The reported values may
apply only for given size test vessels, or they may be scaled according to
Bartknecht’s cube-root law, which we discuss later. Some closed-vessel test data
for selected combustible dusts are given in Appendix A.
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Fig. 2-1. Pressure in closed vessel test for a combustible dust.

In real industrial operations subject to potential dust explosion hazards,
there is seldom, of course, the complete confinement provided in strong, closed
vessel tests. Damaging explosions can and do occur in 1ight metal enclosures
such as cyclone separators or dust filter bag houses, piping and ducting for
pneumatic conveyance of powders, various enclosures in grain elevators, etc.
Few of these structures can withstand the full maximum pressures P, for unvented



dust deflagrations. Control and suppression methods are discussed later in this
chapter.

Are detonations possible in any confined dust-air or dust-oxidizer mixtures?
In Tong, strong tubes, detonations have indeed been induced for a variety of
grain dusts, corn starch, fine metal powders, and coal dust [see Wolanski
(1981)]. But, very strong ignition sources, usually detonation waves in
explosive gas mixtures, are required to initiate such detonations.

An interesting exception is reported by Matsui & Kumamiya (1986). They
report detonations in a strong, closed tube of fine soot films coated on the tube
walls, initiated by both gaseous deflagrations and detonations. Slightly greater
oxygen content than normally present in air was required in the tube atmosphere
to achieve detonation. They also measured the effect on detonation pressures
of increasing initial pressure up to 100kPa--one of the few studies which
determined the effect of initial pressure greater than atmospheric. This study
has considerable practical importance for accidents involving explosions in
oxygen hoses.

Because it is seldom economical to test dust explosion effects and control
measures full scale, one must know how to scale small-size test data to real
industrial situations. The next section covers dust explosion scaling laws.

C. Scaling

It has been apparent for some time that the size and geometry of the
confining vessel or structure has a strong effect on the development of the
internal pressures during dust explosions. Similarly, the sizes and locations
of vents, plus vent opening pressures and other parameters affecting venting of
such explosions, are equally important in control measures to limit the maximum
explosion pressures.

Because it is often too expensive or dangerous to measure or test dust
explosion effects or control methods at full scale, small-scale testing using
various types of instrumented enclosures has long been used instead. But,
questions may then arise concerning the adequacy of small-scale test results and
their extrapolation to full scale.

The first investigators who apparently addressed problems in scaling of dust
explosion pressures in any depth were Donat and Bartknecht [see Bartknecht
(1978a) and (1980)]. They determined, apparently in a simple empirical manner
by testing in vessels of different volumes, that the maximum pressure rise in
a closed vessel caused by an internal explosion was essentially independent of
the volume, for a given combustible dust and dust-air suspension. They also
found that the maximum rate of pressure rise was inversely proportional to the
cube root of the vessel volume. This latter scaling law was expressed as
Bartknecht’s "Cubic Law",
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Poex * V' =Ky, (1

Bartknecht [1978a) and (1981)] also has developed and presents a series of
nomographs for sizing vents to Timit dust explosion pressures to some desired
safe Tevel. [These nomographs now also appear in NFPA (1988).] The reasoning
Bartknecht presents for developing these nomographs is consistent with scaling
vent areas according to:

A=(A,/ VP (2

where A is chosen to 1imit maximum pressure to some desired level.

In trying to obtain a more fundamental understanding of development and
venting of dust explosion pressures, we decided a few years ago to conduct a
thorough similitude analysis of this problem [Baker, et al (1978)]. We were
interested not only in the dust explosion itself, but also the ignition source,
the internal and structural parameters of the enclosure, and ambient conditions
and responses inside and outside the enclosure. Using principles of similitude
theory, a series of non-dimensional ratios were derived. These ratios, or Pi
terms, constitute a quite general scaling or model law for vented dust
explosions.

1. Model analysis

A model analysis is performed by Tisting all of the parameters relevant to
the problem, and applying the principles of similitude analysis [Baker, et al
(1973)] to derive the non-dimensional ratios. The appropriate list for the
problem of vented dust explosions is given in Table 2-1. From these 49
parameters, the 45 non-dimensional ratios Tisted in Table 2-2 can be derived.
This is a formidable number of parameters to combine in an analysis.
Fortunately, an experienced analyst can identify these parameters which are
either invariant or those which are essentially constant over the range of
interest, and therefore can be eliminated from the analysis without severe loss
of accuracy. For example, the heat of combustion, H,, does not vary greatly for
combustible dusts which can explode. Additionally, this parameter appears in
the Pi terms either to the first power or to the one-half power, which indicates
that the heat of combustion should have a small effect on the venting of dust
explosions. A complete discussion of the logic for selecting the Pi terms which
significantly contribute to the venting of dust explosions appears in Hokanson
and Seals (1978).



TABLE 2-1 Pertinent Parameters for Dust Explosions in a Vented Chamber

Parameters Symbol Dimensions
Dust
Mass M, M
Heat of combustion H, L2/ T?
Mean particle size dy L
Particle size distribution function f, -
Moisture content (mass ratio) R, -
Heat of vaporization of moisture (internal Ufg L2/ T?
energy)
Dust concentration R, M/L3
Ignition Source
Energy E, ML*/T?
Duration t; T
Volume \'A 3
Geometry L L
Temperature 0, 0
Enclosure (Internal)
Volume Vv, 3
Vent area A, L2
Geometry L, L
Initial pressure Po M/T2L
Initial temperature 0 0
Ratio of specific heats YT -
Total internal heat generation Qgen M/LT?
Enclosure Structure
Density P, M/L3
Elastic modulus E, M/T2L
Poisson's ratio v, -
Yield stress o 2
Other constitutive properties Gy? I;:;izt
Strains es.l -
Displacements 537 L
Thermal (radiative) absorptivity an. -
Thermal conductivity k:l ML/T>30
Initial temperature 0, 0
Stefan-Boltzmann constant o M/T3%"
Volumetric heat capacity PC, M/LT20
Emissivity £ -




TABLE 2-1 (Continued)

Parameters Symbol Dimensions
Diaphragm burst pressure Py M/T2L
Mass per unit area of vent cover m, M/L2
Ambient Conditions (OQuiside)
Pressure Poo M/T2L
Temperature 0, Ts)
Ratio of specific heats Y, -
Relative humidity h, -
Response or Outpyt (Internal)
Internal pressure P M/T2L
Rate of pressure change dp/dt=p M/TL
Response or Output (Internal)
Loading times t, T
Temperature 0 0
Burning velocity S L/T
Flow velocity through vent u, L/T
Mass flow through vent Q M/T
External Response
Distance R L
Blast wave overpressure P, M/T2L
Blast wave times t, T
Blast wave impulse 1 M/TL
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2. Correlations with existing data and apalysis

If we Took at terms r,, =, 7y, and r,, from Table 2-2, they say that, all
other things being equal, pressures in the scaled enclosures should be unchanged;
pressure rates should scale inversely as the cube root of the chamber volume;
and all times should scale in proportion to the cube root of the chamber volume
[see Eq. (1)].

The quantity K,, has dimensions of

K,=——=—=——=F/LT @)

This is a direct consequence of invariance of term r,, and Bartknecht’s
statement of equivalence of maximum pressure is a consequence of term «,.
Bartknecht’s design nomograms are based on this "cubic law"” and also utilize term
r,, directly, as well as r;, and .

An alternate form for Bartknecht’s nomograms can be used, highlighting the
importance of the dimensionless vent area ratio, »,,, in determining maximum
pressure, =,. A typical double set of nomogram curves yield only the three
curves of Fig. 2-2, when plotted in dimensionless format using the Pi terms.

The correlation shown here is the only one we have found which can be
compared to results of the model analysis.

3. Discussion of the scaling law

This model analysis can be used as a guide to future systematic studies,
either experimental or analytical, relating to various aspects of dust explosion
phenomenology. One should probably consider the Pi terms in groups in guiding
the study, to determine the relative importance of various parameters. Then,
the recommended procedure is to:

o hypothesize a functional format for the model,

o construct a test matrix,

o conduct tests, and

o incorporate the test results into the model.

Based on the results of the model analysis, the functional format for the
empirical model is in general terms:

dust characteristics
Responses ambient conditions (inside)
or =f ignition source
Output ambient conditions (outside)

structure of enclosure

(4)
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Fig. 2-2. Scaled Maximum pressures for dust explosions vs. scaled vent area ratio
[Baker, et al (1978)].
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This general format includes the effects of venting. The development of the
ignition model implied by Equation 4 is a very formidable undertaking. To reduce
the model development to a reasonable undertaking, several restrictions can be
placed on the model. The model could be developed for dust initiation in a
closed structure only, with no venting. Secondly, the initial temperature of
the vessel could be constant and only one type of dust considered. With these
restrictions, the functional format of the model reduces to:

dust characteristics: concentration

Responses particle size, moisture content
or =f environment: humidity
Output ignition source: type, intensity
duration (5)

The objective of the model development would be to determine what conditions are
necessary to initiate a dust cloud. This means that in each test, the primary
measurement would be whether or not the dust cloud explodes. Additional
parameters which should be measured in each test are the maximum pressure
developed, maximum rate of pressure rise and the duration of the pressure
(loading time). Writing Equation 5 in terms of the model analysis results in:

Probability of
Ignition
173 12 R,H, dy E; P, tH;”
o ”(sr'v_:m“wHwT.'v—:ﬂJ
t HAv"? (6)

The procedure to derive experimentally the interrelationships between the various
Pi terms in Equation 6 and the probability of ignition is: a) develop the
relationship between the probability of ignition and any one Pi term while
holding the others constant, b) combine the individually derived relationships
into an overall model, and c) conduct confirmatory tests to validate the model.
As an example, suppose we want to derive the relationship between moisture
content and the probability of ignition. The experimental procedure would be
to select the dust concentration, particle size range, air humidity and ignition
source characteristics. Then a series of tests would be performed in which the
moisture content of the dust was varied over a range wide enough to establish
the 100% and 0% probability of ignition limits. The moisture content would have
to be varied over a range of about 1% to 14%. This series of tests would result
in a curve similar to the one in Figure 2-3.
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Fig. 2-3. The effect of moisture content on probability of ignition as a function
of spark energy [adapted from Dirkzwager (1977)].

Similar investigations would be performed for each of the other Pi terms in
Equation 6. Once all six parameters have been investigated, functional forms
expressing the probability of ignition P(I), as a function of each Pi term (all
other Pi terms constant), Equation 7, would be developed.

P(I) =f1(R;—Hd)

d
P(I) =f2(wj
P() =£4(R,)

P =f,(H,)

P
P(l) =f5[E‘V )

ti 12
P(D) =f; Ve 7)
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The next stage of model development would be to combine in some fashion each of
the six limited relationships into a general empirical relation. There exists
no set procedure for deriving such a general relation; the only basis is the
experience and background of the analyst. To date, the author has seen no
attempts at such correlations for combined Pi terms.

D. Testing methods

Nearly all evaluations of dust explosions must rely on test results. The
designs, sizes and uses of explosion test vessels or other apparati vary
considerably. We give here a rather brief review of the apparati and methods
most commonly used. Eckhoff (1987) discusses a number of small-scale test
equipments, and we paraphrase some of his descriptions.

1. Hartmann apparatus

The first apparatus developed to run controlled tests for minimum iénition
energy of dust clouds was apparently the Hartmann apparatus, designed by I. J.
Hartmann of the U.S. Bureau of Mines. It is shown schematically in Fig. 2-4.

Filter
paper
F:ﬁ
Perspex
|~ cylinder

zél‘ectrodes
<1 —W
—
Powder sample

/\a-
One-way vaive
4

S I

= 290 K

L

| S, I
fCompress “"N Spark generator
reservoir Solenoid valves

Fig. 2-4. Apparatus for establishing the minimum ignition energy of a dust cloud
(The Hartmann Apparatus) [Eckhoff (1987)].

A dust sample is placed in the bottom of the 1.2 liter cylindrical chamber, a
measured volume of compressed air is blown into the chamber, providing a
transient dust-air mixture. Usually, a continuous spark ignition source tests
ignitability. Ignition is determined usually by flame and by rupture of the
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filter paper diaphragm at the top of the tube. This apparatus has been used for
many years to measure ignitability limits for a wide variety of dusts; at first
by the U.S. Bureau of Mines and later by many other investigators in the U.S.
and abroad.

A spark generator designed at Christian Michaelson Institute (CMI) produces
sparks of any energy between 4.5 mJ and 2.9 J. Spark energies are calculated
from recorded traces of spark voltage and current, which are integrated over the
discharge duration.

Before testing begins, the optimum combination of amount of powder,
dispersion air pressure, and delay between dust dispersion and spark discharge,
is determined in initial trials. Ten explosion trials are then performed at each
of a series of successively increasing or decreasing spark energies to determine
the frequency of ignition at each energy. Ignition is defined as such when a
flame fills the tube and the filter paper bursts. Frequency of ignition versus
energy is plotted on a graph. E,, (the minimum ignition energy) is defined to
lie between the highest energy-value that did not produce any ignitions, and the
Towest energy-value that produced at least one ignition in 10 trials.

2. Hartmann pressure bomb

Hartmann also designed a small pressure vessel test chamber, with the same
1.2 liter volume as the apparatus for determining minimum ignition energy. A
modern version of the Hartmann Bomb is shown in Fig. 2-5.

In the version used at CMI, the ignition source is an electric spark of
approximately 3.5 J net energy and has a discharge time of about 2-3 ms.
Compressed air from a 60 cm’® reservoir at 6-8 bar above atmospheric is used for
dispersing the dust. A range of dust concentrations are tested, in agreement
with common practice. Two parameters are extracted from each recorded pressure-
versus-time trace, namely the maximum slope of the trace during the build-up of
pressure (dP/dt)... and the peak pressure P_,. In general, results obtained in

series of replicate tests scatter quite substantially. Comprehensive
investigations at CMI have disclosed that the results can be assumed to be
distributed normally. Test results are therefore presented in terms of

arithmetic mean values, standard deviations and expected 95% levels, (m+1.65 o).
The highest 95% value is taken as the test result.

In Section IIC, we discussed scaling of the maximum pressure rise rate
(dP/dt)..., and presented Bartknecht’s "Cubic Law" for such scaling as Equation
1. Bartknecht (1978a) showed by testing in the Hartmann Bomb and in larger
closed test vessels up to 1 m’ volume that the Hartmann Bomb gave unconservative
results for scaled values of this parameter for many dusts. Eckhoff (1984)
discusses this topic in more detail, and points out that the cubic law must be
applied with caution; and should only apply for situations with similar dust
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Fig. 2-5. Small-scale apparatus for measuring P, and (dP/dt).. (The Hartmann
Bomb) [Eckhoff (1987)].

dispersion turbulence, ignition source properties, and etc. From our model
analysis, we certainly concur with Eckhoff’s opinion.

Regardless, the work of Bartknecht and others has led to development of wide
use of larger closed vessel apparati of various volumes, which will be discussed
next.

3. Intermediate-scale vessels

Bartknecht (1978a) developed a series of roughly spherical test vessels of
several volumes. In his testing, he concluded that a vessel of about 20 liters
volume was required to avoid underestimating (dP/dt),. via Equation 1. Several

designs of vessels with this volume have evolved and are now in wide use. Two
such designs are shown in Figs. 2-6 and 2-7. The Bartknecht vessel is spherical,
and employs a split, perforated ring for dust dispersion. The U.S. Bureau of
Mines vessel is of different geometry, and employs a bottom dispersion nozzle.
Sapko, et al (1987) report good correlation with test data for coal dust
explosions from the U.S. Bureau of Mines 20 liter chamber and measurements taken
in the Bruceton Experimental Mine.
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Hinged top
Sopphire
. window N
Oring gasket
°__ g/
Optical dust probe
Sapphire Sapphire
window window - -4
w= Ignition point
B W N
N

ot

? S 10

Scale, cm

Dust reservoir

Disp:i:sion . Eiﬂ;/

Fig. 2-7. U.S. Bureau of Mines 20 liter laboratory explosibility test chamber
[NFPA68 (1988)].
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In operating the Bartknecht 20 liter apparatus, dust is first placed in the
pre-chamber (see Fig. 2-8) and the pressure inside this chamber is then raised
to 20 bar(g). Following the opening of the exit valve, the dust sample is blown
into the bomb through small holes in the dust dispersion horns, forming a dust
cloud. After a pre-determined delay, an ignition source is activated at the
center of the sphere. The standard source is a 10 kJ pyrotechnical ignitor.
The chamber is evacuated to 0.4 bar (abs.) before commencing the
dispersion/ignition sequence. This is in order to achieve atmospheric pressure
inside the bomb following dust dispersion and just prior to ignition.

Resulting explosion pressures and rates of pressure rise are measured using
two pressure transducers fitted into the side of a vessel. When desired, other
initial pressures than atmospheric can easily be generated by adjusting the bomb
pressure prior to dust dispersion. The water jacket also makes it possible to
work with other initial temperatures besides the ambient one.

Enright (1984) reports testing in an approximately 8-1iter chamber (actually,
7.8 liters), which he states was based on a U.S. Bureau of Mines design. This
chamber is shown schematically in Fig. 2-8. The base cup and dust dispersion
system appear to be identical with the base cup in a Hartmann Bomb.

Enright (1984) shows in closed-vessel tests of volumes 1.2 through 20 liters
with 1ycopodium, cornstarch and aluminum powder using a continuous spark ignition
source that scaled maximum pressure rise rates, K,,, generally increased with
vessel size. This is in general agreement with Bartknecht’s earlier results.

4. Cubic meter vessels

Bartknecht’s work has lead to construction and use of a number of closed
test vessels with volume of about one cubic meter. Other laboratories have built
similar test vessels. One such vessel is shown in Fig. 2-9. Dust dispersion
is obtained in this vessel with a perforated ring dispersion system (Fig. 2-
10), somewhat similar to that illustrated in the 20-1iter sphere in Fig. 2-6.
NFPA68 (1988) discusses problems of clogging of this dispersion system, and
recommends that a whipping hose injector be used instead.

Field (1982), as noted earlier, includes extensive tables for closed-vessel
tests in the Hartmann Bomb, but also includes considerable data from tests in .
cubic meter vessels. Selected data from cubic meter vessel tests are included
in Appendix A of this book, taken from NFPA68 (1988).

Senecal (1988) reports testing of dust explosion suppression systems in both
190 liter (0.190 m’) spherical vessels, but more extensive testing in a 1.9 m’
spherical vessel. The larger vessel is shown schematically in Fig. 2-11. He
also reports using pyrotechnic squibs of known energy release as the ignition
source. This is a relatively common practice in dust explosion testing in larger
vessels.
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Fig. 2-10. Perforated ring dispersion system for cubic meter vessel [NFPA68
(1988)1.
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Fig. 2-11. 1.9 cubic meter vessel for suppression testing.
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5. Large scale testing

We have already mentioned testing of coal dust explosions in the Bruceton
Experimental Mine as an example of large-scale dust explosion testing (in this
case, full scale). But, other large-scale test vessels or otherr apparati have
been used for special purpose testing. Some examples follow.

Bartknecht (1986) describes a 250 m® spherical test vessel for evaluating
effectiveness of explosion suppression and venting systems, and for verifying
scaling. He notes that test data for contained and vented explosions scale well
from small scale tests.

Eckhoff (1988) reports testing in three models of grain siles (tall
cylindrical vessels) over a range of volumes from 20 m® up to 500 m®. A
schematic of a 236 m® steel silo in Norway is shown in Fig. 2-12. Length-to-
diameter ratios for all three silo models are nearly 6:1. Eckhoff (1988) notes

STRONG STEEL GRID
DUST INLET

TOPlNJECTK»W-———————————-zﬁE%EL_A
HIGHEST IGNITION POINT —— | |
PRESSURE PROBE ——— 1. ' |

DUST CONCENTRATION -] .
PROBE R

DUST CONCENTRATION ———— v -
PROBE :

ALTERNATIVE IGNITION -
SOURCE LOCATION N
q -

DUST CONCENTRATION S
PROBE . '

DUST CONCENTRATION ————~
PROBE ‘

PRESSURE PROBE — =4 -

ALTERNATIVE IGNITION ‘
SOURCE LOCATION ———— =@ -.

DUST CONCENTRATION —
PROBE A

DUST CONCENTRATION —— sy, -
PROBE :

PRESSURE PROBE —————— =4 i

NORMAL BOTTOM - SR T W
IGNITION POINT I 2 3
1.5 m ABOVE BOTTOM — METERS

DUST INLET
BOTTOM INJECTION ”  pRAIN

Fig. 2-12. Experimental cylindrical 236 cubic meter steel silo at Sotra, outside
Bergen, Norway.
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that maxima for vented pressures measured during tests in these silos are quite
dependent on method of dust injection, as well as ignition source location.
(Please note that this does not prove a failure of scaling, but instead shows
dependence on more exact replication of all important scaled parameters.

Our final example of dust explosion testing in a relatively large chamber
is reported by Pineau (1984). He describes testing in a vented 100 m* horizontal
chamber dug out of a limestone cl1iff, as shown in Fig. 2-13. The testing is
related to control of explosions in milk powder plants.

135 1740 3520 585 1100
Dual pulveriz: '
1 1 m from the sides 1 | | ~Source ot igniton
L E [ { C 1 B, ' A
s 2.! b e b.g , II Rear
e 8 é @ “ 500
4450 5500

A B CDE Pressure sensors
abcdoe Flame sensors
Source of ignition

Fig. 2-13. 100 cubic meter explosion chamber.

6. Other special apparati

In his excellent review paper, Eckhoff (1987) discusses many types of tests
and apparati for determining ignitability and explosibility of dust clouds. We
have already discussed much of the test equipment he reviews, but other special
apparati noted in his paper and by Field (1982) are discussed here.

In a test for dust ignition adopted by U.S. Bureau of Mines [Dorsett, et al
(1960)], a basket of metal mesh is filled with the powder and placed in a furnace
through which air of constant, known temperature is flowing at a slow, specified
rate. The temperature within the powder bed is monitored continuously, and by
increasing the air temperature in steps, a level is reached at which the
temperature in the powder sample begins to rise above that of the surrounding
air. This critical air temperature is taken as the spontaneous ignition
temperature of the powder in question. This temperature is not a true powder
constant but depend on the experimental conditions. In particular the critical
temperature will depend on the amount of powder tested.
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In the USA and the UK, the ignition temperature of dust clouds in contact
with a hot surface has traditionally been determined in the Godbert-Greenwald
furnace [Dorsett, et al (1960)].

This apparatus, which is illustrated in Fig. 2-14, consists of a furnace and
a temperature-control unit. In the furnace, which is open at its lower end, a
thermostatically-controlled heating element is wound around a ceramic lining.

Chamber for dust sample

Glass adaptor

Temperature check Thermocouple

Voitage
‘ Heating element

Variac _\ Ceramic lining
r .
o h @ Insulation
L -]
o o

ac =|° o -
P ] B i

pressed
air Manometer for

Digital N .
dispersion

temperature s

regulator air pressure

Fig. 2-14. Apparatus for measurement of minimum ignition temperature of dust
clouds (The Godbert-Greenwald Furnace) [Eckhoff (1987)].

The upper end continues via a glass adaptor to a dust-dispersion chamber, which
is in turn connected by a tube via a magnetic valve to a compressed air reservoir
in the control unit. The temperature of the furnace is automatically regulated
to a given level by an electronic temperature regulator. The powder is placed
in the dispersion chamber and when the required temperature is reached, the
compressed air is released from the reservoir and the dust is dispersed, passing
through the heated part of the furnace in the form of a cloud. Ignition is
observed in the form of a flame, emitting from the Tower opening of the furnace.
The temperature range of the apparatus is 50-1000°C.

One hot-plate test apparatus, which is shown in Fig. 2-15, consists of a
modified electric hot-plate, a temperature-control unit, three thermocouple
devices and a 2-channel plotter. The hot-plate may be held at a given
temperature, which is read by one of the thermocouples and displayed on one of
the plotter’s channels. On the surface of the plate is laid a metal ring, with
a diameter of 100 mm and a height of either 5 or 15 mm.
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The powder sample to be tested is placed in the metal ring and carefully
levelled off. A thermocouple is placed in the sample through a hole in the metal
ring. The sample temperature is displayed on the second of the plotter’s two
channels. The third thermocouple acts as a control device for regulating the
plate temperature.

Temperature monitor

\

r —_—

Sample ring

Plotter

Electrical hot-plate Temperature control unit

Fig. 2-15. Hot-plate test apparatus [Eckhoff (1987)].

The trials are allowed to continue until the sample has ignited (which is
either observable or registered on the plotter). Alternatively, tests are
terminated when the temperature in the sample has not increased beyond that of
the plate.

The minimum ignition temperature is given by the Towest plate-temperature
that gives ignition of the sample, rounded-off to the nearest temperature in °C
that is divisible by 10. This value is for the chosen layer thickness. If a
sample will not ignite using the maximum plate temperature, then the duration
of the longest trial at that temperature, is reported.

Eckhoff (1987) reports that this apparatus is used by most of the leading
European dust explosion laboratories.

Another apparatus for determining flame ignition of dusts is shown in Fig.
2-16. The main purpose of tests with this apparatus is to determine whether or
not dust explosions using a given powder in air, at normal pressure, are at ail
Tikely. The tests is therefore qualitative, although some quantitative
information is also obtained. A vertical steel tube of Tength 40 cm and diameter
14 cm is mounted on a base-plate fitted with two holes into which a U-shaped dust
dispersion tube and an acetylene welding torch nozzle are positioned. A quantity
of the powder is placed at the bottom of the dispersion tube, and a blast from
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a compressed air reservoir disperses the dust into a cloud in the tube, which
is then immediately exposed to the hot flame from the welding torch. The amount
of powder and the dispersion air pressure are varied to produce the most severe
conditions for ignition. When an explosion occurs, the maximum height of the
flame, and the apparent violence of the explosion, are estimated by the observer.

14 cm
Open
|_— mild-steel
tube
40 cm
Conventional -
/
oxy-acetylene ‘
welding torch

Powder
sample

=) & ]

Solenoid valves ——\

Compressed-air

reservoir

Fig. 2-16. Flame ignition apparatus [Eckhoff (1987)].

Eckhoff (1987) also describes a test apparatus used in Sweden for measuring
minimum ignition energy of dust layers.

This apparatus (Fig. 2-17) is based upon a 2 mm-thick steel plate (a) in
which 10 circular holes of 12 mm diameter have been made. This plate is
positioned on top of the base-plate (b). The assembly of the two plates thus
forms a number of circular cavities, into which the dust to be tested is poured
and scraped off, leaving samples of 2 mm-thick powder layers ready for testing.
A top-plate (c) covers all samples except the one to be tested. Electric sparks
of various energies and durations are then passed through the sample from the
upper needle electrode (e) to the earthed base-plate (d). The upper assembly
(f-k) is adjusted so that the distance from the upper electrode is to the top
surface of the powder layer is 1 mm. Twenty ignition trials are then performed
at each of a series of successively increasing or decreasing spark energies to
determine the frequency of ignition at each energy. Ignition is defined as such
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when the complete sample layer ignites and burns. Frequency of ignition versus
energy is plotted on a graph. E,, (the minimum ignition energy) is defined to
Tie between the highest energy-value that did not produce any ignitions, and the
Towest energy-value that produced at least one ignition in 20 trials.

Fig. 2-17. The Nordtest apparatus for the measurement of minimum ignition energy
of dust layers [Eckhoff (1987)].

In estimating or predicting maximum energy which can be released in a dust
explosion, one should know the heat of combustion of the dust. Unfortunately,
this property is almost never reported for combustible dusts in the dust
explosion literature, but instead is given only in references on properties of
fuels which can be burned in power plants or heatihg furnaces. Standard oxygen
bomb calorimeters are readily available to make such measurements (Figs. 2-18
A&B). One places a carefully-weighed sample of the fuel in a cup in the oxygen
bomb, with a fuse wire buried in the sample. The bomb is closed and sealed, and
flooded with oxygen at several atmospheres pressure. It is then immersed in a
water-cooled jacket. On ignition, the temperature rise of the known mass of
water yields an accurate measure of heat of combustion of the sample.

At the University of Michigan and several other research centers in dust
explosions, dust detonation tubes are used for much of their research. Fig. 2-19
shows a vertical detonation tube apparatus. Combustible dust is fed into the
tube from the feed hopper. Detonation is initiated by igniting a detonable gas
mixture in the initiator tube. Gas detonation bursts a diaphragm in the
initiator tube, and the resulting strong shock initiations dust-air deflagrations
or detonations in the vertical tube. Instrumentation includes pressure switches,
pressure transducers and optical instrumentation such as Schlieren or
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shadowgraph. Lee, et al (1981) and Anonymous (1987) include a several papers
giving test results with this apparatus.

Oxygen Bomb Calorimeter

A. Oxygen bomb

*Plain Oxygen Bomb Calorimeter” Bulletin No. 1300, July 1984; Parr
Instrument Company, Moline, Illinois.

B. Adiabatic jcket

"Plain Oxygen Bomb Calorimeter” Bulletin No. 1300, July 1984; Parr
Instrument Company, Moline, Iilinois.

Fig. 2-18. Oxygen bomb calorimeter.
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Fig. 2-19. Vertical dust detonation tube [Lee, et al (1981)].

7. Problems in testing

Dust explosions involve very complex physical phenomena. So, many of the
testing methods we have described may not truly represent real dust explosions.
This is particularly true for small-scale laboratory test apparati. Alseo, a
recurring problem for confined dust explosion pressure testing is to assure
uniform dust concentrations suspended in the apparatus at test time, or to
measure the concentrations. We have illustrated dust dispersion devices in Fig.
2-4, 2-5, 2-6, 2-7, 2-8 and 2-10. These problems are discussed at some length
in Eckhoff (1987) and NFPA68 (1988).

A common known or suspected cause of ignition in dust explosions in systems
which transport dusts or powders pneumatically 1is discharge of static
electricity. Special apparatus is available to observe or measure electrostatic
charge buildup and discharge, but we do not discuss it in this book.
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E. Control methods

Because accidental dust explosions can only occur within enclosures, and
because the initial combustion and pressure rises during the explosions are
relatively slow processes, various passive and active means of explosion control
are possible. In this section, we review these methods.

1. Venting, small to intermediate scale

Passive venting of enclosures within which dust explosions can occur is a
favored method of controlling internal deflagrative explosions and avoiding
destroying the enclosures [Bartknecht (1978a), (1981) and NFPA68 (1988)]. Fig.
2-21 shows schematically the effect of venting with a covered vent designed to
open at gage pressure P,. Pressures can reach successive maxima, e.g., P,, P,,
and P, in Fig. 2-20, but these maxima are all well below structural strength in
a property designed vent system. Scaled vent area, A,/V*/?, when A, is vent area
and V is enclosure volume is an important parameter in controlling the maximum
vented pressure. Bartknecht (1978a), (1981) has developed nomographs to aid in
vent design with Fig. 2-21 being an example. We have also shown previously that
the same predictions can be made from dimensionless curves based on similitude
analysis (Fig. 2-2). These nomographs are also included in NFPA68 (1988), for
three classes of dusts with different reactivities designated by ranges of K,,
which are characteristic of dusts of different materials and average particle
sizes. The three classes defined by Bartknecht are given in Table 2-3. NFPA68
(1988) also fits equations to the nomographs.

PRESSURE

Curve A--unvented, Curve B--vented

Fig. 2-20. Time-pressure histories for unvented and vented deflagrative
explosions [Baker, et al (1983)].
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Fig. 2-21. Venting nomograph for classes of dusts--P,,. = 0.5 bar ga [NFPA68

(1988)].

TABLE 2-3 Bartknecht’s Ranges of Values for Dust Reactivity, Optimum Dust-Air

Mixtures.

st 2

st 3

K,. range
(bar - m : s')

1 < K, < 200
201 < K,, < 300

301 < K,,
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vractically, if venting is to protect a structure or enclosure from internal
dust explosions, one must vent either directly to the outside air or through
short, large cross-section ducts. Venting through long ducts will restrict flow
through the vent opening and increase pressure during venting to values much
greater than P,,. Bartknecht (1978a), (1981) and NFPA68 (1988) discuss this
constraint in some detail.

Nomograms such as Fig. 2-21 are also limited to dust explosion control by
venting of enclosures whose principal linear dimensions are approximately equal
(that is, typical vessels or room-shaped enclosures). Venting of long ducts or
pipes must employ multiple vents at rather frequent intervals along the ducting.

2. Venting. large scale

In many industrial processes which can generate or store combustible dusts
or dusty materials within enclosures, the enclosures can be very large, and they
are also often nearly filled with the material being stored or processed. Common
examples are grain silos, surge or supply bins in plastic plants, hoppers, etc.
Surface area of the enclosures is often limited because most of the internal
surface is often covered by the product in the enclosure. NFPA68 (1988)
discusses this problem and practical aspects of installing venting, as well as
operational constraints to assure that vents are never covered by the solid
granular material in the enclosure.

Grain elevators are probably the largest structures susceptible to dust
explosion damage. We will discuss such explosions and their control later in
this chapter.

A secondary hazard associated with venting control is the formation of large
fireballs outside the vent. This is mentioned in NFPA68 (1988), and is very
evident in photos in Bartknecht’s work [Bartknecht (1978a), (1981), (1986)].
But, no measurements seem to have been made of the thermal radiation intensity
or duration for such fireballs, so this potential hazard is not well quantified.
To the_author, this seems to be a serious oversight in dust explosion hazards
testing.

3. Inerting

Inerting of enclosures is another passive method of dust explosion control.
In concept, this control method is simple. Combustible dusts cannot burn if no
or Tittle oxygen is present, so maintaining a constant inert atmosphere within
a dusty enclosure will certainly prevent explosions. Typical inertant gases are
nitrogen, carbon dioxide, steam, argon, helium, or flue gas. Synonyms for
inerting used in various publications are blanketing, and oxidant concentration
reduction.
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Closed-vessel dust explosion test apparatus can be used to determine volumes
of various inert diluent gases which will prevent burning of combustible dusts.
Most such testing appears to have been done by the U.S. Bureau of Mines. Data
on maximum oxygen concentration to prevent combustion of suspended dusts are
reported in NFPA69 (1986), and are included in this book as Appendix B. This
guide is the most widely accepted publication in the United States regarding
inerting as an explosion control method.

Bartknecht also discusses inerting of dust explosions through vacuum and
with solids.

One hazard sometimes ignored with inerting explosion control is the hazard
of asphyxiation. Many reactive combustible dusts can only be inerted by reducing
oxygen levels below 1ife supporting levels. So one must take care in inerting
areas which personnel must enter.

4. Deluge

As with most fires, combustion of dusts in buildings can be extinguished by
water deluge if the combustion is detected before escalation to explosion occurs.
So, sprinkler or other water deluge systems can control certain classes of dust
explosions. Sensing of smoldering combustion can be by thermal or other
detectors, triggering water deluge. Certain fast-acting deluge systems in closed
vessels can be classed as active suppression systems.

5. Suppression

Dust explosion suppression as a control method implies an active system to
sense early stages of the explosion and quench or mitigate the explosion by
rapid flooding of enclosure with fire suppressant material. The method is
briefly discussed in NFPA69 (1986), but is covered in much more detail by
Bartknecht (1978a), (1981), Gillis (1987) and Senecal (1988).

Detectors which sense the initial stages of the explosion can be ultraviolet
or infrared radiation detectors or sensitive pressure transducers. Testing in
relatively large vessels has shown that active explosion suppression is possible
for high reactivity (high K,) dusts [Senecal (1988)] using several chemical
suppressants. A typical deflagrative pressure measured in the 1.9 cubic meter
test vessel of Fig. 2-11 is shown in Fig. 2-22, together with a trace for a
suppressed deflagration. Bartknecht (1986) shows testing of suppression systems
for large volume enclosures with the 250 cubic meter test vessel.
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Fig. 2-22. Deflagration and suppression in a dust explosion.

F. Dust_explosions in @rain elevators
1. Case histories

With the exception of coal dust explosions in coal mines, the largest and
most damaging class of dust explosions has been explosions in grain elevators.
These elevators are designed to move large quantities of grain very quickly,
transferring the grain from trucks and railcars to storage silos, and then to
other bulk transport including ships. Generation of quantities of combustible
dusts is inevitable in the rapid transfer of the grains in the elevators; there
are many potential ignition sources; and a number of areas in the elevators have
the partial confinement and complex geometry which can accelerate relatively
benign small dust fires into very damaging explosions. These explosions have
occurred in the earliest grain elevators, and they continue to occur to the
present. They are probably the most complex of all explosions, and the most
difficult to assess and control or mitigate.

Kaufman (1986) gives a good history of grain elevator dust explosions, noting
the first report of a dust explosion in a flour mi1l in Turin, Italy, in 1785.
He gives case histories of several explosions since 1979 in the United States.
His paper also incudes summaries of fourteen grain elevator explosions between
January 1979 and April 1981, which caused totals of 20 fatalities, 58 injuries
and property loss exceeding 37 million dollars. Kaufmann (1986) notes that the
U.S. Department of Agriculture has kept track of agricultural dust explosions
since 1980, and he gives an extensive table Tisting these reported explosions.
In the seven-year period covered in Kaufmann’s paper, 154 accidents were reported
resulting in 49 deaths and 224 injuries.
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It is apparent that there is a continuing dust explosion problem in the
agricultural industry.

2. The National Academy of Sciences stydy

From the previous section, it is apparent that damaging dust explosions are
rather frequent occurrences in grain elevators. But, in December 1977, five
such explosions occurred in the United States within a week, resulting in 59
deaths, 48 injuries, and drastic reduction of our grain export capability. In
July 1978, at the request of the U.S. Department of Agriculture, the National
Academy of Sciences conducted an international symposium on grain elevator
explosions. Shortly after the symposium, the U.S. Occupational Safety and Health
Administration asked the National Academy of Sciences to form a ten-member study
group on this topic, and such a panel was formed in November 1978. Objectives
were:

1. Study the federal government’s investigation of grain elevator explosions

and make recommendations for improvement,

2. Investigate grain elevator explosions selected by OSHA occurring during
the panel’s tenure and determine their causes,

3. Recommend actions to be taken to reduce the occurrence of explosions in
grain elevators and mills and to identify any needed research and
development,

4. Produce a handbook on dust collection methods and systems for grain
elevators and mills, and

5. Develop a methodology for investigating explosions in grain-handling
facilities based on the panel’s experience.

The panels’ approach was based on risk management methodology. The steps

were:

o Definition of situation or location where risks are to be controlled,
i.e., dust explosions in grain elevators.

o Identification of causes of grain dust explosions via hazards scenarios.

o Evaluation of identified risk. This was done by ranking identified
hazards into a hierarchy of importance, using three measures--severity
of hazard, frequency or probability, and resources to control the hazard.

o Control of significant risk. The panel sought expert counsel and visited
selected grain-handling facilities to address this topic.

o Financing of uncontrolled risk. The panel discussed the options of loss
write-off, assumption of debt, self-insurance and other means of
transferring the risk or loss.

To illustrate the complexity of the geometry and possible sources of dust
explosions in grain elevators, we include a section through a typical elevator
with sources for dust clouds identified as Fig. 2-23. Part of .the process of
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identifying dust explosion hazards scenarios employed by the panel was to use
Fault Tree Analysis. The resulting fault tree is shown in Fig. 2-24. Fig. 2-25
gives the results of the third step in the panel’s evaluation, evaluation of
risk.

Conclusions of the study were:

1. Numerous reports on explosion prevention in the grain-handling industry
have been published over the past 60 years. Many present long lists of
actions to be taken with 1ittle or no assessment of their feasibility or
potential effectiveness or explanation of why they were needed. These
reports generally do not consider the influence of human characteristics
on explosion prevention, questions requiring research, or methods for
disseminating widely the available information on explosions and their
prevention. In addition, the existence of these reports appears to be
little known.

2. Recent compilations would make it appear that the number of grain-
handling facility explosions occurring annually in the United States has
increased during the past 20 to 25 years but that much of this apparent
increase could be due to better reporting procedures. Nonetheless, it
appears that the problem of grain elevator explosions is greater than
generally realized.

3. The elevator leg is the most dangerous location with respect to initial
of the primary dust explosions.

4. Grain dust is generated in many places in elevators and mills. Of
particular concern is the dust in confined spaces that, without proper
housekeeping, will accumulate in layers on all surfaces and present a
potential for secondary dust explosions.

5. There is a considerable body of documented evidence indicating that
electrostatic discharge can ignite dust clouds under the right
conditions; however, the panel found no evidence of ignition due to
electrostatic discharge in its investigations of explosions.

6. The contribution of human operatives and external factors other than the
immediate physical aspects (e.g., people’s attitudes, insurance
practices, and government regulation) often are a major part of the
problem and often are overlooked.

The panel recommended a number of actions by the grain-handling industry and
by government, or by cooperative efforts. They divided these actions into three
priorities. The panel believed that the first-priority actions should be
implemented in all facilities and that the second- and third-priority actions
should be implemented to the extent possible depending on the specific facility.
There was no internal ranking within each category. Specific recommendations
appear in Appendix C.
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Basard Effect on effect on Effect on
Lodel Severity Elevetor Objectives Functional Capability Personnel Sefety
4 | Catastrophic| Total loss of product with no |Physical plant ia destroyed | Elevetor employses, bystamders,
salvage. All customer or damaged beyond effective | or others sre killed.
services terwinated use.
3 Criticel Msjority of product lost. Two of more functions are Msjor injuries occur to
Only partial salavge poseible.ldisabled; elevator must be erployees or bystanders.
Customer ssrvices reducad to |shut down.
lov level.
< Marginal Only 75% of product ia sal- Temporary diaruption of Minor injuries occur to
vagsble. Grain services are |[elevator functions; normal employees or bystenders
possible by {mprovisation. ocperations can be rastored
in 1 day.
D | Megligible Ne significant effect on No apparent damage to No apparent hars to amployees
product or service to elevator operation. or others.
customsrs.

Hazard Probability

g% Description of Situation
The identified hazard scenario could occur on tha average of once 3 week,

J

| 4 The identified hazard scenario could occur on the avcu‘c of once & month.
L

]

The identified hasard scenario could occur on the aversge of once a year.

The tdentified hszard scenario could occur on the average of once a decade.

Hazard Elinination Control Resources

Codl Calculated Dollar REquivalence {Value of all resources required to either eliminate or comtrol the
ideatified hasard scenario; revision of policy, procedures, manpower, dollars, technology, facilities,
materials, and schedule.)

r Preventive ection for the identified hazard will require less than $2,500.

qQ Preventive sction for the identified hazard will require between $2,500 and $30,000.

3 Preventive action for the identified hazard will require betwsen $50,000 and $250,000.
s Preventive action for the identified hazard will require more than $250,000.

Fig. 2-25. Hazard scenario ranking criteria for grain elevator explosions [Anon.
(1980)]. .

G. Closure

We hope that this chapter will introduce the reader to the complex topic of
dust explosions, and provide enough references to the voluminous literature on
this topic to at least serve as a guide to that Titerature. Much work on this
topic is continuing worldwide, so the interested reader is strongly urged to
follow the current international literature to stay abreast of new developments.

One serious hazard from dust explosions has not, in the author’s opinion,
been given enough attention in research on this topic. That is characterizing
the fireballs from these explosions, and their thermal radiation effects.
fireballs can be very large, and radiate very significant thermal energy, as is
quite apparent from color photos of fireballs for vented dust explosions
[Bartknecht (1978a), Cashdollar & Hertzberg (1986)]. Yet, we could find no
measurements of the fireballs or their effects.

These
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III. REACTIVE GAS EXPLOSIONS
A. Introduction

Explosions of reactive gases have occurred and been investigated for more
than a century. However, they have again received considerable attention in
recent years in connection with the safety aspects of large scale production,
transport, and storage of liquified petroleum and natural gases. The safe
operation of off-shore platforms that handle petroleum and natural gases is of
particular concern. The Three Mile Island incident in 1979 also raised the
question of safety in nuclear powerplants relating to hydrogen-air explosions
in a nuclear reactor containment. Two-phase hybrid explosions are also of
concern in accidental fuel release in chemical and petrochemical plants and in
coal mines and powder industry. The two-phase explosions are similar to gas
explosions but they involve more physical processes prior to combustion
reactions. They will be discussed in more detail in Chapter IV.

The aim of this chapter is to provide a relatively comprehensive
understanding of the physical phenomena and the prediction of the damage
potential from reactive gas explosions. Emphasis will be given to summarizing
experimental results carried out during recent years, particularly large-scale
field tests. Systematical descriptions of combustion and detonation theories
will be excluded, since they have been well presented in many books, e.g.,
Williams (1985) and Fickett and Davis (1979). Nevertheless, basic concepts and
illustrative conclusions of some theoretical analyses are included to keep this
chapter self-contained.

1. Terminology: explosion, deflagration, detonation

Before proceeding with the topic of reactive gas explosions there will be a
brief review of terminologies associated with subjects to be covered later. It
will be helpful since established usage of certain words related to explosion
phenomena can be misleading.

Explosion: Explosion is a term which corresponds to rapid heat release,
energy release, or pressure rise. Explosions can, of course, occur in non-
reactive, pressurized gas vessel failures (see Chapter V). However, an explosive
gas is a medium which will permit rapid energy release by chemical reactions,
and hence usually refers to certain premixed gases of fuel and oxidizer.

Furthermore, gas explosions do not require the transmission of a wave through
the explosion source medium, although explosions in most scenarios involve some
kinds of waves. In other words, an explosion does not necessarily require the
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passage of either a deflagration or a detonation wave through the exploding
medium. A volumetric explosion can be taken as an example of explosions without
wave propagation. In volumetric explosions, an explosive mixture contained in
a vessel is suddenly heated to a high enough temperature for rapid reactions to
occur simultaneously.

To the contrary, both deflagrations and detonations are waveforms propagating
through explosive gases. -The differences between deflagration and detonation
will be described extensively Tater and some brief mention here will clarify the
synonyms and similarities.

Deflagration: A deflagration is a subsonic wave sustained by chemical
reactions. In general, a combustion wave is considered as a deflagration only,
although the word combustion is very diverse in nature.

It is general practice to call a combustion wave or a deflagration wave a
flame or burn. Therefore in the normal sense, deflagration, combustion, f1lame,
and burn are synonymous and have been used interchangeably [Glassman (1977)].

Detonation: According to Fickett and Davis (1979), a detonation is a shock
wave sustained by chemical reactions. The Teading part of a detonation is a
strong shock wave propagating into the explosive medium. This shock heats the
medium by compressing it, thus triggering chemical reactions, and a balance is
attained such that the chemical reaction supports the shock.

The term detonation has been uniquely used so far to refer to the rapid and
violent form. Thus, no further clarification is needed in the brief review.

2. Differences between deflagration and detonation

Deflagration and detonation are both waveforms propagating in reactive media
and both are supported by the energy release from chemical reactions in the
media. However, they differ from one another substantially in many ways, as
described in the following.

A detonation propagates at supersonic speed relative to the unreacted gas
ahead of the wave, with typical velocities of the order of a few kilometers per
second, whereas a deflagration is a subsonic wave with typical velocities of the
order of meters per second. In other words, a detonation propagates a thousand
times faster than a deflagration.

As the consequence of the high propagation velocity of the detonation wave,
which is much faster than the speed of pressure equalization, there will be
significant pressure differences across the wave front. In other words,
significant overpressure will be generated upon the arrival of a detonation wave,
even in open air. The pressure at the detonation front is about 15 to 20 times
the initial pressure for most hydrocarbon fuels mixed with air, and the value
will be doubled for that mixed with pure oxygen. On the contrary, the pressure
difference across a flame front is so small that the slow mode of combustion can
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be treated as a constant pressure process. This is because the equalization of
pressure occurs at acoustic speed, which is much faster than the flame
propagation. As a consequence, the overpressure generated by a deflagration in
an open atmosphere is negligible. It should be noticed that this is not to say
that the slow burn proceeding in an enclosure will not cause the overall pressure
level inside the enclosure to rise. In fact, an overall pressure rise of 6 to
8 times the initial pressure will result aue to the slow burn of wmost
hydrocarbon-air mixtures in an enclosure [see Baker et al (1983), Chapter 1].
This pressure rise is sufficient to destroy the confinement of many enclosures,
such as fuel tanks, ship compartments and buildings. However, if the flame
remains laminar with low subsonic speed, the pressure rise throughout the
confinement is spatially uniform.

On the other hand, the pressure rise in detonation process is highly
localized at the wave front and the pressure field is highly directional and
asymmetric. MNevertheless, the overall pressure generated by a detonation in the
enclosure after equalization remains the same as that generated by a slow burn,
providing that the confinement is not ruptured during the process.

In essence a deflagration may be considered as an expansion wave where
pressure and density drops and gas velocity increases across the wave.
Conversely, a detonation is a compression wave and relative to the wave the flow
velocity decreases while pressure and density increase. Furthermore, for a
supersonic detonation wave, the unburned gas ahead of the wave front is
undisturbed and remains in its initial state; whereas a deflagration is a
subsonic wave and can thus perturb the gas ahead of the flame. As a consequence,
there exists a unique detonation velocity (as well as other detonation
parameters) for the given mixture with specified initial conditions. On the
contrary, the deflagration speed is relative to the moving unburned mixture in
front of the flame and hence cannot be uniquely determined by the given initial
conditions.

The most important difference between a deflagration and a detonation is
perhaps the different propagation mechanisms. The diffusion of heat and species
from the reaction zone to the unburned gases is responsible for the initiation
of chemical reactions ahead of a deflagration whose speed is thus 1imited by the
molecular diffusivities to the order of a meter per second. On the other hand,
adiabatic shock compression of the unburned gases is responsible for the
initiation of chemical reactions in a detonation wave. In this process, the
flame burns in highly compressed and preheated gases and burns with extreme
rapidity; thus, material is consumed thousands of times faster than in a normal
flame. Typical propagation velocities of the order of kilometers per second
result.
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A deflagration can be ignited by a weak energy source such as an electric
spark or a match head with an energy of only a few millijoules. However, the
instantaneous initiation of a detonation requires a rather powerful energy source
with an energy several orders of magnitude higher; i.e., at least higher than
joules. Nevertheless, strong ignition sources are not essential to detonation,
since abrupt change from deflagration to detonation can occur under appropriate
conditions.

3. Turbulent flame propagation
An explosive gas may, in general, support either a deflagration or a

detonation wave depending upon various conditions, the most obvious being mixture
compositions, ignition source, and confinement. Deflagration and detonation are
two extreme modes of combustion with characteristics distinguished as discussed
above. In between the two extremes there is an almost continuous spectrum of
burning rates ranging from the laminar flame speed to supersonic velocities in
excess of the Chapman-Jouguet detonation speed. A laminar deflagration can
readily be triggered by a weak ignition source such as an electric spark or a
match head. However, it is unstable by nature because the expansion of
combustion products generates compression waves in unburned gas and causes the
flame to accelerate. The positive feedback and other mechanisms of flame
acceleration will bring the flame speed to as high as hundreds of meters per
second or even to some critical point for detonation to occur.

It is interesting that in both Taminar deflagration and detonation processes,
turbulence plays a negligible role; whereas in cases between the two extremes,
turbulence dominates. In accident scenarios, the in-between cases are most
frequently encountered since a laminar flame is unstable and the onset of
detonation requires more restrictive conditions. Turbulent flame propagation
is very important from the standpoint of safety engineering, not only because
of its frequent occurrence in accidental explosions, but also due to the violence
Tevel of high speed turbulent flame which is not much less than that of a
detonation.

4. Organization of chapter

This chapter is organized somewhat differently than other chapters. That is
partly because this is the longest chapter, reactive gas explosions being of
primary interest for accidental explosion assessment, and as a result triggering
extensive analyses and experimentation worldwide. Also, it seemed more logical
in the presentation of this material to discuss each critical subtopic and issue
related to reactive gas explosions rather completely, interrelating theory,
experiment, and experimental apparatus as we proceeded. Further, Prof. M. J.
Tang of East China Institute of Technology wrote much of this material, and the
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writing reflects her extensive experience on this topic, as well as her style
of writing.

B. Scaling
In this chapter, we discuss several classes and a wide range of rates of

reaction for reactive gas explosions. The dominant physical processes can be
quite different for some of the different explosion classes, and also quite
different over different reaction rate regimes. So, it is appropriate to develop
or present separate scaling laws for certain restricted cases.

1. Scaling of vented gas deflagrations
Bartknecht’s "Cubic Law" [Bartknecht (1978a) and (1981)] is essentially a
scaling law for vented gas deflagrations. It can be stated as:

P, =f, (stoichiometry, type of combustible gas, A, / V%)

®aax V° =K, (1)

Also, Bradley and Mitcheson’s (1978a and b) analyses and data comparisons for
pressures in vented explosions of this kind imply a scaling law, with:

P -

—=f,(A,S)

Po (2)
where

A=A K,/A, 3)
and

S,=S,/a, @

In these expressions,
P, = maximum explosion (gage) pressure
P, = ambient pressure
(ﬁ)mu = maximum rate of pressure rise
= vessel volume
¢ = a "constant” dependent on type of gas and mixture stoichiometry
vent area
discharge coefficient
. = interior surface area for assumed spherical vessel

<

-4

v
K
A
K
A
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S,
a,
In many tests with approximately spherical vented vessels up to a cubic meter
in volume, all data scaled well with Equations (1) or (2). But Zalosh (1980)
then ran a test series on larger, room-size vented enclosures of about 35 m’

gas velocity ahead of flame front

unburned gas acoustic velocity

volume, and found late time, oscillatory pressure peaks which far exceeded the
initial pressure peaks. This work triggered other testing to this and larger
scales, [see Eckhoff, et al (1980) and Van Wingerden and Zeeuwen (1983)], which
showed that these results were reproducible, and that the amplitudes of the late,
oscillatory pressures increased with the scale of the testing. Pappas, et al
(1983) have proposed empirical methods for estimating this phenomenon.

In any event, it seems certain that a simple scaling law for vented gas
explosions is inadequate, and a more complex law must be stated. Such a law is
presented here, with parameters chosen on the basis of the experimental results
already noted, and on known or postulated physical parameters which could affect
the venting process, including the late time instability. Other work reviewed
in developing the law appears in Oyez (1984), Lee, et al (1982), Sapko, et al
(1976), Chippett (1980), Lee and Guirao (1982b), Nagy, et al (1971), and Yao
(1974).

A simplified schematic for a vented chamber containing a combustible gas
mixture which is ignited by some ignition source, is shown in Fig. 3-1. Only
a few of the related physical quantities are indicated in this figure. We assume
that, in addition to these more obvious parameters, a number of others could be
important in the physics of burning, vent opening, and combustion instabilities.

Po 8, 05,7,

Box Volume, V

L, Combustible
- Gas Mixture
v
< Vent Cover,
I L, l Mass M and

ares A,

Fig. 3-1. Schematic for vented chamber containing combustible gas mixture.



48

(Note that the vent cover is represented by its mass and presented area, and not
an opening or failure pressure). The most compact way of presenting the physical
parameters is in tabular form, together with appropriate symbols and physical
dimensions. Table 3-1 is such a listing, with parameters describing the chamber
listed first, then ambient conditions, followed by unburned fuel-air properties,
and then by combustion (or explosion) properties.

A possible set of dimensionless groups which can be obtained from this long
1ist of physical parameters, using methods in Baker, et al (1973), appears in
Table 3-2. The general procedure used was to obtain dimensionless forms of as
many as possible of the dimensional quantities in Table 3-1, and to use a bar
over the dimensional quantity to mean a corresponding dimensionless term.

Because we have included a large number of properties which could affect this
scaling, there are of course a large number of dimensionless terms in Table 3-2.
To concentrate on the more important ones, let us restrict our considerations
to model-prototype situations with identical geometries. ijnitial ambient
conditions. and type and stoichiometry of gas mixture. Let us use the notation
of A with a subscript for a scale factor for a given physical quantity, meaning
the ratio of the specific physical quantity in the model divided by the same
physical quantity in the prototype (full-scale). A X without a subscript means
a length scale factor. So, our restrictions can then be written as:

From A,,= A? (5)
Fron Ay =Ap, =X, =2 (6)
Mg == A =hg =g =hyg, =1 Q)

Various Pi terms in Table 3-2 then require that a number of parameters for both
the unburned and burned gases be the same at any scale. These can be expressed

Ao=h,, = A, =hg = A, =h, =A, =g =Ae =A, =1 ®

Let us use the symbols in Table 3-2 to then cast the scaling law in a reduced
form showing scaled output quantities as functions of the remaining scaled
quantities in the table. This gives:
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TABLE 3-1 List of Physical Parameters for Vented Gas Deflagrations

Description Symbol Dimensions

Chamber

Volume Vv L3

Vent Area A, 12

Dimensions L,,L,,L, L

Mass/area for vent cover m=M/A, FT1.2
Ambient Air Conditions

Pressure P, F/L2

Sound speed a, /T

Temperature 6, 6

Ratio of specific heats A -
Unburned Fuel-Ajr Mixture

Total energy E
Stoichiometric ratio )
Sound speed a
Initial temperature 8, 6
E
vll

Energy release rate FL/T
Kinematic viscosity LYT
Thermal expansion coefficient B, 1/6
Ratio of specific heats Y -
Gravity g LT?
Density P, FTYL*
Combustion/Explosion Products

Flame temperature 6, 6
Burned gas temperature 8, 0
Kinematic viscosity v, LYT
Explosion pressure p F/L2
Gas specific impulse i FT/1.2
Reverberation time t, T
Time t T
Vent time t, T
Eddy size L, L
Burned gas density Py FTYL!
Vent discharge coefficient K, -
Ratio of specific heats Yo -
Velocity of burned gas S, wT
Flame speed S; /T

Pressure rate P FIL2T
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TABLE 3-2 Possible Dimensionless Set for Vented Gas Deflagrations

No. Symbol Term No. Symbo1 Term

n, A, (A,/V? Tys S (S¢/a,)
m, L, (WA Ty S, (S,/2,)
s m Mal/p,V®A) || ®u F CARIEY)
, E (E/p,V) Ty Pu (P.2/ D)
s ) ) Ty 6, (6,/6)

T E (E/p,a, V) Ty 6, (6,/6)
., a (a’a)) Ty v, (v,/a,V"?)
g v, (v,/a,V'"®) Ty p ®/p)

T, B, 3.9 o i, (;3,/p, V™)
Ty % % T £ ta,/V'"®)
Ty Y, 42 Ty t 2,/ V"
Ty, Y, Y T o Ky K4
T L L,/ V" Ty ) ®V*"/p,a,)
T, P (P, 22/p) o t (ta,/ V'?
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? =f,&LmEEV,v,i.L 2

P =& ....®

i, =f,(A, ....,®)

t=f@& ...%8

t =f,@&, ..., (9)

If we look a bit further, we see that x, = m is satisfied if we simply let

A=A, (10)

which is exactly how mass per unit area will scale if the vent covers are scaled
geometrically and made of the same materials. Geometric scaling also satisfies
A and L, as we have said before. They were included in (9) only to show that
this scaling must be maintained. Satisfying these two parameters, plus the
invariance of burned gas properties, also gives Bartknecht’s or Bradley and
Mitcheson’s scaling laws stated in Equations 1-4.

Term #, = E states now that

Ag=A° (11)

For the same fuel and stoichiometry, this is automatically satisfied, because
the total energy is proportional to the volume of the mixture. Term s, = E
requires that

)"E = )\12 (12)

This is consistent with general time scaling from s,, = t, which requires that
A=A, =A, = (13)

Following this reasoning, we can reduce Equation (9) to:

vy t,L,8) (9a)
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The terms remaining on the right in Equation (9a) are all, with one
exception, ones which cause problems in scaling. (The scaled time t is not a
problem, but simply tells us how time must scale in the scaling law.}) Terms
7e = v, and =, =V, require that kinematic viscosity of both unburned and burned
gas mixtures must scale as

A=Ay =2 (14)

But, because both mixtures are the same in model and full-scale situations, the
kinematic viscosities will in fact be unchanged, or

Ay, =hy =1 (15)

So, we cannot satisfy these two Pi terms.
The scaled eddy size 1,, = L, is required by geometric similarity to scale by
the length scale factor, or

A, =M. (16)

In fact, the physics of flame-folding and eddying may be nearly independent of
the scale of the experiment, so

A =1. (17)

Finally, term #,, = g fixes the relation

Ag=1A. (18)

But, on earth, independent of the scale of testing,

A=1. (19)

and g must go out of scale tor tests at different geometric scales. This
distortion indicates that buoyant effects are not properly scaled, because they
are strongly affected by gravity.

The scaling law does not, of course, tell us how strongly distortions in
these terms which cannot be properly scaled affect the desired response functions
in Equation (9a). The law only states that, for complete similitude, all terms
in those equations should be invariant--and that is only possible in a strict
sense by testing only to the desired scale. (In anether way, we are saying that
we can only reconcile Equations (14) and (15), or (16) and (17), or (18) and
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(19), by requiring the length scale factor to be gne.) This result is a very
common one in similitude analysis of complex problems. It simply tells us that
we should, if possible, run carefully-controlled tests or analyses where only
the dimensionless group in question is varied, and response parameters are
measured.

2. Scaling of blast waves from reactive gas explosions

If a deflagrating or detonating gas phase chemical reaction is confined,
there is by definition no external blast wave, so the question of scaling of such
waves is moot. But, if the reaction ruptures the containing structure or vessel
catastrophically, or if the reaction is a UVCE, then external blast waves can
develop.

Scaling laws for these classes of explosions have already been developed by
Baker, et al (1983) and Oyez (1984). So, we merely state a general law of this
type, without proof. Many fewer parameters are needed to describe the blast
source than in the law for scaling of vented gas deflagrations, because the
physics of blast wave development and transmission through the air is simpler
than the processes in vented gas deflagrations.

This scaling Taw, as stated in Baker, et al (1983) and Oyez (1984) is:

SN
Po

13
E =(t‘E“: ] P | Rp;” a, E

) P =f, ;’—n ,F,’YU g 5 W},ﬁ]
.id =(td:33° J =fk GI’E’YI’EI’E[E)
. ia,
s = E3p23 J

(20)

Each dimensionless parameter on the left of Equation (20) is a scaled blast wave
property. This way of presenting a scaling law indicates that each such scaled
property is some different (and unknown) function f, of the six dimensionless
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ratios within the brackets on the right. A1l input physical quantities are
described in Table 3-3, with dimensions in a Force-Length-Time (FLT) system.

TABLE 3-3 Physical Parameters and Their Dimensions for Gas Blast Scaling Law

Symbol Dimensions Description
P F/L2 Blast wave overpressure
t, T Time of blast wave arrival
t, T Duration of blast wave
i FT/L2 Positive phase specific impulse
P F/L2 Vessel failure pressure
P, F/L? Air ambient pressure
a /T Sound speed within vessel
a, /T Sound speed in ambient air
Y, - Ratio of specific heats in vessel
R L Distance from center of blast source
L - Length ratios (enough to completely fix
geometry)
E FL Total source energy
E FL/T Source energy release rate

Some of the dimensionless parameters in Equation (20) are identical to those
developed many years ago by Robert Sachs [Sachs (1944)], for scaling the effects
of varying ambient air properties on blast waves from high explosive sources.
In particular, p and i, are often called Sachs-scaled blast overpressure and
specific impulse, and R

R=Rp"?/E” (21)

is usually called Sachs-scaled distance. Other terms sometimes used for R are
energy-scaled distance or reduced distance.

Later in this chapter, this scaling Taw will be used to present results of
analyses and/or test data for blast waves from gas explosions, because it allows
the presentation of many results in very compact form.

C. Basic properties of slow burns in gaseous systems

Thermochemistry and gasdynamics of the slow mode of combustion have been
described in many books such as Glassman (1977), Strehlow (1984), etc. Here,
emphasis is on basic properties of the combustion process which are of interest
to safety engineering.
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1. Heat of combustion

Heat of combustion is probably the most important single parameter which
defines the explosion potential of any chemical and is dependent only on the
composition of the reactants. It is the heat released during the exothermic
chemical reaction and serves as the energy source to perform destructive work
in an accidental explosion. Usually, heat of combustion is referred to that at
constant pressure and denoted by "H.". The values of the heat of combustion for
common hydrocarbon fuels are listed in Table 3-4.

Although standard computer codes are readily available for the calculation
of H.,, it is still believed to be helpful to present a simple procedure to allow
quick estimation of explosion potential, since it is a straightforward process
with applicable accuracy.

According to the first 1aw of thermodynamics, the heat changes which proceed
from elements to combustion products by either Path A or Path B (i.e., B, + B,)
must be the same, as shown in the sketch.

e

elements ————> products

(AH pogucs)

Thus, the heat of combustion can be calculated by simple difference of heat
changes, i.e.,

H, = AH% g — AHf iciams (22)

where AH', is the heat of formation (or enthalpy of formation) at standard
conditions (298 K and 1 atmosphere) which can be found from thermochemical
tables. Heat of formation is the heat of reaction through which a given
substance is formed from chemical elements. Note that heat of formation of an
element at standard conditions equals zero. Heats of formation for common
hydrocarbon fuels and their products are Tisted in Table 3-5.

Remarks:
i) Heat of combustion of a fuel is, in general, referred to the complete
or stoichiometric oxidation, i.e., the heat of reaction when a general
CHONS fuel reacts with 0, and forms CO,, H,0, N, and SO, as products.
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TABLE 3-4. Heat of Combustion of Selected Fuels*

—-AH_(1 atm, 298 K)(LHV)
Molecular

Substances Formula Weight MJ/mol MJ/kg
Methane CH, (g) 16 0.8826 55.164
Ethane C.Hs (9) 30 1.5425 51.416
Propane CiHg (9) 44 2.2036 50.082
n-Butane CHy (9) 58 2.8806 49.665
Isobutane CHy (9) 58 2.8614 49.334
n-Pentane CsHy, (9) 72 3.5100 48.750
CsHye (1) 72 3.4895 48.465

n-Hexane CeHye (1) 86 4.1443 48.189
n-Heptane CHy (1) 100 4.8146 48.146
n-Octane CHy (1) 114 5.4544 47.846
Decane Ciol (1) 142 6.7419 47.478
Ethylene C.H, (g) 28 1.3884 49.586
Propylene C:Hs (g) 42 2.0525 48.868
n-Butylene Cs (9) 56 2.7206 48.581
Isobutylene CHg (9) 56 2.7098 48.390
Pentylene Cstyo (9) 70 3.3783 48.261
CsHyp (1) 70 3.3638 48.055

Hexene CeHiz (1) 84 3.9885 47.483
Acetylene CH, (g) 26 1.3063 50.244
Propyne C:H, (g) 40 1.9474 48.684
Butine Cs (g) 54 2.5995 48.140
Pentyne CsHs (9) 68 3.2576 47.906
Cyclopentane CsHyp (1) 70 3.2809 46.870
Cyclohexane CeHiz (1) 84 3.9266 46.745
Ethylene oxide CHO (1) 44 1.2649 28.748
Propylene oxide CH 0 (1) 58 1.888 32.550
Alcohol C.H:0 (1) 46 1.3717 29.819
Ether CHy0 (1) 74 2.7287 36.874
Acetone CH0 (1) 58 1.7870 30.811
Benzene CHs (1) 78 3.2755 41.993
Propadiene C3He (9) 40 1.9612 49.03

Butadiene CHs (9) 54 2.5375 46.99**
Hydrogen H, (9) 2 0.244 122.051
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TABLE 3-4. (Continued)

—-AH_(1 atm, 298 K)(LHV)
Molecular
Substances Formula Weight MJ/mol MJ/kg
Ammonia NH; (g) 17 0.3164 18.61%*
Aluminum Al (s) 27 0.8389 31.07
Sulfur S (s) 32 0.2963 9.26
MAPP*** CoHs.06 (9) 41 1.820 44.380
TNT#** C,HgN,05 (s) 227 3.4363 15.138
* From "Handbook of Chemical Engineering" by Publishing House of Chemical

Industry, China, 1989.
*k From Eichler and Napadensky (1977).
hadad Mixture of Methyl-acetylene 51.0%, propane 26.0%, and propadiene 23.0%.
**hk  Heat of explosion for TNT = 4.187 MJ/kg.
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TABLE 3-5. Heat of Formation for Selected Fuels and Combustion Products*

AH,(1 atm, 298 K)
Substances Formula Molecular Weight KJ/mol
Oxygen Atom 0 (g) 16 249.35
Hydrogen Atom H (g) 1 218.12
Hydroxide Radical OH (g) 17 42,03%*
Water Vapor H,0 (g) 18 -242.00
Water H,0 (1) 18 -286.06
Nitrogen Atom N (g) 14 473.04
Nitrogen Oxide NO (g) 30 90.31
Nitrogen Dioxide NO, (g) 46 33.08
Ammonia NH; (g) 17 -46.14
Nitric Acid HNO; (g) 63 -135.16
HNO; (1) 63 -173.34
Ammonium Nitrate NHNO, (s) 80 -365.82
Ammonium Chloride NH.C1 (s) 53 -314.65
Ammonium Perchlorate NH.C10, (s) 117 -290.04%*
Sulphur Dioxide S0, (g) 64 -297.03
$0, (1) 64 -320.72
Sulfuretted Hydrogen H,S (g) 34 -20.64
Carbon Atom C (g) 12 718.90
Graphite C (s) 12 0
Diamond € (s) 12 1.90
Carbon Monoxide €0 (g) 28 -110.60
Carbon Dioxide Co, (g) 44 -393.79
Chlorine Atom C1 (g) 35 121.77
Chlorine Hydride HC1 (g) 36 -92.37
Bromine Atom Br (g) 80 111.96
Bromine Hydride HBr (g) 81 -36.18%*
Fluorine Atom F (g) 19 79.05
Fluorine Hydride HF (g) 20 -271.32
HF (1) 20 =300.00
Methane CH, (g) 16 -74.90
Ethane CHs (g) 30 -84.74
Propane C:Hg (g) 44 -103.92
n-Butane CHy (9) 58 -124.81
Isobutane CHyo (g) 58 -131.69
n-Pentane CHy, (g) 72 -146.54
CHye (1) 72 -173.17
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TABLE 3-5. (Continued)
AH,(1 atm, 298 K)
Substances Formula Molecular Weight KJd/mol
Hexane CHi (9) 86 -167.31
CHye (1) 86 -198.97
Heptane CHys (g9) 100 -187.95
CHy (1) 100 -224.55
Octane Catis (9) 114 -208.60
Catys (1) 114 -250.13
Nonane CoHzo (9) 128 -228.70**
CoHy (1) 128 -275.08**
Decane CyoH, (9) 142 -249,30**
Citze (1) 142 -300.61%*
Ethylene CH, (g) 28 52,32
Propylene CH; (g) 42 20.43
Butylene Cg (9) 56 1.17
Isobutylene CHs (9) 56 -13.98
Pentylene CsHy, (9) 70 -20.94
Hexene CHy, (1) 84 -41,57%*
Heptylene CHy, (1) 98 -63.88%*
Octylene CeHys (1) 112 -86.23*%*
Nonene Celye (1) 126 -108.50%*
Acetylene C.H, (g) 26 226.89
Propyne CsHq (9) 40 185.57
1-Butine CH; (9) 54 166.22
2-Butine CHs (9) 54 148.09
1-Pentyne CsHg (9) 68 144.45
2-Pentyne CsHg (9) 68 128.96
1,2 Butadiene CH; (9) 54 165.60
1,3 Butadiene CH; (g9) 54 112.00
Cyclohexane CeHy, (9) 84 -123.22
CeHye (1) -156.34
Benzene CHs (g9) 78 82.90
CeHs (1) 48.99
Alcohol C,H0 (g) 46 -218.69
CH0 (1) -277.81
Ether CH, 0 (1) 74 -272.99
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TABLE 3-5. (Continued)

AH,(1atm, 298 K)

Substances Formula Molecular Weight KJ/mol
Ethylene Oxide C,HO (g9) 44 -71.18
CZH‘O (]) "97-56
Propylene Oxide CH0 (1) 58 -120.59

MAPP CiHs.ce (9) 41 113.98**
Aluminum Oxide Al1,0; (s) 102 -1676.89
Potassium Chlorate KC10, (s) 122 -391.48
Potassium Perchlorate KC10, (s) 138 ~433.77

*  From "Handbook of Chemical Engineering" by Publishing House of Chemical

Industry, China, 1989.

** From: NBS Circular 500, "Selected Values of Chemical Thermodynamic

Properties."”
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For instance, complete, or stoichiometric oxidation of paraffin
hydrocarbons can be illustrated by the following reaction equation:

C.H, ,,+(1.5n+0.5) 0, »>nCO,+(n+ 1)H,0 (23)
The volume percent of stoichiometric mixture (C,,) of hydrocarbons in

air is

C = 100
%7 1+4.773(1.5n+0.5)

(29)

where n = positive integer. Practically, complete oxidation does not
occur because of an insufficient supply of oxygen and the dissociation
of combustion products. In these cases, heat of combustion is
determined according to the practical or equilibrium composition of
reaction products. It is, of course, significantly less than the heat
release at complete oxidation.

For gaseous fuels, the composition is ordinarily given by the volume
percent of the component gases and thus, H. has the unit of kJ/mole of
fuel. For solid and liquid fuels, the ultimate is given on a weight
or mass percent of the elements and the heat of combustion is by per
unit weight or mass of fuel, i.e., kd/kg of fuel. Nevertheless, heat
of combustion on a molar basis can be easily converted to a mass basis
or vice versa. Dividing H_ in kJ/mol by the molecular weight of the
fuel, then multiplying by 1000, will convert H. in kJd/mol to H, in
kd/kg.

Since water can be assumed to be either a liquid or a gas at the end
state, there are two values of H. that are normally reported. One is
the high value (HHV) when liquid water is formed. The other is the low
value (LHV) when gaseous water is the end product. The difference
between the high and low values of the heat of combustion for any
substance is just the heat of vaporization of water which equals 44.0
J/mol at 25°C. The low value should be used in the calculation of H.
because these combustion reactions produce steam rather than water, and
condensation occurs relatively slowly.

The heat of explosion of a propellant or an explosive is determined
experimentally by exploding or burning the material in a bomb filled
with inert gas, e.g., N,, atmosphere. The final state attained in the
experiment is not the fully oxidized state of the substance, because
these substances are usually oxygen deficient. As the result, heat of
explosion is in magnitude less than the heat of combustion of the same
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substance which is measured in a bomb filled with pure oxygen; e.g.,
for TNT, heat of explosion H, is about 4,500 kJ/kg, while the heat of
combustion H, is about 12,500 kJ/kg.

v) Combustion reactions are highly exothermic and thus H, is a negative

number according to the definition that heat rejection is negative.
However, it should be noticed that it is reported as a positive number
in some of the other sources.

The adiabatic flame temperature is the highest temperature that can be
achieved by the combustion products. By definition, if there is no work done,
there are no heat transfer losses. In other words, if all the heat of reaction
remains in the products, the temperature of the combustion products achieved is
called adiabatic flame temperature, which is usually denoted by T,. For most
stoichiometric fuel-air mixtures, T, is of the order of 2,000-2,500 K, while for
fuel-oxygen mixtures it is about 3,000-3,500 K. At the above temperature range,
dissociation of molecules can no longer be neglected. The calculation of T,,
even without taking the dissociation reactions into account, is not a
straightforward matter but an iteration procedure.

An iteration procedure has been developed to calculate H, and T, based on the
equilibrium compositions of the combustion products, providing that equilibrium
constants for most gases in the products are given in the JANAF Tables. Standard
computer codes are available for such equilibrium thermodynamic calculations with
the composition of reactants as the input since both H, and T, are basic
properties of a combustion reaction which depend only on the composition of the
reactants. One commonly used computer program appears in NASA SP-273 by Gordon
and McBride (1971, revised 1976). It can be purchased from the National
Technical Information Service in Washington D.C.

2. Laminar burning velocity

Laminar burning velocity is a fundamental quantity of a flame which depends
only on initial conditions. It characterizes the reactivity or reaction rate
of the premixed gaseous mixture. The larger the laminar burning velocity, the
higher the reactivity of the reactive mixture. By definition, it is the
propagation velocity of the flame front with respect to unburned gas or the
volume of unburned gas consumed by the flame per unit time. One must distinguish
Taminar burning velocity b, from flame speed v, which is the propagation velocity
of the flame front with respect to the laboratory coordinate. Flame speed is
usually orders of magnitude larger than laminar burning velocity because of the
fiow velocity of the unburned gas ahead of the flame.

Physical processes responsible for flame propagation are heat conduction and
the diffusion of active species (i.e., free radicals) from the reaction zone into
the unreacted region in front of the reaction zone. By the simultaneous solution
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of both the heat conduction equation and the mass diffusion equation along with
gasdynamic equations numerically, standard computer codes are available [Smoot,
et al (1976) and Tsatsaronis, G. (1978)] for the determination of the laminar
burning velocity in a given mixture. Nevertheless, a major difficulty lies in
the lack of accurate chemical rate laws and the transport coefficients of the
various molecules involved in most of the common reactions. On the other hand,
experimental measurements of laminar burning velocity are rather straightforward,
thus, the parameter b can be considered as an experimentally determined constant
for a given reactive gas. Unfortunately, an accuracy of +20 percent is about
the best that can be expected at the present time [Andrews and Bradley (1972)].
A comprehensive review of the experimental measurement of b is given by Linnett
(1953).

A more complete collection of data on laminar burning velocities for some of
the commonly used hydrocarbons are listed in Appendix C according to NFPA6S.

It can be seen from the table in Appendix C that laminar burning velocity is
of the order of 0.5 m/s for most stoichiometric hydrocarbon-air mixtures while
that for stoichiometric fuel-oxygen mixtures is an order of magnitude higher.
This is because fuel-0, mixtures are more energetic mixtures with much higher
flame temperatures resulting in much faster chemical reactions. Note that
hydrogen and acetylene have unusually high burning velocities due to high flame
temperatures and high diffusivity associated with the 1ight hydrogen molecules.

Laminar burning velocity and other properties of a flame are usually
presented in terms of the equivalence ratio of the fuel, ¢ , which is defined
using equation (25),

f/a

__fa_ (25)
¢ (F/2) aoica

where f is the fuel concentration and a is the concentration of oxidizer. The
subscript "stoich" represents the f/a for a stoichiometric fuel-oxidizer mixture.
By normalizing the fuel-oxidizer concentration ratio with the stoichiometric
ratio, the value of ¢ gives a straightforward presentation of the oxygen supply
in the system. When ¢ < 1, the mixture is said to be fuel lean which means there
is excess oxygen in the system. When ¢ > 1, the mixture is said to be fuel rich
which means there is excess fuel in the system. Até¢ = 1, the combustion
reaction approaches completion and the system is called a stoichiometric mixture.
Laminar burning velocity depends on stoichiometry of the mixture. The
relation of b versus ¢ is an inverse "U" shaped curve with b decreasing for off-
stoichiometric mixtures to very low values at the lean and rich limits of
flammability. Most of the flames in gaseous mixtures show a maximum flame
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temperature and burning velocity at a slightly rich mixture rather than ¢ =1
when chemical equilibrium is taken into account.

3. Flammability limits

Unlike T, and b, flammability 1imit is not a unique physical property of the
system but rather is affected by many factors other than the initial conditions.
Nevertheless, flammability 1limit is of considerable importance to industrial
safety, because it indicates the ability of the mixture to support flame
propagation.

Flammability 1imits are defined as the 1imiting fuel concentrations between
which a flame will propagate whereas outside of this range a sustained self-
propagation of a flame is not possible, i.e., the flame will not propagate after
the ignition source is removed.

The United States Bureau of Mines has established an experimental method to
determine flammability limits of gases and vapors [Coward and Jones (1952)].
In this technique, a 51 mm internal diameter glass tube 1.8 m long is mounted
vertically and closed at the upper end with the bottom end opened to the
atmosphere. The gas mixture to be tested is placed in the tube and ignited at
the Tower end by an electric spark. The limits are determined by visual
observation as to whether a flame is seen to propagate up the glass tube or not.

The U.S. Bureau of Mines has been accumulating flammability data over the
years from various laboratories throughout the world, and these data are
published by Coward and Jones (1952) and updated by Zabetakis (1965). These
publications have been the main sources of flammability data so far.

Some flammability data for commonly used combustible gases are Tisted in
Tables 3-6 and 3-7.

Note that the flammability l1imit data are not much different from the
explosion Timit data and the latter is not well defined. Also, the lean limit
of the same fuel mixed with air or oxygen rarely differs, because the excess
oxygen in the lean condition has the same thermophysical properties as nitrogen.

Flammability 1imits of silane, one of the important material gases in the
semiconductor industries, were determined in a cylindrical vessel with diameter
of 100 mm and 100 mm Tong [Horiguchi et al (1987)]. The Tower flammability 1limit
is 1.37% in silane-air and 0.8% in silane-hydrogen-air mixtures at room
temperature and atmospheric pressure. The upper limit could not be measured
because ignition occurred spontanecusly during the mixing process.

An empirical relation has been concluded from a large amount of data
available. In general, the Tlean flammability 1limit (LFL), which is most
important in industrial safety, for hydrocarbon gases appears at about 55 percent
of the stoichiometric fuel concentration (in volume percent), while the rich
limit (UFL) occurs at about 330 percent of stoichiometric [Mullins and Penner
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TABLE 3-6. Explosion Related Parameters for Gases [TNO, Anon., (1980b)]

Flash Autoignition
Explosion Limits Point Temperature Shock Wave
Gas (vol. %) (°c) (°C) Reactivity

Acetaldehyde 4-57 -50 140 average
Acetylene 1.5-100 -84 300 high!
Ammonia 15-28 =33 630 Tow
1,3-Butadiene 1.1-12.5 -85 415 average
n-Butane 1.5-8.5 =138 360 average
1-Butene 1.6-10 -185 380 average
Carbon Monoxide 12.5-74.2 -191 605 low
Dimethylamine 2.8-14.4 -18 400 average
Ethyl Chloride 3.8-15.4 -58 510 Tow
Ethane 3.0-13.5 -89 510 average
Ethene 2.7-34 -104 425 average
Ethylene Oxide 3-100 -18 440 high
Formaldehyde 7-73 -19 430 high
Hydrogen Sulphide 4,3-46 -60 270 high
Methane 5-15 -161 540 low
Methyl Bromide 8.6-20 4 530 Tow
Methyl Chloride 10.7-17.2 -24 625 Tow
Propane 2.1-9.5 -187 465 average
Propene 2-11.7 -48 455 average
Vinyl Chloride 4-29 -77 470 average

! In view of the high reactivity of acetylene, it is advisable for this gas
to use only the top 1ine of the "high reactivity" range.
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TABLE 3-7. Flame Properties for Some Selected Fuel-Air Mixtures
[Baker, et al. (1983)]

Maximum Value Minimum value
o/ 5.2 E min® d,} AIT! LEL* UEL*
Fuel K m/sec | millijoules m K % Fuel | % Fuel
Hydrogen 2400° | 2.70 0.018° 0.55 673 4.0 75.0
Carbon Monoxide (wet) | 2370 | 0.33° - - 826° | 12.5 74.0
Methane 2230 0.34 0.280 2.50 713 5.0 15.0
Acetylene 2610 1.40 - 0.55 578 2.5 100.0
Ethylene 2395 0.63 - 1.25 763 2.7 36.0
Ethane 2170° | 0.44 0.250 2.00° 788 3.0 12.4
Propane 2285 0.39 0.260 2.10 723 2.1 9.5
n-Butane 2170°| 0.35 0.260 2.20 678 1.8 8.4

! Calculated using JANAF, Strechlow {1981)
2 NACA (1959)

3 potter (1960)

4 Zabetakis (1965)

* Lewis and Von Elbe (1961)

¢ Alroth, et al. (1976)
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(1959)]. One empirical observation [Bodurtha (1980)] is that for many
hydrocarbons the Tlean Timit of fuel (volume %) multiplied by its heat of
combustion in kd/mol, is approximately 4.35 x 10°. This means that the flame
temperature is approximately constant at extinction for all hydrocarbon fuels,
which is so Tow that the kinetic mechanism changes.

For determining the Tean Timit of mixed fuel, the following equation was
proposed by Le Chatelier in 1898, which has worked quite well for most
hydrocarbons:

La=e s, (ee)
E—+E;+ +'L—ll

where C,, C,, ... C, are the concentrations (in volume ¥) of each constituent fuel
in the mixture, respectively; L,, L,, ... L, are the Tean flammability Timits (in
volume %) of each constituent fuel in the mixture, respectively; L, is the Tean
flammability Timit (in volume %) of the mixture.

There exists no good theory for predicting flammability limits, nor a
standard experimental technique to measure them-as yet. Nevertheless, it is
useful to discuss briefly the various factors which influence the Timits.

The effect of buoyancy is perhaps the most important one. It is known that
upward propagation has wider flammability Timits than downward'propagation and
that of horizontal propagation is in between. This is due to the very low
burning velocity in the near limit mixture which could be exceeded by the
buoyancy-induced flow velocity and hence the flame cannot burn downwards.

Regarding the dependence of the Timits on the initial thermodynamic states
of the mixture, the increase of initial temperature of the mixture will widen
the flammability 1limits in general, since high initial temperature will
facilitate the flame propagation by reducing the energy required to heat the gas
in preheating zone. As for pressure dependency, there are no general rules
available. For hydrocarbons, the lean 1imit appears to be very insensitive to
initial pressures above atmospheric. For instance, the Tean Timit for methane
is 5 percent at atmospheric pressure and stays constant at 5 percent up to the
pressure of 100 atmospheres. On the other hand, the rich 1imits of hydrocarbons
widen dramatically at elevated initial pressures, e.g., the rich 1imit of methane
in air increases from 15 percent at atmospheric pressure to about 40 percent at
the pressure of 100 atmospheres.

The apparatus-dependent aspect of flammability limits is mostly due to
various energy loss mechanisms. It has been found that as the tube becomes
smaller, the combustible range becomes narrower until quenching diameter is
reached. The effect of tube wall on heat loss is more severe for small tubes.
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The choice of 51 mm inner diameter as the standard apparatus by U.S. Bureau of
Mines is because this is the diameter at which a further increase in tube
diameter causes only a slightly widening of the limits that are measured.

Finally, in the measurement of flammability 1imits we have assumed that the
ignition source is strong enough that the influence of ignition source can be
ignored. In fact, the measured limits will be narrower if the ignition source
is not sufficiently strong, because near limit mixtures require very strong
ignition sources to initiate the combustion reaction.

4, Autoignition Temperature (AIT)

Thermal ignition of a reactive gas is simply to heat a certain volume of the
gas to a temperature in which rate of heat generation is greater than the rate
of heat loss and hence, self-acceleration of reaction can occur. The relation
between the rate of heat generation and heat loss is sketched below.

|
T, T, T T

Fig. 3-2. The sketch of heat generation and heat loss.

where g, is the rate of heat generation by chemical reactions, which is dependent
on the overall reaction rate and therefore g, vs T is an exponential curve for
any reaction according to the Arrenhius law of mass action. dl is the rate of
heat loss by conduction which is proportional to the temperature difference
between the reactive mixture and the surroundings and the surface to volume ratio
of the gas volume. It is thus a straight line in q_vs T plot.

For a given combustible mixture, the heat generation and heat loss rates will
compete with each other as shown in the sketch. Presumably, the volume of
combustible mixture is stable at initial temperature T,. Self-heating will bring
the temperature up to T = T, in which steady-state occurs, i.e., dn = dv
External addition of energy may bring the temperature up, but the temperature
will decrease until it is back to T = T, since dl > g, in the region of T, to T,.
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This occurs unless the addition of external energy is at a sufficiently rapid
rate (must exceed éL) and then bring the temperature of the system beyond T,, in
which rate of heat production ék again dominates over the heat loss term d“

The critical temperature T,, at which dR starts to dominate and hence self-
acceleration of chemical reactions occur, is defined as ignition temperature.
We can see that the ignition temperature is not unique but dependent on the size
of the heated volume, since dL, the rate of heat loss per unit volume, is
proportional to the area to volume ratio.

On the other hand, there is another important concept about thermal ignition,
namely ignition time delay or induction time. For an adiabatic system at any
initial conditions the temperature, and hence reaction rate, change very slowly
during the period of so-called induction time, then the reaction occurs almost

"instantaneously” at the termination of the induction period. In other words,
temperature and pressure of the system rise almost instantaneously after an
induction time. This behavior is due to the high activation energy of
hydrocarbon fuels. Although the induction time is derived from an adiabatic
volumetric reaction, it is really a global scale that characterizes a given
combustible mixture, since the reaction time is relatively short and heat Joss
can be ignored even when the mixture is not bounded by insulated walls.

The induction time is a strong function of temperature and increases rapidly
with the decrease in temperature. Eventually, there is a temperature below which
the induction time is so Tong that all the combustible mixture will be consumed
before the explosion reaction can occur. In a given size volume (using a
standard apparatus) the minimum temperature at which the mixture can attain self-
acceleration conditions is called the minimum autoignition temperature (AJT).

A typical example of a measurement of the ignition delay to determine the AIT
is given in Fig. 3-3 for normal propylnitrate (Zabetakis, 1965). In this case,
the minimum AIT was determined to be 170°C.

In regard to industrial safety, the minimum autoignition temperature gives

some indication of the maximum surface temperature that should be allowed when
the particular combustible mixture is present in an industrial environment.

The AIT data for some hydrocarbon fuel and air mixtures are listed in Table
3-7 with flammability and burning velocity data.

5. lanition enerqy and quenching distance

Ignition energy and quenching distance are two other fundamental properties
of a flame which are of importance to the flame propagation and safety. As
illustrated by the previous sketch, the addition of an external energy is
required for the ignition of any combustible mixture which is stable at ordinary
temperature, i.e., to bring the mixture to ignition temperature T,, at which Qs
starts to surpass q..
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Fig. 3-3. Time delay before ignition of NPN in air at 6900 kPa in the temperature
range from 150 C to 210 C [Zabetakis (1965)].

To bring about ignition of the entire volume of combustible mixture, an
amount of external energy E,, which can increase the temperature of the entire
volume to T,, is required. Alternatively, the case of more general interest is
to bring about ignition in a small local volume of the mixture only and the
external energy E, required will be much smaller in this case. Thus, the
ignition energy depends upon the size of the local volume of the mixture from
which the combustion reaction can spread. This is referred to as the minimum
flame kernel. The volume of the kernel can be estimated approximately as a slab
with the thickness of the order of flame thickness (inversely proportional to
laminar burning velocity), and the area of the slab A = d %, where d, is the flame
quenching distance, which is the minimum tube diameter in which a flame cannot
propagate due to excessive heat loss tq the surroundings. The quenching diameter
may be related to the flame thickness s by the empirical relation d, = as, where
a is a constant of the order of 40 and is not very sensitive to the properties

of the mixture [Lee (1981)]. Thus the minimum ignition energy may be expressed
by an approximate relation as:

E=a'8’pc,(T,~ Ty (27)
or

T,—T,
Eiza t-b3 : (28)
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Note that the approximate expression given above can provide only a qualitative
description of E,. Nevertheless, it can be used to explain the experimentally
well demonstrated feature of the sharp U-shaped curve of E, versus fuel
concentration, since b and T, with composition curves both have the form of an
inverted U with the maximum at around the stoichiometric composition.

It should be noted that the minimum ignition energy of a given mixture is not
unique but affected by many factors. First of all, types of ignition sources
and the rate of energy deposit must be considered. It is still a subject of
research and has been discussed in detail in many papers. Here, to simplify the
matter, we assume that the external energy is deposited instantaneously. Thus,
we may eliminate other parameters of the ignition source such as the rate of
energy deposit, and speak of the energy addition only.

Hertzberg (1980) has presented a simple analytical model to estimate the
fraction of energy of a capacitance spark that is available to initiate the
combustion in the test mixture. The maximum possible is about 70% of the stored
electrical energy (1/2) cv?, where c¢ is the capacitance and v is the input
voltage, since a fraction of the deposited energy must appear as the work of the
compression of the surroundings. In fact, the largest measured efficiency is
only about half of the possible maximum, i.e., about 35% of the stored electrical
energy. The rest of the ignition energy is probably dissipated as the heat in
the external circuitry, at the electrodes or as the shock energy.

Values of the minimum energy for some fuels mixed with air are also contained
in Table 3-7. Note that the minimum ignition energies for gaseous mixture are
extremely small. As a matter of act, sparks with sufficient energy to ignite
most hydrocarbons can be generated by ordinary static electricity, or in other
words, by commonly used electric equipment. Therefore, in ordinary industrial
situations, spark ignition of combustible gas or vapor and air mixtures is an
ever present possibility and special precautions must be taken to reduce the
possibility of ignition when gases or vapors are present in the combustible
range.

Flame quenching refers to the fact that a flame cannot propagate in small
tubes or transmit through a narrow gap or a small hole due to the excessive heat
loss to the walls. The subject of flame quenching is of great importance in
combustion safety. The quenching diameter or gap is a very important parameter
in the design of electrical equipment used in a combustible environment.
Standard apparatus are devised to measure the so-called safety gap for most of
the fuel-air mixtures and extensive data are contained in The National Fire Codes
(NFC), particularly National Electrical Code [NFPA70 (1990)].

In general, the quenching distance is of the order of 1 to 2 mm for common
hydrocarbon fuels mixed with air, and about 10 times smaller for the same fuel
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mixed with pure oxygen. Again, H, and CH, are exceptional because they have
quenching distances much smaller than other common fuels.

Likewise the minimum ignition energy also depends on various flame
properties. The approximate expression of d ~ 30 ~ 50 s indicates the U-shaped
curve for the dependence of the quenching diameter on fuel composition with the
minimum near stoichiometric composition. The inverse dependence of d on Taminar
burning velocity b also enables the influence ot initial temperature and pressure
on the quenching distance d to be evaluated. It should also be mentioned that
turbulence increases the quenching distance since the rate of turbulent heat
transfer is greater than the corresponding laminar case.

In the above discussion only heat loss has been considered. In reality,
however, the cold walls may provide a sink for the free radicals in the flame
as well. For further improvement, mass diffusion losses should also be included
in a proper quenching distance analysis.

D. Confined and vented gaseous deflagrations

Technically, completely confined gaseous deflagrations are not explosions,
because no shock waves form within the confinement and there are no external
explosion effects because the confining structure or vessel is strong enough to
completely contain the pressures created within the enclosure by the
deflagration. But, if the deflagration pressure exceeds the strength of the
enclosure, a damaging explosion will result as the enclosure fails and the
pressure is suddenly released. In industrial processes which can result in
gaseous deflagrations within enclosures, it is common practice to control or
mitigate the effects using venting, inerting or suppression techniques.
Consequently, there is voluminous literature on this topic, as there is for
prediction and control of the somewhat similar physical processes in confined
dust explosions. Good general references on this topic are Bartknecht (1978a
and 1981), NFPA68 (1988), NFPA69 (1986), Baker, et al (1983), and Oyez (1984).

1. Unvented gas deflaqrations

Deflagrative pressures for combustible gas mixtures recorded in closed
vessels of spherical or nearly spherical geometry with few internal obstructions
and "soft" ignition are essentially identical in character to vessel tests for
suspended dust-air mixtures, as in Fig. 2-1 [see Bartknecht (1978a, 1981) and
Zabetakis (1965)]. That is, pressure rises following a cubic in time until
combustion is complete, then Tlevels off at a maximum value (p, absolute, P,
gage), after which it slowly decays because of heat transfer through the vessel.
Scaling of the maximum rate of pressure rise, (ﬁ)mx, has been found to follow
Bartknecht’s cubic Taw, Equation (1). The proportionality constant for a given
gas in this law is denoted K, with the subscript indicating gas. Strong
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turbulence within an enclosure, or complex internal geometry causing flame
acceleration processes usually lead to greater values for (b)m, than reported
based on closed vessel testing.

Data for the closed vessel tests generally is more repeatable, and the tests
are easier to run than for combustible dusts, because uniform combustible
mixtures are easily achieved, and the mixtures are easy to ignite. Table 3-8

TABLE 3-8. Flammable Gases (NFPA 68)

Flammable Range, mol % P, bar ga

K¢
Flammable Gas Lit. Measured Lit. | Measured | bar * m/sec
Methane 5§ - 15 5 - 14.5 7.2 7.05 64
Ethane 3 - 125 2.5 - 13 - 7.8 106
Propane** 2.1 - 9.5 2.0 - 10.0 8.6 7.9 96
Butane** 1.5 - 8.5 1.75 - 8.5 8.6 8.0 92
Pentane 1.4 - 7.8 1.5 - 8.7 7.65 104
Ethylbenzene 1.0 - 7.8 0.5 - - 6.6 94
Acetophenone - 0.8 - - 6.9 109
Hydrogen 4.0 - 75.6 | 5.0 - 72.5 7.4 6.9 659

gives some data on maximum gas pressure P, and K,, from NFPA68. That reference
also recommends calculation of K, for untested flammable gases by the simple
proportionality equation

(Su)z : (Pm)z]

————— 9
A (29)

K)=(K)), [

Values for P, can both be measured or both be calculated assuming constant volume
heat addition to the gas in the closed vessels. But, one should not calculate
one value and measure the other. Values of S, for many gases are given in
NFPA68, and are reproduced in Appendix C.

2. Vented gas_deflaarations
As is true for confined dust explosions, a popular method of explosion

control is passive venting through a low-strength and low-mass vent cover.
Again, the four general references cited earlier cover this topic in considerable
detail, along with Bradley and Micheson (1978a, 1986). Referring to Fig. 2-21,
one reduces the maximum pressure within an enclosure by providing a vent with
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enough area A, and low enough release pressure (P, or P,) to limit the maximum
internal pressure (P,, P,, or P.,) to a safe value. The scaled vent area

A,=(A,/V?) (30)

and scaled mass of vent cover
m=(Ma,/p,V”A,) (31)

from Table 3-2 are important parameters. Bradley and Micheson’s work gave scaled
prediction curves for estimating P,,,, for venting of roughly spherical vessels,
Fig. 3-4 and Table 3-9. [Note that their A is defined in a slightly different
way than Equation (24). Also, they do not give enough information on covered
vents to calculate m.] Venting nomographs have also been developed by Bartknecht
(1978a and 1981), and are reproduced in NFPA68. A typical one for hydrogen is
shown in Fig. 3-5.

It will be apparent from discussions later in this chapter that gaseous
deflagrations in long enclosures and/or with turbulence cannot be safely vented
using information such as Fig. 3-4 or 3-5. Also, as size is increased,
parameters which do scale according to the simple cubic law, as described in
Equations (9a) and (11) through (16) have been found to seriougly affect maximum
pressures in large vented enclosures. Pappas (1984) summarizes related tests,
as in Fig. 3-6, and also presents empirical prediction curves, dependent on
vessel volume (Fig. 3-7), based primarily on large-scale testing in Norway. But,
we are very far from identifying which ones of the distortions in scale factors
shown in Equation (9a) is affecting the maximum vented pressure.

E. Detonation fundamentals

Reactive gas detonation has been a subject of great interest for over a
century due to its violent nature and involvement in various types of accidental
explosions. The topics of major concern are the sensitivity of a given
combustible mixture to the onset of detonation and the damage potential once a
detonation has been initiated. The former is referred to as the initiation of
detonation and the latter, the detonation parameters.

This section will start with the determination of the detonation parameters
of an established detonation which are of importance in the evaluation of the
possible violence Tevel a gaseous explosion could achieve. It is well understood
that once the composition of a combustible mixture is given, detonation
parameters of the system can readily be calculated with considerable accuracy
on the basis of thermodynamic data alone. Therefore, more emphasis will focus
on the problem of detonation initiation, which plays a controlling role in the
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TASBLE 3-9. Properties of Selected Gas-Air Mixtures at Initial Conditions of
1 Atmosphere and 298°K [Bradley and Mitcheson (1978b)]
Mole &% Puw Pe _
Gas in Air ¢ S, m sec™ Pro Atmospheres S,
CH, 9.48 1.00 0.43 7.52 8.83 8.5 x 10°
CH, 7.75 1.00 1.44 8.41 9.78 3.2 x10%
CH, 9.17 1.20 1.54 8.80 10.28 3.7 x 10°
CH, 6.53 1.00 0.68 8.06 9.39 1.4 x 10
CH, 4.02 1.00 0.45 7.98 9.31 9.6 x 107
C,H, 4.30 1.07 0.46 8.09 9.48 9.9 x 10°
C:He 5.00 1.26 0.38 7.97 9.55 9.2 x 10°
CiH, 6.00 1.52 0.15 7.65 9.30 3.0 x 10°
CsHye 2.55 1.00 0.43 8.07 9.42 9.0 x 10°
CcHy, 2.70 1.06 0.43 8.18 9.76 9.3 x 107
CHys 3.00 1.18 0.40 8.16 9.77 8.4 x 10°
C.H,, 3.50 1.39 0.29 7.92 9.80 6.3 x 107
CyeHas 0.39 7.82 9.40 7.1 x 10°
H, 29.50 1.00 2.70 6.89 8.04 4.4 x 107
H, 40.00 1.60 3.45 6.50 7.78 5.3 x 107
TOWN GAS|{ 25.00 1.40 1.22 6.64 8.03 1.9 x 107
Actual Fuel / Air Volume Ratio

¢ =Equivalence ratio =

Stoichiometric Fuel / Air Volume Ratio

p. = Theoretical closed vessel maximum explosion pressure
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overall explosion phenomena. Also of importance are the 1imit conditions within
which an explosive mixture can sustain a detonation wave. There is,
unfortunately, still no quantitative theory to predict whether a given reactive
gas can detonate, or whether the detonation can be initiated by a given ignition
source. Nevertheless, some empirical relations and available data will be given
in the later discussions.

1. Determination of detonation parameters

The well known ZND model was proposed by Zeldovich, Doering and Von Neumann
independently. It assumes one-dimensional flow with the shock at the head of
the wave being a jump discontinuity in which no chemical reaction takes place.
Following the shock is the reaction zone in which chemical reaction proceeds and
is complete in the final state, which is assumed in thermochemical equilibrium.
The flow in the reaction zone is steady in the shock-fixed coordinate system.
Hence, the shock and the reaction zone, which is usually referred to as the
detonation front, propagate together at a constant speed. The propagation speed
of the detonation front is usually called detonation velocity and is denoted by
"D".

The simplest detonation theory, the so-called Chapman-Jouguet classical
theory, is the limit of instantaneous reaction of the ZND model, with the
reaction zone collapsed into a single jump discontinuity in which the combustion
reaction is completed at infinite reaction rate. The C-J theory, although
formulated by Chapman and Jouguet independently nearly a century ago, still has
been widely used to predict the final state of detonation products and detonation
velocity. This is due to its simplicity and the remarkable agreement between
the calculated results and experimental data.

The C-J theory contains a set of equations including mass, momentum and
energy conservation equations across the wave front, the equation of state of
a perfect gas and the C-J criterion. The C-J criterion is that the detonation
wave speed is exactly equal to the speed of the head of the expansion wave
following the detonation front, i.e., the sonic condition D=u+c, where u and ¢
denote the flow velocity and local sound speed immediately after the detonation
front. Then the five unknown parameters immedicately after the detonation front,
namely, p;, o4, T;, U;, and D, can be solved by the five equations as the function
of initial conditions in unreacted gas. It is not necessary at all to consider
the details of the reaction rate processes inside the reaction zone. Simple
equilibrium thermodynamic computations will give the final state of the gas and
detonation velocity with satisfactory accuracy even for near limit compositions.

The conservation equations and complementary equations of the C-J theory have
been presented in many books and hence are not described here to avoid
duplication.



81

Standard computer codes [Gordon and McBride (1976), Cowperthwaite and Zwister
(1973)] are available for the computation of C-J detonation parameters for any
fuel-oxidizer mixture at any initial conditions, providing that the enthalpy of
formation and other thermodynamic properties of the gases are then in JANAF table
or other sources. Detonation parameters for some gaseous mixtures calculated
by the Gordon-McBride code are presented in Table 3-10.

Despite the complex multi-dimensional cellular structure of a real detonation
wave, the prediction of detonation parameters obtained from the one dimensional
C-J theory agrees well with experimental measurements.

The experimental measurement of detonation parameters in a gaseous system is
quite straightforward and hence will not be discussed here. Among them,
detonation velocity is the characteristic of the system which can easily be
measured with high accuracy and hence is often used to verify the correctness
of theoretical models.

The most important point is that knowledge of the propagation mechanisms of
the detonation wave, such as rate of chemical reactions, detailed structure of
the wave front, etc., is not required in determining the steady detonation
parameters. In other words, they are uniquely determined once initial
thermodynamic conditions are given. This is different from a flame where
thermodynamic and gasdynamic analysis do not predict a unique flame speed for
a given mixture. This is because the detonation wave propagates with a
supersonic speed into the unreacted mixture which has not been disturbed by the
wave propagation, whereas the unburned mixture ahead of a deflagration wave has
been influenced by the expansion of the combustion products.

2. Direct initiation of a detonation wave

For most practical purposes the initiation problem is much more important
than that of detonation parameters. As can be seen from Table 3-10, there is
very little spread in the values of the detonation parameters of different fuels.
Therefore, the blast effects are not much different from various gases or vapors
if they are detonated. However, whether a reactive gas detonates or not makes
substantial difference in the blast effects. So, initiation plays a central role
in the overall explosion phenomena. Furthermore, once a reactive gas is
detonated, we have shown that the detonation states can be predicted quite
accurately by the classical C-J theory. This is not the case for the initiation
problem, unfortunately, because there is no quantitative theory to the present
time to predict whether a detonation can be initiated by a given ignition source.

There are, in general, two modes of detonation initiation, namely the direct
initiation of detonation and the transition from deflagration to detonation
(DDT). The direct initiation is the fast mode where a detonation wave is
initiated in the immediate vicinity of a strong ignition source (sometimes called
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TABLE 3-10. Detonation Properties for Selected Stoichiometric
Fuel-Air Mixtures*

Chapman Jouguet

% Fuel Pressure | Temperature Velocity

Fuel Formula (vol. %) (10° Pa) (K) (m/s)
Methane CH, 9,50 17.19 2781 1804
Ethane C,Hg 5.66 17.98 2815 1803
Propane C;Hg 4.03 18.06 2822 1800
Butane CHio 3.13 18.11 2825 1798
Heptane C,Hy 1.87 17.77 2796 1784
Decane CioHaz 0.91 17.76 2794 1782
Ethylene CH, 6.54 18.36 2926 1825
Propylene CsHs 4.46 18.30 2889 1811
Butylene C.Hg 3.38 18.30 2877 1806
Acetylene C.H, 7.75 19.12 3112 1867
Propyne C;H, 4,99 18.78 2999 1834
Butine C.H, 3.68 18.76 2967 1828
Butadiene C.Hs 3.68 18.44 2928 1812
Hydrogen H, 29.59 15.84 2951 1968
Benzene CeHs 2.72 17.41 2840 1766
Alcohol C,H;0H 6.54 17.68 2735 1773
Ether C.Hy,0 3.38 18.26 2819 1796
Propylene Oxide C,Hs0 4,99 18.43 2886 1810
MAPP CaHs 00 4.69 18.34 2921 1818
* Calculated by using Gordon-McBride code at 13 x 10°Pa

P, = 1.0
T,= 298

k
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"hard ignition"). The DDT is the slow mode of initiation in which a deflagration
is first initiated by a weak ignition source (sometimes called "soft ignition")
and the detonation is realized through various flame acceleration mechanisms.
A comprehensive review of the two modes of detonation initiation has been given
by Lee (1977).

As regard to the fast mode of direct initiation, a general description of the
mechanism is first presented, followed by a discussion on source characteristics.

1) The mechanism of the direct initiation of detonation

By far the most important means of direct initiation of a detonation is via
the strong blast wave generated by a powerful energy source such as a capacitance
spark, a laser spark, an exploding wire, or a charge of high explosive. The
mechanism of the blast initiation is then via the shock compression of the
reactive medium to achieve autoignition temperature corresponding to the shock
conditions, which is in the order of 1000-1500K for most hydrocarbon fuels, to
induce chemical reactions in the shocked medium. The energy released by chemical
reactions then supports the shock and prevents it from decaying . When the
energy released by chemical reactions in the shocked medium can fully support
the shock, a stable or so-called Chapman-Jouguet (C-J) detonation wave is
established.

Lee (1977) described in detail the propagation regimes of a spherical
detonation in an acetylene-oxygen mixture. When the initiation energy exceeded
a critical value, the shock front and reaction zone were always coupled and a
detonation wave propagated into the unreacted gas with, at first, above C-J
velocity and then approaching gradually the C-J velocity of the mixture. This
is referred to as the supercritical regime. On the other hand, when the
initiation energy was below the critical value, the shock wave generated by the
initiation source decoupled progressively from the reaction front due to the low
shock strength which induced chemical reactions in the shocked medium with
ignition delay too Tong to couple with the shock wave. Thus, the shock decayed
and the subsequent propagation of the reaction front was identical to an ordinary
flame. This has been referred to as the subcritical regime. When the initiation
energy was at the critical value, coupling and decoupling of the shock and
reaction fronts occurred interchangeably and the oscillation of the parameters
was observed during the detonation propagation.

2) Source characteristics

The most important parameter that characterizes the initiation process is the
threshold of initiation energy, so called critical initiation energy. This
energy requirement is, of course, dependent on the sensitivities of fuel-
oxidizer mixtures. In fuel-oxygen systems, the required energy is of the order
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of joules and electrical sparks or exploding wires can be used to achieve direct
initiation. However, for insensitive fuel-air mixtures, the critical energy is
of the order of megajoules and charges of high explosives must be used to achieve
direct initiation of detonation in spherical geometry.

Meanwhile, the energy deposit characteristics of the source have substantial
effects on the critical value of the initiation energy. It was found that using
the same type of igniter, the critical energy for the same mixture can differ
by three orders of magnitude when the energy deposit characteristics varied
[Bach, Knystautas and Lee (1970)]. A systematic study of the energy-time
characteristics of the electric spark as the ignition source has been carried
out by Knystautas, et al (1974, 1976) and it was revealed that only the energy
released up to the first quarter-cycle of the ringing damped discharge was
relevant to initiation. Dabora (1982) also demonstrated the energy-power
relationship in a stoichiometric hydrogen-oxygen detonation initiated by a
detonator tube and defined the minimum requirement for both initiation energy
and power. The above experimental results indicated that the ignition source
must be capable of generating a shock wave of a certain minimum strength and the
shock wave must be maintained at or above this minimum strength for a certain
minimum duration. In other words, the incident shock wave must be of enough
strength to compress the fresh medium to a high enough temperature and maintain
this temperature for a time duration at least equal to the induction time
corresponding to this temperature. Based on the above experimental results
Abouseif and Toong (1982) proposed a simple theoretical model to determine the
power-energy relation and predict their respective threshold values by means of
a constant velocity piston model. This model was later extended by Kailasanath
and Oran (1983) to determine the relation between the energy and power required
for the initiation of planar, cylindrical and spherical detonations in gaseous
mixtures. However, difficulty always lies on the lack of available data of the
induction time in various conditions which have significant effect on energy-
power relations.

When charges of high explosives are used as the ignition source, the blast
wave generated can be considered as an ideal point spherical blast characterized
by the total energy only, since the time of energy disposition is short compared
with the characteristic time of the blast wave [i.e., R,/C, where R, = (E /P,)*?
is the explosion length and C, is the sound speed in the medium, according to Lee
(1984)]. Nevertheless, there are still problems on how much of the total energy
is used. In other words only a portion of the total energy actually goes into
initiation and to determine exactly the fraction still remains a problem.

Ohyagi, et al (1985) measured the energy requirement for methane-oxygen
mixtures in a planar shock tube and found that the initiation energy estimated
by the blast decay method was about 26 to 42% of the total energy released by
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the initiator tube. A similar factor obtained by Tang, et al (1986) for the
direct initiation of a decane spray in a planar tube is only around 15% which
is decreasing with the increase of the initiation blast Mach Number. It is
concluded that because of the energy dissipation in the mechanical vibration and
distortion of the shock tube ‘system, the heat loss and the energy remained in
the combustion products of the initiator gas, only a small portion of the total
energy released by the initiation source is actually transferred to the tested
mixture.

The equivalence of the explosion length R, in the different geometries of
initiation supported by the experiments of Ramamurthi (1976) enables the
extrapolation of critical initiation energy from different geometries. In other
words, if the critical energy per unit area for a given mixture for the case of
planar initiation is known, the corresponding critical energy for spherical
initiation can be found since the explosion length is the same for all
geometries, i.e., E,nerica/Ecyrsmaricas = Ecyrinarscar/Epranar = Roy Where R, = (E,/P)Y4*,
J =0, 1, 2 for planar, cylindrical and spherical geometries, respectively, E,
is the source energy and P, is the initial gas pressure. The experimental data
that support the above conclusion are shown in Table 3-11.

TABLE 3-11. Value of R, in the Different Geometries of Initiation [Lee (1977)]

R, with R, with R, with
Spherical Cylindrical Planar
Initiation Initiation Initiation
Gas Mixture (cm) (cm) (cm)
100 torr 2CH, + 50, 2.8 3.0 -
200 torr 2CH, + 50, 1.23 1.3 -
300 torr 2CH, + 50, 0.83 0.82 --
40 torr 2CH, + 50, - 7.2 7.5
80 torr 2C,H, + 50, + 6Ar 7.0 7.4 --
380 torr 2H, + 0, 6.4* 7.4 --
800 torr 2H, + 0, 7.2 6.9 7.5

* Deduced on the basis of detonation diffraction experiments.

It should be noticed, however, the extrapolation of the critical energy in
spherical initiation from planar geometry is often inadequate due to the effect
of boundary conditions. Therefore, the evaluation of the detonation sensitivity
of a given mixture is, in general, based on the experiments conducted in
unconfined spherical geometry which will be discussed later in Section F.
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3. Detonation structure and dynamic parameters

Although the ZND model has provided an explanation of many detonation
phenomena, it fails to describe the mechanism of detonation initiation and
propagation. According to Lee (1984), a real detonation front proceeds in a
cyclic manner and chemical reactions are essentially complete within a cycle or
a cell length. The shock velocity is not constant but fluctuates within a
detonation cell about the equilibrium C-J value. In other words, in a detonation
wave, the chemical heat release is neither instantaneous as stated by the C-J
concept, nor spacially homogeneous behind a shock front as illustrated by the
IND model, but rather is controlled by a system of colliding transverse waves
which are generated and sustained by the local explosions [Strehlow (1968)].

The cell width X is the most important parameter characterizing the structure
of the detonation front. It has been considered as the length scale of the
global rate of chemical reactions in the detonation front and hence of
fundamental significance. The parameters relevant to detonation initiation, such
as critical initiation energy, critical tube diameter and detonability limits,
and the influence of wall losses all do depend directly on detonation structure,
i.e., on the value of cell width A. These are defined as dynamic detonation
parameters by Lee (1984) to distinguish from "static" detonation parameters
obtained by C-J theory which is independent of detonation structure.

There is, unfortunately, still no quantitative theory for estimating the
value of cell size. Experimental measurement by means of the smoked foil records
has been the only successful means to obtain the cell size data so far, although
there are serious problems with this method since the fish-scale patterns are
highly irregular and the selection of the "correct" cell size requires an
experienced eye. Early measurements of the cell size were carried out mostly
in Tow pressure fuel-oxygen mixtures diluted with inert gases [Strehlow & Engel
(1969)]. The measurement of cell size in fuel-air mixtures at atmospheric
conditions is more important for most practical purposes. Some cell size
measurements in stoichiometric fuel-air mixtures at atmospheric pressure were
made by Bull, et al (1982) more recently, and a systematic measurement of the
cell size in common fuel with air mixtures over the wide range of fuel
composition at atmospheric conditions was carried out by Knystautas, et al
(1983). The results are summarized in Fig. 3-8.

The solid Tines in Fig. 3-8 represent the linear relationship X = Al, where
1 is induction zone length and computed from detailed kinetics [Westbrook
(1982)]. By matching with one experimental point, the proportionality constant
A can be obtained which differs for different mixtures (e.g., A = 10-14 for CAH,,
A = 52.23 for H,). The agreement with experimental data is, in general, within
one order of magnitude.
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Fig. 3-8. Cell size of fuel-air mixtures at atmospheric pressure [Lee (1984)].

The linear relationship between cell size and induction zone length in part
explains why the ZND model, even though physically incorrect, has often provided
a good explanation for observed detonation phenomena [Sichel (1989)].

It was found experimentally that when a planar detonation wave propagating
in a circular tube emerges suddenly into a large volume containing the same
mixture, the planar detonation wave may transform into a spherical detonation
wave or fail to propagate depending on the tube diameter. The threshold of the
tube diameter d. is thus defined as critical tube diameter. An empirical
relation of d. ~ 13x was first observed by Mitrofanov and Soloukin (1965) and
then demonstrated by Moen, et al (1981) and Knystautas, et al (1981, 1983).

The relation of critical initiation enerqay and chemical induction length was
first proposed by Zeldovich (1956) and the cubic dependence of the critical
energy E on the induction time - derived from Zeldovich criteria for spherical
detonations has been adapted by a number of authors. Based on this criterion
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and using strong blast theory Lee (1977) derived the expression for the critical
initiation energy E, as the function of chemical induction time r., detonation
velocity D and initial density o, of the mixture corresponding to the planar,
cylindrical and spherical geometries. However, the lack of the knowledge of the
chemical induction time in the detonation wave prevents the above expression and
other theoretical efforts from being completely quantitative.

Based on the surface energy concept, i.e., the minimum surface energy with
which a planar detonation wave can evolve into a spherical wave without failure,
should equal the surface energy of the blast sphere when the initiation blast
wave has decayed to the C-J strength. Then equating directly the surface area
of the blast sphere to the cross section of the critical tube, 4s«R? = xd.?/4, the
blast energy as a function of the blast radius can easily be determined by Lee,
et al (1982) as

E, =4myP M4 I(13M/4)

=(2197/16)np, ID* A’ (32)

where I is a numerical constant that is a function of the specific heat ratio
Yy (y=1.4, 1 =0.423 for spherical geometry); o, is the initial density and D
is the C-J velocity of the mixture.

Using the cell-size data of Knystautas, et al (1982, 1983), the critical
initiation energies have been computed for common fuel-air mixtures and compared
with the experimental data obtained by Elsworth from direct experimental
measurements of the critical charge. The agreement is reasonably good and Lee’s
equation can be used to predict critical initiation energies for most practical
situations with acceptable accuracy. In this prediction, of course, the
availability and accuracy of the cell-size data play a central role.

Detonability 1imits, in general, refer to the composition 1Timits within which
an explosive mixture can sustain a detonation wave. Beyond the lean 1imit, the
mixture contains too little fuel while beyond the rich 1imit the mixture contains
too much fuel to sustain a detonation. It is obvious that the detonation 1limit
is one of the most important parameters in evaluating the explosion hazards of
a given fuel and determining the safety conditions whereby a given operation can
be performed.

Like the other dynamic detonation parameters, the detonability limit cannot
be determined from theoretical considerations alone, but has to be measured
experimentally. The U-shaped curves of critical initiation energy versus fuel
equivalence ratio can be used to define the detonability limits, however, by
specifying somewhat arbitrarily an upper 1imit of the critical energy above which
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the mixture is rendered nondetonable. Because of the difficulty in the
experimental measurement of detonability 1limit (high initiation energy
requirement and large scale field test for fuel-air mixtures) only fragmental
data are available so far. These data are given in Table 3-12 along with the
references. It should be noted that these data are very approximate and
apparatus dependent. Therefore, interested readers should refer to the
references for details.

It can be seen from the table that detonability limits are, in general,
narrower than the flammability limits of the same mixture.

Based on the criteria for stable propagation in tubes, detonability limits
can also be predicted from a knowledge of the cell size A. It was found by
Donato (1982, 1981) that the onset of the single-head spinning waves in a given
tube, which corresponds to a cell size of the order of the tube circumference
(i.e., A~ xd), should correspond to the detonability 1imits for that tube. Thus,
the composition Timits for a given tube can be estimated if A is known. In other
words, if the onset of single-head spinning waves is found experimentally in a
tube, the composition 1imits can be obtained from the known relation of X versus
composition, using A = rd where d is the diameter of the tube.

4. Deflagration to detonation transition (DDT)

A deflagration wave is subsonic and can thus perturb the gas ahead of the
flame. In general, compression waves are generated ahead of the flame due to
the expansion of combustion products. Since a newly produced compression wave
propagates at a higher velocity through the gas which is precompressed and heated
by the previous compression waves, a shock wave will be formed and strengthened
when overtaken by successive shock or compression waves. When the strength of
the precursor shock reaches a critical value, a sudden change of the propagation
mechanism occurs from the slow process controlled by diffusion and heat
conduction to adiabatic compressive heating. This corresponds to the onset of
a detonation which is not a continuous process from deflagration to detonation,
but rather the "sudden" formation of the detonation. Just prior to the onset
of detonation, the universal picture according to Lee (1977) is one of a highly
turbulent flame brush propagating behind a train of intense shock waves and the
establishment of detonation is originated from "explosion in the explosion" as
Oppenheim called it. The local explosion results from the formation of a "hot
spot” due to finite gasdynamic fluctuations in the precompressed unburned gas.
Although the gasdynamic fluctuations that trigger off the localized explosion
in unburned gases may have numerous causes, the average condition of the unburned
gases between the shock and flame brush must be close to the autoignition 1limit
of the mixture which are of the order of 1100K and 1500K for hydrocarbon-oxygen
and hydrocarbon-air mixtures, respectively. Therefore, the minimum shock
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TABLE 3-12. Detonability of Some Fuel-Air and Fuel-Oxygen Mixtures
Fuel-Air Mixture Fuel-Oxygen Mixture
Stoich. Detonability Stoich. Detonability
Comp. Limits Comp. Limits
Fuel (volume %) {volume %) (volume %) (volume %)
Acetylene (CH,) 7.75 6.7 - 21.4 18 - 59!
28.6 6.75 - 68
Hydrogen (H,) 29.59 13.5 - 70?
18.0 - 59° 66.66 39 - 81!
Ethane 5.66 4.34 - 8.64" 22.22 12 - 38!
2.87 - 12.2° 11 - 39
Propane 4.03 3.0 - 7.0° 16.66 8 - 30.5'
2.57 - 7.37° 7 - 31!
2.2 - 9.2
Butane 3.13 2.2 - 5.4 13.33
1.98 - 6.18°
Ethylene 6.54 3.3 - 14.7° 25.0 15 - 48!
9.75 - 51!
Propylene 4.46 3.5 - 8.5 18.18 9 - 35
3.55 - 10.4° 6.75 - 37!
Ethylene Oxide 7.75 5.3 - 18.0! 28.57 13.5 - 60.5'
8.5 - 65'
MAPP* 4.69 2.9 - 10.2%
2.9 - 10.5°
3.3 - 9.9

-

~

Lee & Matsui (1978)

Benedick (1983)

Lewis & Von Elbe (1961)

Bull, et al. (1982)

Borisov & Loban

Fry & Nicholls (1974)

Collins (1974)

MAPP = 51.0% Methyl acetylene, 26.0% propane, 23.0% propadiene
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strength required is M, ~ 4 and M, ~ 5 for fuel-oxygen and fuel-air mixtures,
respectively.

The strength of the precursor shock depends on the flame speed, the ratio of
the specific volume increase across the deflagration wave and the boundary
conditions. The ratio of the specific volume increase is nearly a constant of
about 7 for common hydrocarbons, hence the occurrence of the transition depends
only on the flame speed corresponding to the boundary conditions. The flame
speed increases drastically via various mechanisms of flame acceleration. Se,
the DDT problem is actually a problem of flame acceleration.

According to an analytical model proposed by Lee, et al (1976), which is
based on the assumption that the critical states are achieved via the adiabatic
compression of a single shock wave generated by the turbulent flame, the
criterion of the turbulent flame speed required for the transition to occur is
about 230 m/sec for fuel-air mixtures and about 65 m/sec for fuel-oxygen
mixtures. The laminar flame speed for mass hydrocarbon-air mixtures is of the
order of 0.5 m/sec, thus an amplification factor u./u, ~ 460 is required to
produce the critical states for the DDT to occur. On the other hand, the laminar
flame speed is about 10 m/sec for fuel-oxygen mixtures and hence the
amplification factor required is only u./u, ~ 6. This explains the great ease
of the establishment of a detonation in fuel-oxygen mixtures, as compared to
fuel-air mixtures. The fact that for mixtures of acetylene and hydrogen with
air, the laminar flame speed is of the order of 1.5 m/sec, which is about three
times higher than most hydrocarbon fuels, also explains the relative ease of the
realization of DDT in these particular mixtures, since the amplification required
is much less than for most hydrocarbon-air mixtures.

By far the most important mechanism of flame acceleration is that due to
turbulence created by obstacles in the path of the propagating flame. Consider
a gas mixture ignited by a weak source. A laminar flame propagates in the
quiescent reactive gas. Due to the expansion of the burnt gas, the unburnt
mixture ahead of the flame will be set into motion with a velocity u = (dv/v)s,
where u is the velocity of unburned gas relative to laboratory coordinate, s is
the velocity of burned gas relative to the unburned gas, and Av/v is the ratio
of specific volume increase across the flame to the initial specific volume.
For most hydrocarbon-air mixtures with a typical laminar burning velocity of
about 0.5 m/sec and the increase in specific volume across the flame of 7 times
the initial specific volume, the flow velocity of unburnt gas will be of the
order of 3.5 m/sec. Therefore, no significant flame acceleration is observed
in a completely unconfined spherical flame. However, if solid surfaces of the
confinement or obstacles are present in the flow field, shear layers and velocity
gradients will be formed in the boundary layers on the surfaces as well as in
the wake of the obstacles. As the flame advances into the velocity gradient
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field, the flame surface will be stretched and folded. The distorted flame will
consume unburnt gas over a larger surface area leading to an increase in the rate
of heat release which corresponds to a higher volumetric or mass burning rate.
Turbulence in the shear layers also enhances the Tocal burning velocity because
of the higher turbulent transport rates. This combined effect of large scale
flame folding and fine scale turbulent enhancement of the local burning velocity
causes the volumetric burning rate to increase. The higher burning velocity
results in a larger displacement flow velocity of the unburned gas ahead of the
flame. This in turn gives rise to a more severe velocity gradient and higher
turbulent intensity in the shear Tayers. Thus, the flame speeds of the order
of hundreds of meters per second and even DDT is achieved due to the positive
feedback Toop [Lee (1977)].

Both experimental and numerical studies on the subject of flame acceleration
have been carried out extensively during the Tast decade due to its significance
in accidental explosions. A number of reviews have already been written by Lee
(1977, 1983) and Moen (1982) describing the important progress made in this
field. It has been demonstrated that flames, even in rather insensitive fuel-
air mixtures, can, under appropriate conditions, accelerate very rapidly to very
high speeds and develop very high overpressures. The acceleration rate, the
flame speed attained and the associated overpressures developed are all functions
of the particular fuel, mixture composition, obstacle configuration, confinement
and geometry of the flame. Recent experimental results of the dependence of the
turbulent flame speed on fuels, compositions and obstacle configurations are
summarized by Lee (1984).

It should be noticed that for the onset of detonation, the critical states
must be maintained for a certain minimum duration which should be at Tleast of
the order of magnitude of the induction time corresponding to the autoignition
temperature. For fuel-oxygen mixtures, the induction time is of the order of
microseconds while that for fuel-air mixtures is one to two orders of magnitude
longer. This explains why in some cases when the high turbulent flame speeds
were produced artificially, the transition process still could not be realized
because the folded structure of the flame could not be maintained long enough
for the onset of detonation.

F. Unconfined vapor ¢loud explosions (UVCE)
1. Introduction

Experimental and analytical studies on UVCEs have been pursued by two groups
of investigators with totally different purposes. One group is focused on the
development of the weaponry system termed FAE for Fuel Air Explosives, and the
other group is concerned with avoiding severe UVCE accidents. The fuels in FAE
weapons are usually sensitive to shock initiation, e.g., ethylene oxide,
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propylene oxide or MAPP gas (a mixture of methyl-acetylene, propylene and
propadiene), the dispersion of fuel and the ignition of combustible mixture are
designed to detonate most of the fuel after rapid mixing with air. By contrast,
fuels in accidental UVCEs can be any gaseous or flash-evaporating 1iquid fuels.
Only a portion of fuel is within flammable 1imits, and even less fuel will serve
as the source of generating significant blast effects in accidental UVCEs. The
estimation of explosion yield is based on only 2 to 10% of the heat of combustion
of the total fuel, since the explosion yield ranges from 0.1 to 10% with the
majority less than 1 to 2% according to accident history analysis [Lind, et al
(1982), Davenport (1977)]. The blast yield of Flixborough disaster was estimated
to be 5% of the combustion energy from 30 tons of cyclohexane [Sadee, et ai
(1977)]. The highest yield factor of 10% was reported by Baker (1984).

The formation of an explosive vapor cloud in FAE weaponry system is due to
the intentional dispersion of combustible gas or mist in the atmosphere by a
well-designed explosive charge, while in an accident scenario, the formation of
the explosive vapor cloud is most 1ikely the consequence of an accidental release
of a combustible gas or liquid. The accidental release of gaseous or liquid
fuel may not necessarily lead to an explosion. Often, there is only a siow burn
or only a dispersion of fuel without ignition.

It has been realized that to have a UVCE, certain conditions must be met.
First of all, there must exist a pre-mixed vapor-air and/or mist-air mixture
which 1ies within the explosion 1imits. In other words, there should be a proper
delay time between the escaping of fuel vapor or mist into the atmosphere and
the ignition of the cloud to allow the formation of the explosive mixture.
Secondly, there must be either a strong ignition source (or sources) or some
flame acceleration mechanisms to generate a shock wave of significant strength
which can cause damage to the surroundings.

Once the above conditions are met and a UVCE is estabiished, the following
effects to the surroundings are, in general, realized:

1) A sizeable fireball,

2) A wide spectrum of air blast effects, ranging from minimal to

catastrophic, and

3) Minimal fragmentation.

In later discussions, particular regard will be given to the blast effects
since fragmentation effects are negligible and radiation effects can be referred
to Baker, et al (1983) and other references.

Unfortunately, a considerable number of accidental UVCEs have been recorded
throughout the world over the recent years. Some of the massive explosions have
been the predominant cause of the largest losses in the chemical and
petrochemical industry. The statistical analysis over the 150 losses occurred
in the recent 30 years by Garrison (1989) has shown that the magnitude of the



94

losses has increased in each of the five-year periods and that 46%, 42% and 60%
of the 1osses were initiated by UVCEs within petrochemical plants, plastic/rubber
plants and natural gas processing, respectively. Furthermore, the UVCEs resulted
in highest fatalities and property losses. For example, the Flixborough works
of Nypro (UK) Ltd were virtually demolished by an explesion on June 1, 1974 due
to the accidental release of about 30 tons of cyclohexane. This accident killed
28 people and injured many more and the damage to property extended over a wide
area. Very recently, a massive explosion on October 23, 1989 destroyed Phillips
Petroleum Co. plastics facility 15 miles from Houston, Texas, with 24 killed and
124 injured. The fire and explosion were probably fueled by ethylene and
isobutane gases--both used in plastic manufacturing and plastic products.

Because of trends toward plants of larger capacity, higher pressures and
temperatures and increasing quantity of shipping and storage of combustible
liquids and gases, the losses resulting from UVCEs have been increasing both in
frequency and severity. Therefore, there has been a major growth of concern on
the subject of unconfined gas and vapor cloud explesions during the recent years.
Several surveys of vapor cloud incidents [Strehlow (1972), Strehlow and Baker
(1975), Davenport (1977), Gugan (1979)] have summarized the accidental
explosions, their damage and available data. Davenport (1977) summarized the
type of facility, type of plant and mode of release for incidents where
overpressures were created. His statistics have shown that industrial,
particularly chemical and petrochemical, plants and the process equipment are
the major areas for encountering UVCEs. Selected industrial incidents were
listed and amount of loss for each incident were estimated. More complete
statistics on vapor cloud incidents were made by Gugan (1979). Incidents
involving Targe clouds that upon ignition did not create noticeable overpressures
and incidents where large clouds did not ignite are also included in both
surveys.

2. Direct initiation of an unconfined detonation

Like other types of explosions, UVCEs can also be categorized into two types,
namely deflagrations and detonations, according to the different propagation
mechanisms. Detonation is, of course, the most violent form which can cause the
most severe damage to the surroundings over very large distances. Also like
other types of explosions, the detonation of an unconfined vapor cloud can be
achieved through either the direct initiation or the transition from
deflagration. In either case there are quite restrictive conditions which must
be satisfied if the detonation is to propagate.

The most important parameter, which characterizes the direct initiation of
a combustible mixture, is the critical initiation energy. The critical
initiation energy is defined as the minimum of source energy required for the
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direct initiation of an unconfined detonation in a reactive mixture. It has
always been used to illustrate the detonation sensitivity of the given mixture,
since it avoids all external influences such as boundary confinements and relates
directly to the rates of chemical reactions in the detonation front.

The critical initiation energy data measured directly for unconfined fuel-
air clouds are very limited due to the experimental difficulties. The
fragmentary data available are briefed below.

1) The direct initiation of methane-air mixtures

In view of the safe transport and storage of liquefied natural gas (LNG), the
direct initiation of methane-air mixtures has been studied by several
investigators in the 1970 decade. Bull, et al (1977) used stoichiometric
methane-oxygen mixtures diluted with various amounts of nitrogen. The gaseous
mixtures were contained in polyethylene bags of uninflated size 1.8m x 1.8m and
3.05m x 1.52m and initiated by tetryl charges placed on one end of the bag. They
were able to detonate mixtures of CH, + 20, + xN, in the range of 0 £ x < 5.5.

The critical initiation energy for methane-air mixture (i.e., mixture of x = 7.2)
could not be obtained directly because of the Timitation of the experimental
arrangements. Nevertheless, a linear relation was found between the Togarithm
of tetryl charge weight to nitrogen concentration. The extrapolation of the
straight line indicated that 22 kilograms of tetryl would be required to initiate
a spherical detonation in a stoichiometric methane-air mixture. The results also
pointed to the long path length of eleven meters which would be required in any
experimental verification of the extrapolation.

Kogarko, et al (1966) reported initiating a methane-air detonation with a one
kilogram charge of TNT, but Bull, et al (1977) revealed that this measurement
was so close to the initiation source that the wave propagation was influenced
by the initiation source, not suitable to determine whether-or not the wave was
self-sustained.

Vanta, Foster and Parson (1974) also reported that natural gas-air mixtures
were detonated by one kilogram of high explosive in 1.2m square x 6m long
enclosures made of plastic film. However, they noted that the detonation front
was atypical of other hydrocarbon-air detonations and that the propagation
velocity was considerably lower than the calculated C-J detonation velocity.

Benedick (1979) measured the critical initiation energy of methane-air
mixture using large polyethylene film enclosures of 2.4m square cross-section
and 12m long that were supported by a framework of steel pipe. To minimize the
divergence of gaseous detonation from the initiator the high explosives were Im
X 2m rectangular layer of Detasheet supported on plywood. 3.6 to 4.1 kg of high
explosives initiated stable detonations that propagated the full length of the
enclosure (12m), while the 1.5 kg and 2.8 kg initiators established detonations
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that failed after propagating about 1 meter. When the mass of the Detasheet
Tayer was 4 kg but the cross-section of the enclosure was only 1.6m square,
detonations were established but failed after propagating about 7m aleng the bag
length. It is concluded from the experiments that stable detonations can be
initiated in a stoichiometric methane-air mixture by about 4 kg of high
explosives which is much less than the extrapolation by Bull, et al (1977) and
the prediction by Boni, et al (1977). However, the cross-section of the
initiation charge and unconfined gas column must be sufficient to prevent
rarefaction waves from quenching the reaction in a region along its axis. So,
the critical initiation energy of 4 kg of high explosive charge obtained by
Benedick, et al (1979) for methane-air mixture is not for a completely unconfined
spherical cloud, but the requisite cross-section of about 2m square is very small
relative to the dimensions of clouds resulted from accidental release of large
quantity of fuel.

Westbrook and HaseTman (1979) predicted the critical initiation energy of 50-
100 kg high explosives for unconfined methane-air mixture using a numerical model
which combined blast wave decay and chemical kinetics and was validated by means
of comparison with Bull’s experimental data (at least one data point).

It has also been demonstrated by Bull, et al (1977) that methane is the most
stable among all hydrocarbons due to its particular niolecular structure. The
amount of tetryl required to initiate detonation in methane-air mixture is more
than two orders of magnitude greater than that in heavier paraffin hydrocarbons
and more than three orders of magnitude greater than that in ethj]ene-air
mixture. This is in agreement with the measurements of detonation cell size or
critical tube diameter. The comparison of the critical energies for the mixtures
of some hydrocarbop fuels with air is shown in Fig. 3-9.

The decrease of critical initiation charge of methane with the addition of
heavier hydrocarbons, typically ethane, has also been illustrated by Bull, et
al (1978) as in Fig. 3-10. The strong influence of small ethane concentrations
is readily apparent.

It is clear that the requirement for initiation source for most natural
gases, which is at least 1 kg of tetryl [Bull, et al (1977)], is much Tower than
that for pure methane. This trend is also verified by Nicholls, et al (1979)
using a sectored shock tube.

No result of the direct initiation of methane-air mixtures that deviate from
stoichiometric proportions has been reported so far.
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2) Direct initiation of hydrogen-air detonations

In view of the specific interest in hydrogen-air detonations related to
safety operations of nuclear reactors, a series of large-scale experiments were
carried out at the field test facilities of Sandia National Laboratories by
Benedick, et al (1986) to measure the critical charge weight for direct

initiation of unconfined detonation in H,-air mixtures.

The Sandia experiments were carried out in large, slightly tapered (2.4m to
2.7m in diameter and 4.2m in length), vertically mounted cylindrical polyethylene
bags. The initiation charge, composed of two hemispheres of composition (-4
plastic explosive (aH, = 4.87 kJ/gm), was located one meter above the base on the
axis of the bag to avoid the influence of ground reflection of the blast wave
on the initiation of the upper portion of the bag to ensure completely unconfined
conditions.

The results of Sandia experiments are summarized in Table 3-13. The
detonation range obtained in Sandia experiments has extended the Elsworth
results, which were carried out in an explosion vessel of about 1.5 m* in volume,
from 17.4% H, to 16.7% H, on the lean side and 57% to 60% on the rich side.
However, for critical initiation energy, the differences between the Elsworth
results and the Sandia results are substantial, particularly for lean mixtures.
For instance, for a mixture of about 20% H,, the Sandia charge weight measurement
is three-fold of Elsworth’s result, while at the composition of about 17.4% H,,
the Sandia measurement is more than twelve-fold larger. It is clear that the
Elsworth’s results underestimate the required initiation energy, due to the
limited size of his apparatus, so that there appears to be insufficient travel
for the detonation wave away from the initiation source to assess whether the
detonation will fail or not.

For comparison, the recent results of Tiezen, et al (1986) for hydrogen-
air detonation obtained in a tube of 0.43m inner diameter, which can be operated
at elevated temperatures, are also summarized below.

For H,-air mixtures at 20°C and a total pressure of 1.0135 x 10° Pa,
detonations have been achieved between 13.5% and 70% H, mole fraction (13.5% and
70% H, mixtures correspond to the onset of a single head spin detonation). These
limits are much wider than the previously believed 18-59% H, by Lewis and von
Elbe (1961) obtained in a smaller tube but close to that obtained in McGill by
Knystautas, et al (Lee, 1984) in the tube of 30 cm inner diameter. The
detonability increases with increasing initial temperature at constant density,
e.g., at 100°C and on air density of 41.6 mole/m*, a 13% H,-air mixture has been
detonated.

The addition of €O, or H0 vapor to H,-air mixture greatly reduces the
detonability of the mixture. The addition of 5, 10 and 15% CO, to a
stoichiometric H,-air mixture increases the cell width » (about 5 mm for
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TABLE 3-13. Critical Initiation Energy for H,-Air Mixtures

[Benedick, et al. (1986)]

(p, = 630 Torr)

Charge Weight
% H, in Air ¢ g (Comp. C-4) Detonation
16.7 0.48 461.0 No
17.4 0.50 461.7 Yes
18.5 0.54 60.5 No
18.5 0.54 88.5 No
18.5 0.54 151.0 Yes
20.0 0.59 14.5 No
20.0 0.59 30.5 Yes
55.1 2.92 153.0 Yes
57.0 3.15 152.7 No*
58.1 3.30 461.1 Yes
60.0 3.57 461.0 No*
60.5 3.65 152.7 No

* Indirect initation on reflection from boundaries.
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stoichiometric H,-air mixture) by factors of 1.5, 2.8 and 12.8 respectively.
According to the cubic power law of Zeldovitch criterion, the addition of CO,
decreases the detonability by corresponding factors of 3.4, 22 and 2100
respectively. It was also observed that the role of water vapor is to
desensitize the mixture by a substantial factor. As an example, the addition
of 10, 20 and 30% of steam to the stoichiometric H,-air mixture leads to the
increase in detonation cell size A by the corresponding factors of 6, 30 and
60. According to Zeldovitch criterion, the data indicate a reduction in
detonability of the mixture by factors of 220, 2.7 x 10* and 2.2 x 10°,
respectively.

3. Blast produced b fi f ation

The knowledge of blast effects generated by unconfined gas deflagrations is
of importance in accidental explosions. Gugan (1979) reviewed 100 accidents on
unconfined vapor cloud explosions from 1921 to 1977 and showed that about 60%
of them involved blast effects which resulted in large destructive distances and
severe damage. Statistics had also shown that most of the UVCE accidents which
produce blast damage are related to deflagration rather than detonation.

It is extremely difficult to evaluate a priori blast effect of a potential
explosion hazard, for many reasons. First, the accurate estimation of the amount
of fuel released before ignition has often proved impossible, with the best
accuracy within a factor of twoe. Furthermore, only a portion of the fuel could
be mixed with air within the explosion 1imits and the accuracy of the estimation
of the amount of fuel premixed with air could be predicted for the order of
magnitude. The uncertainty of the portion of fuel which premixed with air but
burned in low burning velocity and hence made insignificant contribution to the
blast effects also adds additional difficulties.

Despite the above difficulties, several models have been proposed by various
investigators to predict the blast effects generated by unconfined vapor cloud
deflagrations because of its practical importance in assessing the potential
explosion hazards associated with accidental spills of variety of fuels. Some
of the models, or the results of the models will be presented at the forms which
can be readily used by engineers. However, it is not possible to make a
comparison between these models because experimental data on the deflagration
generated blast are rare.

1) Spherical flame model by Strehlow. et al (1979)

Strehlow, et al (1979) has carried out a numerical study for blast waves
generated by a spherical flame propagating from the center to the edge of the
combustible mixture with constant velocity. In the computation, the flame was
represented by a heat-addition, "two-gamma" working-fluid model and the real
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equilibrium Hugoniots corresponding to six commonly used fuel-air mixtures were
used to obtain proper values of gamma v and heat addition Q in this model. The
results appear as solid curves in Fig. 3-11 where the scaled overpressure
E, = (P..-P.)/P,, and the scaled radius R = R/R,, where R, = (E./P,)*; E, is the
total energy deposited in the source region, P, is the maximum of pressure rise

observed at R.
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Fig. 3-11. Scaled overpressure vs energy-scaled radius for constant-velocity
flames. Solid line: numerical calculations. Dashed lines: Taylor’s theory
extended to the very low Mach number range [Strehlow, et al (1979)].

Fig. 3-12 presents the scaled positive impulse ft versus scaled distance R,
where

- I,a,

T=gmo (33)
In these figures M, is the flame Mach number which equals the flame velocity

divided by the velocity of sound in the ambient air. M,, is the normal burning

velocity divided by the ambient sound velocity. These figures also appear in

Baker, et al (1983).
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Fig. 3-12. Energy-scaled impulse vs energy-scaled radius for constant velocity
flames, a bursting sphere, the ramp addition of energy, and reference Pentolite
[Strehlow, et al (1979)].
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Numerical calculations were not performed at extremely lTow flame velocities
because computer times become very long and calculation becomes very costly.
An analytical expression developed by Taylor (1946) is then used to predict the
maximum pressure rise in low velocity cases. The results obtained by using the
Taylor’s acoustic solution for M,, = 0.034 - 0.005 are plotted as dashed lines
in Fig. 3-11. The pressure remains constant until it reaches the 1limit radius
of the source region and then begins to drep. The inverse-radius law (P, a I/R)
is used to extend the curve to larger radii.

Additionally, the effect of flame acceleration on the blast wave was studied
and the results show that the maximum overpressure generated by an accelerating
flame was always less than that generated by the constant velocity flame
traveling at the maximum velocity. Thus the constant velocity results are
conservative and can be used to estimate the overpressure, providing that the
maximum value of the flame velocity is known. This aspect is discussed in more
detail in Baker, et al (1983).

As can be seen from Fig. 3-12, positive specific impulse is essentially
unaffected" by the flame Mach number. However, the scaled positive impulses
produced by thg sources of Tow energy deposit rates are apparently lower than
that generated by Pentolite. Nevertheless, the duration of the impulse loads
will be considerably longer than that for an equivalent high energy density
source.

In summary, the overpressure and positive impulse of the blast wave generated
by a spherical deflagration can be readily found from the curves resulted from
Strehlow’s model. However, flame speed or normal burning velocity should be used
as the input and how the flame accelerated to this speed is not addressed in this
model.

2) INO hemisphere model

A shock wave model was presented and a computer program has been developed
by the Prins Maurits Laboratory TNO [Pasman (1976), Wiekema (1980)] to allow the
estimation of the possible blast effects from the deflagration of a hemispherical
combustible cloud. The model is illustrated by Fig. 3-13. A hemispherical cloud
with a volume v, consisting of a homogeneous combustible gaseous mixture will,
after ignition in the center, expand to a hemisphere with volume v,. This
expanding movement taking place at various speeds is replaced by an equivalent
piston movement. The radius r, corresponding to volume v, and the time t, in
which the expansion process is completed gives the average flame velocity as

\_’n =(r— 1/t (34)
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The characteristic equations together with boundary conditions describe and
determine the flow field once the energy release rate is given. The formation
and location of the shock waves in that flow field is then solved by the adoption
of the "area balancing technique" described by Witham. The results calculated
by this characteristic method are illustrated by the relationship between the
peak overpressure of the shock wave 5, = (P - P,)/P, and average flame velocity
Voo

Before the results can be given, the characteristic explosion length must be
defined as:

13 13
Lo=(V;E°) =(§nRi%) (35)

where E. is the total heat release per unit volume and E. is approximately
3.5 x 10° J/m® for common hydrocarbon fuels.
Now, the results are listed below:

average flame velocity peak overpressure
Vo (m/s) P, = (P-P,)/P,
40 2 x 102 L /R
80 6 x 10 L /R
160 15 x 102 L /R

The results are also plotted in Fig. 3-13 and the levels of reactivity correspond
to average flame velocities: 40 m/s for low reactivity, 80 m/s for medium
reactivity, and 160 m/s for high reactivity. The curve labelled "detonation”
in Fig. 3-13 is fitted to the data of Kogarko, et al (1966) adjusted to the
scaling and hemispherical geometry.

The positive phase duration of the blast wave should be the time interval of
the arrival of the leading shock front and the arrival of the zero overpressure
point behind the shock which propagates with the ambient sound speed.

In Fig. 3-13, the word "reactivity" means "the susceptibility to a flame
acceleration”, i.e., in identical situations, higher flame acceleration can
occur and hence higher flame velocity can result in combustible mixtures of
higher level of reactivity. For instance, in identical situations the blast
damage of an acetylene-air explosion will be more serious than that of a methane-
air explosion due to the greater flame acceleration and higher flame speed which
can occur in the case of acetylene.

The fuels are divided into reactivity classes on the basis of experience and
the reactivity classes of various hydrocarbon fuels are listed in Tables 3-14
and 3-15. In these tables those gases and vapors about which 1ittle or nothing
is known are all classified in "high reactivity” and are indicated by "*".
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TABLE 3-14. TNO Classification of Shock Wave Reactivity [Wiekema (1980)]

Explosion 1imits, flash point, and autoignition temperature of the various gases
with a boiling point lower than 21°C together with reactivity.

Explosion Flash Autoignition
Limits Point | Temperature | Shock Wave Model
Gas (vol. %) (°c) (°C) Reactivity

Acetaldehyde 4-57 =50 140 average
Ammon1ia 15-28 < =33 630 low

1,3 Butadiene 1.1-12.5 -85 415 average
n-Butane 1.5-8.5 =138 360 average
Propane 2.1-9.5 -187 465 average
Propene 2-11.7 <- 48 455 average
1-Butene 1.6-10 -185 380 average
Dimethylamine 2.8-14.4 < -18 400 average
Ethyl Chloride 3.8-15.4 -58 510 low
Ethane 3.0-13.5 < -89 510 average
Ethene 2.7-34 < -104 425 average
Ethylene Oxide 3-100 -18 440 high
Methane 5-15 < =161 540 low
Methyl Bromide 8.6-20 <4 530 Tow
Methyl Chloride 10.7-17.2 < =24 625 Tow
Vinyl Chloride 4-29 =77 470 average
Formaldehyde 7-73 -19 430 high*
Carbon Monoxide 12.5-74.2 | < -191 605 Tow
Hydrogen Sulphide 4.3-46 < -60 270 high*
Acetylene 1.5-100 < -84 300 high!

! In view of the high reactivity of acetylene, it is advisable for this gas
to use only the top line of the *high reactivity® range.
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TABLE 3-15.

TNO Classification of Shock Wave Reactivity [Wiekema (1980)]

Explosion 1imits, flash point, and autoignition temperature of the various
liquids with a boiling point higher than 21°C together with reactivity.

Explosion Flash Autoignition
Limits Point Temperature | Shock Wave Model
Liquid {vol. %) {°C) (°c) Reactivity

Acrylonitrile 3-17 -5 480 average
Acetonitrile 3-? 2 525 average
Allyl Chloride 3.2-11.2 -30 390 Tow
Carbon Disulphide 1-60 -30 100 high*
Diethylamine 1.7-10.1 < =20 310 average
Propylene Oxide 1.9-37 < -37 430 high*
Vinyl Acetate 2.6-13.4 -8 425 high*
Tetra Ethyl Lead 1.8-7 = 80 320 Tow
Allyl Alcohol 2.5-18 21 375 high*
Benzene 1-8 -11 550 high*
1,3 Dichloropropene 3.5-14.5 29 ? Tow
Epichlorhydrin 2.3-34.4 28 385 Tow
Ethylene Diamine 2.7-16.6 34 385 average
Ethyl Formate 2.7-13.5 -20 440 high*
Fromic Acid 14-33 69 > 520 average
Methyl Acrylate 2.8-25 -3 390 high*
Methyl Formate 5-23 < -20 450 high*
Solvent Naphtha 1.0-7.5 > 28 = 280 high*
Ethyl Mercaptan 2.8-18.2 < - 20 295 high*
t-Butyl Mercaptan ? ? ? high*
n-Butyl Mercaptan ? ? ? high*
Tetrahydrothiophene ? 12.7 ? high*
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The selection of the value of parameters, or the location in the band depends
upon the situations in the surroundings. If there is a probability of a high
degree of flame acceleration, due to the presence of many obstacles or partial
confinements in the cloud, then the upper value in the band must be taken. If,
on the other hand, there is no reason to expect a substantial flame acceleration,
the Tower value in the band is taken. If one is not certain about the occurrence
of flame acceleration, then either the upper value is used as the worst case
evaluation, or the middle point between the upper and Tower values can be taken
as the average.

3) The multi-enerqy method

The multi-energy method proposed by van den Berg, et al (1989, 1985) is based
on the concept that strong blast is generated only in places characterized by
a considerable degree of partial confinement while other, usually large parts
of the cloud burn out without any significant contribution. Therefore the blast
produced by a vapor cloud explosion will consist of several blast waves
propagating independently with each one of them being modeled by an equivalent
hemispherical combustible mixture. The basic tool of the multi-energy method
is the relations of the energy-scaled blast wave properties as the function of
the scaled distances as shown in Fig. 3-14, where solid lines represent high
strength blast while dashed lines represent low strength pressure waves which
may steepen to shock waves in the far field. The initial strength of the blast
js a variable and has been indicated with a number ranging from 1 for
insignificant blast up to 10 for a gas detonation. Another basic feature of the
blast-distance relations is that at a certain distance the hlast is nearly
independent of its initial strength when the initial strength is 6 or higher.

According to Van Wingerden, et al (1989), the multi-energy method is employed
as follows: The blast from each congested area inside a vapor cloud in a chosen
accident scenario is represented as the blast from a hemispherical fuel-air cloud
the volume of which is equivalent to the volume of the congested area. Blast
parameters in the vicinity of the cloud can be estimated using Fig. 3-14
providing that an initial blast strength must be chosen and the amount of
combustion energy involved must be substituted.

A demonstration of the method is given below using the Flixborough incident
in 1974 since it has been best documented. According to the multi-energy concept
the blast of the Flixborough explosion can be modeled by the blast of two fuel-
air charges: a low-strength charge corresponding with the unconfined parts of
the cloud and a high-strength part corresponding with the congested parts in the
cloud. The initial strength of the partially confined parts of the cloud has
been assumed to be 7 while that from the unconfined parts of the cloud is assumed
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to be 2. The resulted blast parameters are illustrated in Fig. 3-15 along with
the data derived from a blast damage analysis according to Sadee, et al (1977).
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Fig. 3-15. Representation of the blast from the Flixborough explosion [Van
Wingerden, et al (1989)].

A consistent picture is obtained by assuming that only about 30% of the total
amount of cyclo-hexane release was involved in the strong explosive combustion.
The positive phase duration of the shock wave generated by the strong explosion
increases up to 0.2 seconds in the far field which is in good agreement with the
estimation by Roberts and Pritchard (1982). It is obvious that the combustion
of the large unconfined parts of the cloud which took several seconds hardly
contributed to the blast effects.

It is clear that the initial strength of a blast wave is a function of gas
reactivity, obstacle parameters and the degree of confinement. There has been,
unfortunately, no quantitative prediction of the initial strength available so
far and the choice of the initial strength number could only be in qualitative
terms which will be discussed briefly as follows:

Experimental investigations showed that for relatively low flame speeds the
laminar burning velocity can be used to estimate the effects of different gases
and vapors in the same configuration of obstacles. It has been found that the
course of flame propagation in the same obstacle configuration for all gases
falls into a single curve, providing that the flame speed is nondimensionalized
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using the respective Tlaminar burning velocity as shown in Fig. 3-16 [Van
Wingerden and Zeeuwen (1983)].
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Fig. 3-16. Flame speeds dependent on the flame radius in a vertical obstacle
environment for various mixture reactivities. The flame speeds have been non-
dimensionalized using the respective laminar flame speeds [Van Wingerden and
Zeeuwen (1983)].

The two most important obstacle parameters that can be distinguished are
blockage ratio (ratio of area blocked by obstacles and total area) and the pitch
(the relative distance between two successive obstacles or obstacle rows). It
has been found that the flame speeds and hence the pressure development increase
with the increase of the blockage ratio [Moen, et al (1981, 1982); Van Wingerden,
et al (1983); Hjertager, et al (1984)]. With regard to the influence of obstacle
pitch, in tubes the optimum pitch value for baffle plates seems to be between
5.4 and 7.5 times the baffle plate height [Moen, et al (1982); Hjertager (1984)].
For double plate configurations the optimum seems to exceed 6 obstacle diameters
[Van Wingerden (1989)].

Experiments performed by Van Wingerden and Zeeuwen (1983) in a double plate
large scale obstacle array showed the dramatic influence of confinement. In case
of a confining plate over the obstacles, flame speeds up to 420 m/s were observed
for ethylene, whereas with no top plate the maximum flame speed was only 24 m/s.
Similar results were found for various other gases [Van Wingerden (1983)].

In summary of the deflagration models, the prediction of blast effects using
Strehlow’s spherical flame model requires a specified flame speed which itself
remains an unanswered question. The TNO hemispherical flame model, on the other
hand, does not require the specification of flame speed but has based its
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prediction on the classification of combustible gas. The classification
according to the reactivity of the gas which is not a well defined property and
the prediction of blast effects using the TNO hemispherical model has not taken
the effect of confinements into account, which has been proven extremely
important. Finally, in the multi-energy method, partial confinement has been
recognized as a factor of primary influence on both the scale and strength of
gas explosions. However, the procedure of the prediction of blast effects from
UVCEs using the multi-energy method is still far from complete. For instance,
the concept of partial confinement should be defined and parameterized, and the
concept of separate modeling of the blast generating objects should be verified
[Van den Berg, et al (1989)].

4, Blast effects produced by vapor c¢loud detonations
Due to the huge amount of energy required for the direct initiation of

detonation in most fuel-air mixtures, this mode of detonation initiation is
unlikely to occur accidentally. However, the estimation of the blast effects
produced by a detonating cloud is still of practical importance for two major
reasons. First, it is possible for a detonation to be realized via the mechanism
of flame acceleration and the transition from deflagration to detonation, or the
initiation by a hot turbulent jet resulted from explosion venting. Second, the
assumption of the establishment of a detonation always gives the estimation of
the worst-case blast wave properties which may sometimes be required for the
conservative design of blast-resistant structures or choice of safety distances.

The prediction of the blast effects generated by vapor cloud detonations has
already been illustrated in the above deflagration models as the extreme cases;
for instance, flame Mach number equals C-J detonation Mach number in Strehlow’s
spherical model (see Fig. 3-11), the detonation curve of reactivity in Fig. 3-13
for TNO hemispherical model and the highest initial strength, i.e., number 10,
in Fig. 3-14.

There have been a number of blast measurements made from detonating premixed
gas mixtures in spherical fuel-air or hemispherical on the ground configurations.
Brossard, et al (1984) collected previous data and conducted many more such
tests, with gas volumes ranging from about 5 x 10™* m* up to 1.45 x 10* m’.
authors scaled the data for a number of blast parameters according to a reduced
form of the scaling law given by Equation (17) (i.e., ignoring parameters
describing scaled rate of energy release and source shape). They developed
probably the first available set of scaled curves based on experiment for such
detonations. Their scaled data, including the important negative-phase
properties, are shown here as Figs. 3-17 through 3-22. Smooth curve fits to the
data for positive-phase blast wave properties and positive plus negative phases

These

appear in Figs. 3-23 and 3-24.
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Fig. 3-19. Reduced positive specific impulse vs reduced distance [Brossard, et

al (1984)].
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Fig. 3-23. Characteristics of the positive phase of the pressure profile vs
reduced distance [Brossard, et al (1984)].

Fig. 3-24. Characteristics of the pressure profile, taking into account the
negative part, vs reduced distance [Brossard, et al (1984)].
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Although these authors note the occurrence of the second shock, they do not
show it in their idealized pressure profi]gs, nor do they report measurements
of second shock properties. Also, please note in Figs. 3-17 through 3-24 that
a number of blast parameters are not rendered nondimensional, even though they
are plotted versus nondimensional distance. Throughout, effects of a
hemispherical charge on the ground with radius R, were assumed to be the same as
for a sphere of radius R, in fuel air. So, source energy was always

4nR}
B=——pE, (36)

where p, and E, are density and heat of combustion for the specific gas mixture.
This gives initial dimensionless cloud radius as

d -13
§°=[4§2‘E‘} (37)

For hydrocarbon-air mixtures, R, = 0.18, while for hydrocarbon-oxygen mixtures,
R, = 0.12. These authors give least-squares fits to positive phase blast wave
properties:

In(p*/p,) =—0.9126 — 1.5058(InR)

+0.1675(1nR)* - 0.0320(InR)’ (38)

In(t"/ YE) =+0.2500+ 0.5038(1nK) — 0.1 118(nK’ (39)

In(1*/ VE) = — 1.5666 — 0.8978(InR)
~0.0096(InR)” - 0.0323(InR)’

for 03<R<12 (40)

Note that Equation (36) is nondimensional, while Equations (37) and (38) are
dimensional, with units shown in Fig. 3-19.

The one-dimensional methods, however, have not included the influence of
cloud geometry which is usually irregular in shape for actual vapor cloud
explosions. So there have been some two-dimensional blast analyses designed to
simulate blast effects of real cloud geometries. The explosion cloud can perhaps
be approximated by elongated cigar-shaped or flat disc-shaped clouds. The
approximation of flat disc-shaped or pancake-shaped clouds on the ground surface
has often been used because vapor densities of most fuels are greater than air.
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Also, the contact of the cloud with the ground maximizes the blast damage for
a given amount of energy release due to the reflection of the blast wave from
the ground.

Sichel (1979) presented an analytical model of planar detonation with side
relief to calculate the pressure history on the ground during the detonation of
a cloud with small height-to-diameter ratio. Fishburn, et al (1981) has carried
out a numerical study using the two-dimensional HEMP computer code to simulate
centrally initiated detonation in a thin disk shaped cloud of 4.57m thick and
128m in diameter and consisting of stoichiometric kerosene-air mixture. Pressure
and impulse histories within a detonation cloud of stoichiometric heptane aerosol
of 70m in diameter and about 5.8m thick have been measured experimentally
[Fishburn, et al (1981)]. The height-to-diameter ratio and the fuel of the
heptane cloud are not the same as that assumed in the numerical study; however,
the ratio was sufficiently small and the detonation parameters of stoichiometric
kerosene-air and heptane-air are close enough that similar results could be
expected.

The pressure histories on the ground at the distance within the cloud
obtained by the above analytical model, numerical calculation and experimental
measurement are compared in Fig. 3-25. The peak overpressure obtained from the
numerical calculation is obviously lower than the theoretical and experimental
results. This is due to the use of relatively large computational cell size
which smeared out the combustion region. Nevertheless, the calculated impulse
is not greatly affected as shown in Fig. 3-26 and the general agreement between
the calculation and experiments is quite good.
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Fig. 3-25. Pressure history within pancake shaped cloud [Sichel (1979)].
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Fig. 3-26. Impulse history within pancake shaped cloud [Sichel (1979)].

According to Baker (1984), the most systematic numerical study to date of
blast from detonating pancake shaped clouds is that of Raju and Strehlow (1984).
The computations were made using an axisymmetric hydrodynamic code for
detonations in clouds in free air with aspect ratios of 5 and 10. The results
of the dimensionless peak overpressure and first positive phase specific impulse
along three radial lines from the cloud center are reproduced here as Figs. 3-27
to 3-30. For comparison, scaled curves for free-air detonations of spherical
Pentolite are also plotted in these figures.

Peak side-on overpressure, scaled specific impulse, scaled time of shock
arrival and scaled positive phase duration are plotted as functions of scaled
distance by Baker (1984) according to Hopkinson-Cranz scaling as shown in Fig.
3-31. The empirical curves are based on experimental blast data reported by
Axelsson, et al (1978) and Kiwan, et al (1975) for detonation of pancake-shaped
ethylene oxide fuel-air clouds with an aspect ratio of about 5, which are FAE
clouds formed by explosive dispersion from cylindrical containers. The distance
is measured along the midplane through the pancake cloud, and so corresponds to
the maximum of blast properties.

A two-dimensional axisymmetric numerical study for the blast effects from the
detonation of a pancake-shaped cloud has also been carried out by Wiedermann and
Eichler (1981). The results, which are labeled "LNG cloud", show that the peak
overpressure within the cloud is the detonation overpressure of 1.45 MPa for a
stoichiometric natural gas-air mixture and outside the edge of the cloud the peak
overpressure decreases rapidly. A value of 50 kPa is reached at approximately
15 height units and an extrapolation indicates that the 7 kPa (1 psi) level,
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which is of interest in structural response and personnel safety, occurs at a
range of approximately 3.6 km (about 100 height units). The calculation has been
made for a cloud of 1.1 km in radius and 25m in height, but the results are
presented in terms of the cloud height unit, hence possess some universality.

In conclusion, the large blast effects from fuel-air explosives may be
attributed to the fact that heats of combustion of fuels are generally much
Targer than heats of explosion of condensed explosives, e.g., the heat of
combustion for kerosene, 44.3 MJ/kg, is about 10 times the heat of explosion for
TNT. In addition, the tendency of the clouds to form a thin disk and creep along
the ground can significantly enhance the blast effects, e.g., 20 times the fuel
weight in TNT. Hazard assessments should include this factor when the estimation
of the worst case is required.

5. Experimental investigations on flame acceleration

The results of a great number of experimental studies, both in Taboratory and
Targe scale, have shown that flame acceleration processes cannot become severe
if the vapor cloud is completely unconfined. In a series of experiments
conducted by Lind (1975) and Lind and Whitson (1977) in 5m and 10m radius
hemisphere plastic bags mounted on a smooth concrete pad, no overpressures above
0.1 bar, which is the Tlowest pressure that could be recorded by the
instrumentation system, were recorded. The fuels tested were methane, ethylene,
acetylene, propane, butadiene and ethylene oxide at near stoichiometric
concentrations. The amount of fuel tested for each trial ranged from 21 kg (5m
radius hemisphere) to 290 kg (10m radius hemisphere). Although an increase of
normal burning velocity to a factor of 2.1 for methane and 1.7 for the other
fuels were observed (the factor of 0.8 for butadiene is obviously spurious), in
no case did the flame continue to accelerate to a higher velocity. More
discussion of these tests appears in Baker, et al (1983). Similar results were
obtained for large scale LNG spill test at China Lake in California, in 1981
[Rodean, et al (1984)]. This is reasonable since the blast effects are caused
by the massive increase in the volume of gas. If this volume production is
released without restraint at a speed much less than the sound velocity in the
surrounding atmosphere, the blast effect is negligible and the heat radiation
will be the only important form of energy release which determines the damage.

There are, however, obvious discrepancies between the lack of blast wave
development for the relatively large scale balloon tests and accident
investigation which indicates evidently strong and devastating blast waves.
These discrepancies are probably attributed to the very clean and unobstructed
configuration for the plastic bag tests and the very complex geometry existing
in most of the plants experiencing damaging UVCEs. It is thus clear that some
types of flame acceleration mechanisms are critical to the development of UVCEs.
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Several mechanisms of flame acceleration were proposed, such as self-
turbulence of the flame (flame acceleration due to flame instabilities), the
Markstein-Taylor instability (flame acceleration due to flame-shock interaction)
and flame propagation by heat radiation (dust particles suspended in the flow
ahead of the flame are heated by radiation from the flame and then ignite the
reactive mixture there, resulting in a large effective flame front area), etc.
Among the various mechanisms, the most effective appears to be the flame
acceleration due to interaction with obstacles, which is especially effective
in partially confined areas. Both laboratory tests and large scale field tests
have revealed that flame behavior is strongly affected by the presence of
obstacles and partial confinements.

Recent field experiments on flame propagation through very large obstacle
arrays have confirmed the important effect of obstacles [Harrison and Eyre
(1986)]. These tests, organized by Shell Research Ltd., Thornton Research
Center, are the largest performed so far on vapor cloud explosions, involving
4000m® of premixed natural gas-air and propane-air mixtures. A sketch of the
experimental layout is shown in Fig. 3-32. The pressure records showed that each
grid caused acceleration of the flame, but the peak pressure developed within
the rig was relatively modest (less than 0.7 bar). The results confirmed that
deep obstacle arrays and/or considerable confinement are required if significant
blast effect is to result from the weak ignition of a flammable cloud.

Large scale experiments performed in Norway [Moen, et al (1982)] showed that
with a worst-case geometry, e.g., a pipe containing ring obstacles, and the flame
propagating away from the closed end towards an open end, extremely violent
explosions, perhaps a detonation, can occur even in a methane-air mixture.
Nevertheless, it must be stressed that as soon as a fast flame emerges from a
confined or congested region into-an open area, the overall flame speed drops
rapidly.

In order to assess the potential for flame acceleration in industrial
environments, where process equipment such as vessels and pipelines are present,
a series of tests were performed in a top-vented channel, 1.8m x 1.8m in cross-
section and 15.5m Tong with repeated obstacles by Moen, et al (1986). Tests were
performed with acetylene, propane and hydrogen sulphide fuels mixed with air and
repeated cylindrical obstacles of two diameters (500 and 220 mm) mounted across
the channel at regular intervals (spacing equals 1.27m and 0.63m). In near
stoichiometric acetylene-air mixture, the flame accelerates as it propagates down
the channel and reaches speeds up to 400 m/s prior to the occurrence of localized
explosions which trigger the onset of detonation. The behavior of flames in lean
acetylene, propane and hydrogen sulphide-air mixtures is much less dramatic with
flame speeds ranging from 25 m/s up to 200 m/s and associated pressures less than
50 mbar. However, the continuous flame acceleration seen in more confined
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configurations is not observed in the present configuration with these fuel-
air mixtures.

In view of the importance of the obstacle induced turbulence on flame
acceleration a great number of investigations have been made on this subject in
the past decade [Moen, et al (1981), Wagner (1982)]. However, most of these
investigations were experimental studies performed on a laboratory scale, aimed
at studying the influence of repeated obstacles and vertical confinement. On
a large scale, field tests were conducted [Zeeuwen, et al (1983)] with a cloud
up to 100 kg of propane and the obstacles were placed in the area to be covered
by the flammable cloud.

In these tests, liquid propane, up to 40 kg/sec, was evaporated from a pond
and dispersed freely into the air. Depending on the weather conditions a certain
part of the vapor will be mixed in a flammable proportion with air which was
calculated by means of a dispersion model. It was found from the video
recordings that the area bounded by the LFL (lower flammability limit) contour
(the maximum distance covered by the flame) was more than 130m long and more than
75m wide for clouds up to 1000kg of propane. The height of the flammable part
of the cloud was about 2m. Near the pond a large part of the mixture was too
rich to be flammable. For tests without obstacles the flame speed was constant
over large distances. Usually the flame speed was 3 to 10 m/s which is higher
than that of 3-5 m/s measured on a small scale [Van Wingerden, et al (1983)].
Only in one trial, the high flame speed of 32 m/s (in one direction) was
recorded. Tests with horizontal obstacles, six pipes of 0.3m diameter and one
pipe of 0.6m diameter placed perpendicular to the wind direction, showed that
in front of the obstacles the flame accelerated to a maximum speed of 16 m/s,
but after passing the obstacles the flame speed dropped to a constant value of
6 and 10 m/s to the left and right respectively. In the tests with vertical
obstacles, sewer pipes (average diameter lm, length 2m) with a 3m pitch and
maximum number of 104, the flame propagation was not influenced by the presence
of the obstacles. In tests with vertical obstacles and vertical confinements
with the top of the obstacle array covered by steel plates, the maximum flame
speed amounted to 50-66 m/s. Within the array, the maximum pressure measured
was 2.0 kPa (20 mbar). At 75m, it was 0.59 kPa (15.9 mbar) and the decay of the
peak pressure with distance was stronger than expected from acoustic theory (1/R
dependence).

It thus can be concluded that vertical confinement plays an important role
in vapor cloud explosions since on an open site with vertical obstacles no flame
acceleration occurs, while with horizontal obstacles flame accelerates only very
slightly. Only within a vertically confined configuration the flame accelerates
continuously and the blast effects measured are in agreement with the flame
speeds.
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IV. HYBRID EXPLOSIONS
A. Fundamentals

A number of very complex physical processes occur when combustible dusts and
gases are mixed with air in strong, vented or unvented enclosures, and then
ignited. The processes are dynamic (time-varying), and can include laminar and
turbulent fluid flow, heat transfer from an ignition source to the dusts
suspended in air and to the gas-air mixtures, combustion, flame acceleration by
mechanisms which are poorly understood even for gas-air mixtures alone, and
overall pressure and temperature increase and eventual decrease within the
enclosure. The last two parameters determine whether the enclosure can survive
the internal explosion.

Related work in the literature is, of course, voluminous. Here, we will
highlight only those references which appear most pertinent.

Bartknecht (1978a) is an excellent general reference on pressures developed
in vented and unvented enclosures by either internal gas or dust explosions.
An empirically developed rule given in that reference notes that the maximum rate
of pressure rise for explosion of a given combustible dust-air mixture or a given
combustible gas-air mixture in a closed vessel, is inversely proportional to the
cube root of the vessel volume. But, Bartknecht has very little discussion of
confined explosions for what he calls "hybrid mixtures" of combustible dusts and
gases.

Nagy and Mitchell (1963) report some data for coal-dust and gas explosions
in an experimental coal mine. The work in these two references does show that
the hybrid mixtures are more easily ignited than either one alone, and that the
explosions are more viclent.

Lee and Guirao (1982) is a very useful recent reference, including a number
of papers on confined gas and dust explosions. Again, only one or two papers
in the proceedings discuss hybrid explosions. Several do discuss in detail the
role of turbulence in confined gas explosions, and identify parameters used to
describe turbulent conditions.

Turbulent and buoyant effects in tonfined gas explosions have been treated
in several other references, in addition to Lee and Guirao (1982). Nagy, et al
(1971), discuss buoyant effects and the effects of vessel size for closed vessels
while Yao (1974) discusses turbulent effects for vented enclosures. Finally,
Makepeace (1978) has prepared an excellent review paper on the effect of
turbulence on gas combustion.
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B. Scaling

In performing a similitude analysis related to the physics of confined
explosions of hybrid (gas-dust) combustible mixtures in air, we were largely
guided by a previous analysis by Baker, et al (1980). That analysis was limited
to dust explosions, but did include a number of parameters related to the dust,
to the ignition source, to the enclosure, and to initial conditions, as well as
response or output parameters. Combustion dynamics, available energies and heat
transfer parameters were included, as were parameters describing enclosure
venting. But, no turbulence parameters were included.

In the present analysis, the venting parameters are omitted, and a number of
additional quantities for characterizing gas explosions are added to the
parameters in Baker, et al (1980), including several for turbulent effects. The
list of physical parameters we have assumed to be adequate to bound the problem
is given in Table 4-1, with a description of each parameter and its dimensions
in a Mass, Length, Time, Temperature (M, L, T, 8) system. There are 40
parameters.

Following methods outlined in Baker, et al (1973), the 40 physical parameters
can be cast in the format 40-4=36 dimensionless ratios, or Pi terms, as shown
in Table 4-2. To do this, we chose to nondimensionalize in terms of the
repeating variables H, (heat of combustion of the dust), P,, (initial pressure in
the enclosure), 6., (initial temperature in the enclosure), and V, (volume of the
enclosure). One or more of these repeating variables therefore appear in most
of the Pi terms, except those which were already dimensionless.

Some of the terms in Table 4-2 can be converted to others which are more
easily recognized. For example, form

,_ 1 1 1 __U'lL
Ry =— ————="
RisT1eT17 Vo

This is the Reynolds Number (N.) for turbulent eddies. It is also probably
clearer to change most of the scaled density terms, to present them as density
ratios. Some of the enclosure thermal response terms are converted, as follows:

r =R k, heat conducted through enclosure
® "1y pcVI?  heat stored in enclosure material

L 6V.?6;  heat radiated to enclosure
2 g, "®7 k,  heat conducted through enclosure

= Fourier number (N )
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TABLE 4-1 List of Parameters for Hybrid Explosions

Parameters Symbol Dimensions
Dust
Mass M, - M
Heat of combustion H, L3/ T?
Mean particle size d, L
Particle size distribution function f, -
Moisture content (mass ratio) R, -
Heat of vaporization of moisture (internal Ufg L2/ T2
energy)
Dust concentration R, M/L3
Average density of material in dust particles Py M/L?
Gas Mixture
Heats of combustion of specific gas species H’s L3/ T2
Yolume ratio of each gas species relative to ¢i8 -
air (stoichiometry)
VYolume of each gas species at STP Vig L3
Ratio of specific heats for each gas ¥, -
Mean density of unburned gas Pu M/
Burned Gas/Dyst
Laminar burning velocity S. L/T
Turbulent burning velocity Sr L/T
Kinematic viscosity of combustion products A L3/T
Eddy size L, L
Mean flow velocity in turbulent eddies g L/T
Mean density of combustion products Pu M/L2
Ratio of specific heats for combustion products Y -
Temperature of combustion products eb 0
Enclosure & Initial Conditions
Volume \'A L3
Geometry L. L
Initial pressure pi M/T2L
Initial temperature 9 0
Ratio of specific heats for air ’Yj -
Ignition Source
Energy E, ML2/T?
Duration t, T
Geometry [ij L
Temperature 8, 0
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Parameters Symbol Dimensions

Pressure Response

Pressure (a function of time) P M/T2L

Rate of pressure change dp/dt=p M/T’L
Enclosure Thermal Response

Thermal {radiative) absorptivity o -

Thermal conductivity K, ML/T?60

Initial temperature 0, 0

Stefan-Boltzmann constant G M/T36*

Volumetric heat capacity P, M/LT?60

Emissivity €, -

External ambient temperature 4] (4]

Time

T
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TABLE 4-2. Pi Terms for Hybrid Explosions

NO. SYMBOL IERM
m —_—

T, M, MH,/p.V.
T, d, d /v, "
T, f, fy

T, R, R,
s U,, U,/H,
g R, R,H,/p..
L2 P PaHy/ P
fas Mixture _

T H, H,/H4
Ty O Oy
Ty A V,/ V.
Ty Yi Yi

Ty P, P.Hy/Poe
Burned Gas/Dust

Ty S, S/H,"?
T S S./H, "
Tys Vy v,/H, 2V 7
T1e b LIV."
Ty v v/H?
T P, PoH 4/ Do
Ty Yo s

Ty 0, 0,/0,

NO, SYMBOL IERM
Enclosure and Initial Conditions

Tn ls ARG
Ty Ye Ye
Ignition Source

n23 Ei Ei/poeve
Ty t; t,H, /v, "?
Toas ij [i,-/Ve"3
T 0, 0,/6,,
Pressure Response

Ty P P/Pee

T P pV. "/, Hy"”
Pressure Response

Ty a,; O,

7(30 El kueoe/poe}{dlnvela
T3 -é, 6,/6,
Ty ° o6 /p H,"?
Ty Fuc—p ptcpeoe/Poe
Ty & £,

Tas 8, 0,/0,
s i tHdm/Vem
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With these conversions we obtain the modified set of the 36 Pi terms in Table
4-3.

The large number of terms in the similitude analysis may seem rather daunting.
But, many are automatically satisfied if we retain the same fuels, same geometry
and same jnitial conditions. Referring to Table 4-3, we see that term x, then
requires that the dust concentration be the same, i.e., total mass of dust is
proportional to enclosure volumes, Terms x,, %5, 7s” and =z, are satisfied.

For the gas mixture, use of the same gases and some stoichiometry satisfies
terms », through «,,".

For the combustion products, temperatures and ratios of specific heats should
be the same (#,; and =,,), and so should all velocities (r,;, 7,,, and #,,). Terms
7, and r,, are satisfied by the "replica™ modeling we have assumed. The ignition
source total energy should be scaled in proportion to the enclosure volume to
satisfy »,,, and its duration should scale in proportion to the length scale
factor from r,,. Terms =, and =, are satisfied if initial conditions and

geometry are the same.

Term »,, tells us that pressures should not be changed by changing the length
scale, and term =, is essentially Bartknecht’s cubic law for rate of pressure
rise [Bartknecht (1978a)].

Replica scaling satisfies some of the terms for enclosure thermal response,
namely =, %3, 73, 73, and =, Term =, is really general time scaling for
replica model response, and it may or may not be satisfied for thermal model
response of the enclosure.

Let us then present a reduced 1ist of Pi terms which must concern us for the
assumed replica modeling, by eliminating the ones we know to be satisfied. This
1ist includes only seven terms, and appears in Table 4-4. Here, terms r, and 1,
tell us that the dust mean particle size should be scaled to the size of the
enclosure, with the same dimensionless distribution function about the mean

size. This may or may not be possible in practice.
Terms =,,” and =,, highlight a required compromise in the scaling. The Reynolds
number term dictates the following relationship between scale factors:

A A=A, ()

But, r,, requires that:

A=Al =h @

where 1 is the geometric scale factor.
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TABLE 4-3. Modified Pi Terms for Hybrid Explosions

NO. SYMBOL IERM
m J—

, M, MH,/p.V.
T, d, dJv. "
T, f, fq

T, R, R,
s U, Ug,/H,
e R, R,/pq
T, Pa PaHy/Po
fias Mixture

Ty H, H,/H,
Ty by by
Ty Vi V!V,
Ty i Y
Ty P, Pu/Pa
Burned Gas/Dust

T S, S/H,"
T Sr Sc/H,"?
T Ng. WL/,
Ty b A
Ty v v/H?
T P, Pv/Pa
T Yo Y

Ty 0, 0,/0,

NO, SYMBOL JERM
Enclosyre and Initial Conditions

Ty [# A A
n22 Ye Ye
Ignition Source

n23 Ei Ei/poeve
o Ei tinm/Ve 13
Tas ij [ij/Ve”3

T o [} 0,/6,
Pressure Response

n27 -1; p/poe
o ) pV."”/p.Hy"”
Pressure Response

Ty L L%
nSO’ EI’ ka/plcpvell3
sy 0, 8,/0,,
Ty Nro oV.'”e,%/k,
n33 -png plcpeoe/poe
n34 8, 8;

Tss 8, 0,/6,
n% E tHdlfz/ve 13
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TABLE 4-4. Reduced List of P1 Terms for Replica Modeling

NO. SYMBOL JERM
Dust

T, d, d/v, @

Ty fd fd
Burned Gas/Dust

nlﬁ' NRC u,[b/Vb
T1s L LIN?
Enclosure Thermal Response

Ts k/ k,/ p,cPVe"3
s Ng, oV, 1?8 /k,

g i tHdm/Vem
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the replica scaling,

A=A, =1 (3)

When we substitute (2) and (3) into (1), we see that m,;” must be distorted, if
indeed the turbulent eddy size %, is scaled down in real life. But, if instead
the turbulent eddies are the same size, then Ay = 1, and term 7, can be
satisfied. b

It may be possible to satisfy terms 7,;” and ™,,” by some rather exotic means.
The problems in simultaneous scaling of conductive and radiative heating of solid
materials are addressed at some length in Chapter 12 of Baker, et al (1973).
Practically, it probably is not worth the effort, because the effect of
distortions in these heat transfer processes on the maximum gas temperatures and
pressures and their rise rates, which are our primary concern, is minimal because
the much slower thermal response. So, we should probably simply ignore these
two Pi terms.

C. Test methods

Many of the closed vessel or closed-tube types of apparatus described in
Chapters II and III for dust and gas explosion testing can also be used for
testing of hybrid dust-gas explosion sources. The vertical detonation tube shown
in Fig. 2-20 has been used for methane-air mixtures with added coal dust to
demonstrate detonability of this hybrid explosion source [Lee and Guirao (1982)].
Peraldi and Veyssiere (1986) repdrt using a similar apparatus to study explosions
in hybrid mixtures of hydrogen-oxygen and ethylene-oxygen with added starch
particles; and Veyssiere (1986) used the same apparatus to study detonations,
in hybrid mixtures with aluminum particles suspended in mixtures of the fuels
hydrogen, ethylene or acetylene with oxygen and inert gas nitrogen or argon.
In both of these studies, distinctive two-peak detonation pressure records
occurred, as shown in Fig. 4-1. The first peak corresponds to gaseous detonation
and the second to the delayed contribution of reaction of the aluminum particles.

Campos, et al (1986), used another type of vertical tube apparatus to study
effects of graphite added to 1ean methane-air mixtures in confined deflagrations.
Their equipment is illustrated in Fig. 4-2. In tests in this apparatus, the
authors reported no reaction from the graphite dust in any of their experiments.

Gaug, et al (1986) report tests to determine lean flammability limits of
hybrid mixtures in two sizes of cylindrical vessels, shown schematically in Fig.
4-3 and 4-4. They tested mixtures of hydrogen-methane-air, hydrogen-iron-air
and hydrogen-cornstarch-air. As expected, addition of combustible dusts lowered
the lean flammability limit, but they noted that lean 1imit dust flame thickness
could approach the minimum vessel dimension for small vessels. So, they
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Fig. 4-1. E\@ution of pressure in a mixture of combustible gas with aluminum

particles: at 1.945m from the ignition point; at 4.175m from the
ignition point. =

Fig. 4-2. Experimental apparatus of Campos, et al (1986): 1) combustion chamber;
2) spark ignition system; 3) dust suspension generator; 4) methane-air feed; 5)
graphite feed; 6) valves; 7) cyclone.
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Fig. 4-3. 0.18 m’ cylindrical dust bomb [Gaug, et al (1986)].

pressure
3 gauge ‘>/\<_‘hnl-clr
ﬂ N
/1 t
e S| e
N L dust
cups
4.8m 1
&
j SR ignition
51 m3 b 2m—

Fig. 4-4. 5 m’ cylindrical apparatus [Gaug, et al (1986)].
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recommended use of large-scale apparatus whenever possible in determining such
Timits.

Klemens and Wolanski (1986) report the use of a vertical duct apparatus, open
at the bottom, to study flame structure in hybrid mixtures near lean flammability
Timits. They tested methane-air-coal and methane-air-lignite mixtures. The gas-
air mixture was passed through the duct for several minutes before dust
dispersion and ignition. Again, they demonstrated reduction of the Tlean
flammability Timit. This apparatus and other types of vertical apparatus usually
allow good optical coverage of the flame on detonation fronts, as well as
pressure and/or temperature sensing.

Bradley, et al (1984) describe but do not illustrate apparatus for observing
and measuring the effects on flame fronts in gas flames of adding inert (alumina)
and reactive {graphite) dusts. These authors report that, for relatively small
dust concentrations, the added dust simply acts as a heat sink for the inert dust
and as a heat source for the reactive dust. Only small changes in burning
velocity were observed. But, as dust concentration increased, this simple
assumption was no longer valid.

D. Control methods

Methods to control hybrid explosions are essentially the same as for confined
gas or dust explosions, that is, venting, inerting, or suppression. The only
variation we could find involved the dispersion of inert powders or dusts into
flammable gas mixtures to quench flames near Tlean flammability Timits.
Similarly, in coal mines, rock dust is a common material used to control the
methane-coal-air hybrid mixtures which are so dangerous in coal mines.

E. Closure
It is no accident that this is the shortest chapter in this book. The reader

should understand, if he has read this far, that dust explosions and reactive
gas explosions both involve very complex physical processes, and so are very
difficult to analyze and involve difficult and expensive testing. So, combining
these two types of explosion sources can only lead to further complexity. This
is reflected by the paucity of test data for hybrid explosions and the almost
complete lack of analyses.

A1l one can state with confidence regarding hybrid explosions is that some
such explosion sources, particularly in coal mines, can be more easily ignited
than either gas or dust explosions alone, and that they can semetimes cause much
more damage in confined spaces such as mines.
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V. NON-REACTIVE GAS AND FLASH-EVAPORATING FLUID EXPLOSIONS
A. Fundamentals

The class of explosion covered in this chapter is sometimes referred to as
a simple pressure burst. No chemical reactions occur, the cause of the explosion
being a sudden failure of a pressure vessel or piping system. Some such failures
can occur at normal operating pressures in a flawed vessel or pipe, when a
subcritical flaw slowly grows due to stresses, vibration or perhaps corrosion
in service, and then reaches a critical size which results in a rapid vessel
failure. The stored energy in the compressed fluid in the vessel serves both
as the agent which accelerates the vessel failure and as the explosion source.
This type of explosion is most dangerous for compressed gases, next most
dangerous for compressed flash-evaporating fluids, and least dangerous for any
compressed 1iquid. Because blast waves are inconsequential for compressed 1iquid
vessel failures, we discuss in this chapter only explosions releasing compressed
gases and flash-evaporating fluids.

Much of the basic analytic and experimental work related to this class of
explosion has been sponsored by NASA and is reported in NASA reports [Baker, et
al (1975), Strehlow and Ricker (1976), Baker, et al (1978), Esparza and Baker
(1977a) Adamczyk and Strehlow (1977), and Esparza and Baker (1977b)]. Brode
(1955) did significant early analytic work on bursting, gas-pressured spheres,
and Boyer, et al (1958) conducted some experiments using optical instrumentation
only. Pittman (1972) and (1976) has also reported limited test data for metal
spherical vessels pressured to failure, and Baum (1979) reports limited blast
measurements for bursting pipe sections. These references are the basis for the
development in the remainder of this chapter.

There are some basic differences in the properties of air blast waves
developed by vessel bursts and those developed by detonation of condensed-phase
high explosives such as TNT. An idealized profile of a wave from a typical TNT
explosion is shown in Fig. 5-1. The rise to peak shock overpressure P, is
essentially instantaneous at shock front arrival, and pressure decay is initially
quite rapid, falling below atmospheric pressure and finally recovering to ambient
more slowly. A secondary shock is often evident, but its amplitude is always
small compared to the primary shock. The secondary shock is caused by a
rarefaction wave which propagates back into the explosion products as the primary
shock is transmitted to surrounding air. On reaching the center, the rarefaction
reflects as the secondary shock wave. The primary wave is usually characterized
by its amplitude P,, positive phase duration t,, and positive phase specific
impulse i,. Negative phase parameters have seldom been reported or computed.
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Quite complete prediction curves and equations for these and other free-field
and reflected blast wave properties, with the data based being primarily tests
with TNT or Pentolite explosives, appear in Baker (1983), Baker, et al (1983),
and other compendia of blast data. We will show some of these curves later when
comparing predictions of blast wave properties for various sources.

Blast waves from gas vessel bursts show some similarity to those from
condensed explosives, but their Tower energy densities and larger sources
required for equivalent total energies also change the wave characteristics.
An idealized profile for such bursts is shown in Fig. 5-2. The negative phase
is much more pronounced than for TNT explosions, and the second shock is much
stronger, compared to the first shock, because the rarefaction wave is more
pronounced. There are some data available for all the first positive phase,
negative phase, and second shock properties indicated in Fig. 5-2. We will show
Tater that blast waves for bursts of vessels containing flash-evaporating fluids
have characteristics quite similar to the waves for bursts of vessels containing
compressed gases.

B. Scaling

In essence, the scaling law for blast waves from bursting pressure systems
is a slightly reduced version of the law already stated in Chapter III for blast
from reactive gas explosions. It was developed in Esparza and Baker (1977a),
and is simply stated here without proof. Using the same format as in Chapter
111, this law can be stated as:

p =(p/p) )

t, =(t,a,p,"/E")

t, =(t,a,p, /E") g

Rp° (p ay
fi 13 ? _1 !Y] !_![i
E Po 2,

£ R.P1 Y3, 6) (1)

L =G/ EY)

Note that only the scaled energy release rate has been dropped from the earlier
statement, because this rate is undefined for a pressure burst. All terms are
defined in Table 3-3 in Chapter III.

This law will be used throughout this chapter for concise presentation of
analytic and experimental results.

C. Results of Analyses
As noted earlier, a number of authors have analytically predicted the
characteristics of blast waves from bursting pressure vessels. Most authors,
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starting with Brode (1955), (1956) and Boyer, et al (1958), have used one-
dimensional hydrocodes for such analyses. They have usually concentrated on
defining free-field blast wave properties as a function of vessel burst
conditions and distance R from the center of the vessel. Furthermore, most
analysts have limited their calculations to properties of the first positive
phase of the blast wave, rather than the more complete set of properties
indicated in Fig. 5-2. Baker, et al (1983) includes a rather complete discussion
of systematic calculations of this kind made by Strehlow and Ricker (1976), and
also presents smooth, scaled curves to allow prediction of the first positive
phase overpressure P,, and specific impulse i,,. These curves are included here
as Figs. 5-3 and 5-4.

In support of a NASA handbook [Baker, et al (1978)], Ricker extended his
previous hydrocode calculations to include the two-dimensional blast wave
properties for a spherical pressure vessel bursting into halves, as shown in Fig.
5-5. Again, he concentrated on positive phase properties. Predicted blast
properties were, of course, directional, being strongest along the plane of
separation of the halves. Scaled curves for first positive phase overpressure
are given here in Fig. 5-6. Impulse was found to be essentially non-directional,
and can be predicted from Fig. 5-4.

Some supporting equations are needed to use Figs. 5-3, 5-4, and 5-6 for blast
wave predictions. The shock tube equation can be used to calculate an initial
dimensionless pressure at the sphere surface to enter Figs. 5-3 or 5-6, and a
fictitious dimensionless sphere radius R,, calculated from the enclosure volume,
burst pressure and y,. The applicable equations are [Baker, et al (1975)]

: )
h- 1)(ao/a1)(f—l )

P P _V(2£T27°+(Yo+l)(%—1)] ()

_pl_po _4_1IP1'Po 3 (3)
ST R
_ 3(p-1) |~

R,= 4 ;—1 (4)
— np?

R = 1P

EIB (5)
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Fig. 5-5. Burst of a spherical pressure vessel. [Baker, et al (1978)]

In Eq. (2), p,,/P, is the dimensionless air shock pressure at the instant of
burst, p,/p, is the dimensionless sphere pressure, and a,/a, is the velocity of
sound ratio. Note that the sphere dimensionless shock overpressure is

P,=(p,/p,~1)

Usually, it is the unknown in Eq. (2), and one must solve the equation by
iteration to obtain p,./p..

To "unscale" values from these graphs, one must invert three of the
dimensionless parameters in Eq. (1), i.e.,’

_ @)
Pl = ] po
B
l' = ll
a, (8)
_ E 13
RzR(EZ) (9)

!Note: For explosions occurring on the ground surface, blast wave reflection is
usually accounted for by multiplying by a reflection factor of 2 on E.
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The quantity (E/p,)’® has dimensions of length, and it is called the
characteristic length for the explosion source by some authors.

The ratios of specific heat, v, and v, are dependent on the gases in the
sphere (Y,) and the surrounding atmosphere (y,). Normal choices are:

¥ =5/3 (monatomic gas) (6)
¥ =7/5 (diatomic gas)
v = 1.2(average for combustion products) (10)

Surrounding atmosphere is usually air, making y, =7/5=1.4

Raju and Strehlow (1984) have used a hydrocode to calculate the directional
characteristics of the blast wave from a bursting oblate spheroid vessel with
aspect ratio (AR) of five. They simulated burst conditions for constant-volume
combustion of a stoichiometric methane-air mixture in the spheroid of p,/p, =
8.934; v, = 1.4 and vy, = 1.202. Dimensionless source internal energy was

E=e—=44.24 (11)

o

where p, is initial gas density and e is initial internal energy per unit
volume. Figs. 5-7 and 5-8 show graphic results of their analyses. Scaling is
according to Eq. (1). Note that in these figures the long axis of the spheroid
corresponds to the direction $=90", and the short axis to ¢=0". The authors note
that the blast front is initially spheroidal in shape, but that it quickly
approaches a spherical shape. Note that directional effects on peak overpressure
and specific impulse seem to disappear at a scaled distance of R 1. As with some
other calculations by Strehlow and his coworkers, the calculations predict
approximate TNT equivalence based on peak overpressure at the larger scaled
distances, but do not approach equivalence based on scaled impulse within the
range of the analyses.

Unlike the calculations for spherical pressure bursts, the work of Raju and
Strehlow for the two-dimensional burst is not extensive enough to allow blast
wave prediction for a variety of vessel and gas burst conditions. It does,
however, give some good insight into close-in shape effects for one non-
spherical geometry.

For strong enclosures of large L/D ratios, such as piping or in some
jnstances tanker vessels or buildings, the prediction curves for blast wave
properties for spherical or small L/D may be inapplicable because the waves will
be generated by essentially line sources. There have unfortunately been no
systematic treatments of bursting vessel blast from such sources, either
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analytically or experimentally, so no adequate predictions of the blast wave
properties can be made, particularly close to the bursting enclosure. The only
analysis the author has found is by Baum (1979), who has developed an approximate
method for blast prediction close to longitudinal ruptures in gas pressurized
pipes.

D. Results of tests

The first blast tests of bursting pressure vessels the author is aware of
were conducted by Boyer, et al (1958). They pressurized glass spheres and
ruptured them with a striker, and observed the resulting expanding shock fronts
with spark shadowgraphs and schlieren photography. A schlieren picture of one
of their tests is reproduced here in Fig. 5-9. But, these investigators made
no measurements of blast wave properties other than shock front locations versus
time.

Pittman (1972) later conducted a series of burst tests of small pressure
tanks, and made limited measurements of the blast from these pressure bursts.
Again, the measurements were too few to develop a significant data base.

More recently, Esparza and Baker (1977 a and b) conducted two series of
small-scale experiments to obtain free field blast data at various distances from
bursting pressurized spheres. Glass spheres of nominal 51 and 102 mm diameter
under internal pressure were ruptured by a striker and complete time histories
of overpressure were obtained with an array of side-on pressure transducers at
different radial distances. The test arrangement is shown schematically in Fig.
5-10.

Each experiment was set up in the test cell as shown in Fig. 5-11. Once the
sphere was properly connected and all instrumentation ready to record data, the
pressuring system was purged several times and the sphere filled with the
appropriate test fluid. After the temperature of the fluid stabilized to the
ambient value, the solenoid valve in the filling line was closed remotely. The
high-speed camera and the spotlight were then turned on to begin the actual
test. At a preset point of film travel the contacts in the camera closed which
energized the solenoid on the pneumatic cylinder. The cylinder was pressurized
and the striker burst the sphere releasing the high-pressure fluid.

The output of the pressure transducers was recorded on Polaroid film using
several digital transient recorders and oscilloscopes.

The reduced data from these tests were scaled using the scaling law of Eq.
(1), and converted to graphic plots. In addition to the pressure measurement
system, high-speed cinematography was used in some of the tests to observe sphere
breakup and obtain velocities of glass fragments. The velocity data were used
to obtain the energy driving the blast wave by computing the fragment kinetic
energy and subtracting it from the initial energy in the compressed fluid.
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Fig. 5-10. Diagram of experimental set-up for glass sphere burst tests.
[Esparza and Baker (1977a&b)]

Fig. 5-11. Actual test arrangement for glass sphere burst tests. [Esparza and
Baker (1977a&b)]
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An important parameter in these tests, as in most blast work, is of course
the total source energy E. For the tests with pressurized gases, this value
was calculated from Eq. (3), less about 10% for kinetic energy of the glass
sphere fragments. For tests with the flash-evaporating Freon 12° fluid, source
energy had to be calculated differently. Esparza and Baker (1977b) proposed
calculation of the source energy by assuming isentropic expansion of the fluid
from its initial state to atmospheric pressure, and calculating the change in
internal energy u, and then multiplying by the mass of fluid. [This method is
also described in Baker, et al, (1983).] In equation form, then, the internal
energy change is

2
m—%=£pw (12)
and
E=m(u,-u,) (13)

where p is absolute pressure, v is specific volume, and m is mass of fluid. In
practice, one obtains u;, and u, from tables of thermodynamic properties of the
expanding fluid assuming isentropic expansion from initial state conditions p,,
v, to atmospheric pressure p,. Baker, et al (1983) gives an example problem for
such a calculation.

In all of the gas burst tests, quite distinctive blast waves were recorded,
similar to the idealized waveform in Fig. 5-2. A redrawn record appears in Fig.
5-12. This figure also indicates nomenclature for the additional parameters
needed to describe this relatively complex waveform.

To compare with analyses of Strehlow and Ricker (1976) and with scaled
Pentolite data of Baker (1973), the scaled test data for first shock
overpressures and specific impulse were plotted versus dimensionless scaled
distance R, see Figs. 5-13 through 5-16.

From the graphic comparisons in Fig. 5-13, one can see that the analytic
predictions for first positive phase air blast properties for gas bursts are
conservative (too high) for R < 2, but agree well with the scaled test data above
that value. Scaled specific impulses for first positive phase {(Fig. 5-14) agree
quite well with compiled data for high explosives.
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Fig. 5-12. Typical blast pressure history for frangible gas sphere burst.
[Esparza and Baker (1977a)]

Typical pressure traces from Ref. 1 for bursting spheres filled with Freon-
12%saturated vapor, shown in Fig. 5-16, indicate the same general characteristics
as for gas-filled vessel, except that the first pressure pulse is much more
rounded and the second shock often has greater amplitude than the first shock.
Data for bursts with Freon IZG’vapor show scaled first shock overpressures well
below those of Pentolite high explosive (Fig. 5-16) while first positive phase
specific impulses are slightly greater (Fig. 5-17). We have no analytic
predictions to compare to these data.
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The scaling law of Equation (1) does not and cannot show what the functional
forms f, are, nor does it tell the relative importance of varying each of the
parameters. Either analysis or experiment or both must be conducted to get these
answers. What it does do is to show a convenient way of presenting results of
tests of analyses, or comparing results from various investigators. Ideally,
one should vary each of the last four parameters in the bracket in Eq. (1) while
holding the other three constant, and determine the scaled blast parameters as
functions of scaled distance. However, for the testing reported here the scaling
law was simplified for each type of blast source. Only air and argon were used
as pressurized gases in the blast wave source. For air v, = 1.4 and for argon

Y, = 1.667, which is a minor difference. The pi term a,/a, equals one for air
and very nearly one for argon. Therefore, this term can be eliminated. Finally,
the previous theoretical calculations [Strehlow and Ricker (1976)] and the
experimental data indicated that blast wave characteristics were only weakly
dependent on the initial pressure ratio (p,/p,). This effective ratio was varied
in these experiments over a range of 9.9 to 42.0. Consequently, all the blast
data are combined for the two gases.

These simplifications let us plot the data strictly as functions of
dimensionless scaled distance R (Sachs’ scaled distance). This is done in Figs.
5-18 through 5-25.

The parameters presented are the times of arrival of the first and second
shock, the peak overpressures of both shocks, the first positive and negative
phase impulses, and the durations of these two phases. The figures show the
range of all test data within the cross-hatched areas, and a "best fit" solid
curve through the data.

Similarly, for the Freon 12® vapor tests, the blast data can be presented as
a function of only scaled distance because the ratios of specific heats, sound
velocities, and densities are invariant among these experiments, and the internal
pressure ratios used were only 3.5 and 6.0. These data are presented in Figs.
5-26 through 5-33 as a function of scaled distance. Note that the data from the
gas and vapor experiments, in general, will not plot together because each blast
parameter will be a different function of the pi-terms from the scaling law,
dependent on the fluid in the pressure sphere.

In Esparza and Baker (1977b), some tests were reported for glass spheres
filled with Freon 12%® at high pressure, but at the saturated liquid state rather
than saturated vapor. Signals like damped sine waves were generated, and
propagated radially without change in character, but with decrease in amplitude.
The maximum pressure recorded, very close to a bursting sphere, was only 5.9 kPa
(0.86 psig).
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In one other limited test program, some blast data were collected for bursts
of small pressure cylinders partially filled with water and heated until they
burst. [Baker, et al, (1978)]. The vessels were weakened so that they split
longitudinally. The vessels were surrounded by a very 1ight, expendable furnace
and heated with natural gas flame. When they burst, they split longitudinally,
and remained in one piece. Internal pressures and temperatures were recorded
during heating, and blast pressures were sensed at burst by an array of side-
on blast transducers. The resulting blast waves were somewhat similar to those
from the glass sphere gas bursts, showing strong first shocks, pronounced
negative phases, and second shocks. But, the second shocks were weaker than for
the gas bursts. A typical pressure record is shown in Fig. 5-34. These
explosions are, of course true steam explosions, as vessel explosions with all
flash-evaporating fluids are often called. Only five burst tests were run during
this project, but the authors did compare first positive phase blast parameters
to curves from compiled TNT data, using the scaling law of Eq. (1) and the method
noted earlier for calculating explosion source data, Figs. 5-35 and 5-36. Note
the rather wide data scatter, but general agreement with the TNT curves over the
range of the data.

stm
~ u.pB
£

5 3.22
& z.op
1.08

K 3 - , be T R Ty

-B2 TUTiME <ussc?‘ ’ *

TEST NO. Y BRBE ND. Y

Fig. 5-34. Steam explosion blast record. [Baker, et al (1978)]

There has been little analysis or testing to better characterize blasts from
bursting pressure vessels since about 1978. But recently, NASA and the U.S. Air
Force have renewed their interest in better assessment of blast and fragment
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effects for pressure vessel bursts. Coleman, et al (1988) present a rather
thorough review of the past work on this topic, and also outline a test program
designed to better characterize blast and fragments for spherical and cylindrical
gas pressure vessels failed at pressures from 6.9 MPa to 69 MPa.

At high pressures, real gas effects alter behavior from the perfect gas
equation of state. Intermolecular forces and finite molecular size cause these
deviations. Wiedermann (1986) considers how these real gas effects alter
explosion source energy for vessel bursts with high pressure gases. Fig. 5-37
j1lustrates this deviation for nitrogen at room temperature. Note that gas
density becomes limited and less than that predicted by the perfect gas
assumption. Sound velocity also increases significantly.
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Fig. 5-37. Isotherm for nitrogen at high pressures. ([Wiedermann (1986)]

Wiedermann (1986) gives first the equation developed by Baker (1983) for
source energy based on isentropic expansion of a perfect gas,

PV Po (- 1)1y
E=—1~-| —
‘ (7—1)[1 (p,) (4

where p,, V, are initial absolute pressure and vessel volume, p, is ambient
pressure and Y is ratio of specific heats for gas in the vessel. (this equation
gives a slightly different but more accurate value for E than Eq. (3) which is
based on total internal energy in the compressed perfect gas.) Then, he
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demonstrates that the isentropic expansion energy for real gases can be given
by

E=(1-B)E, (15)
where
B="bp, (16)

and b is a covolume parameter measured experimentally or fitted to an equation
of state. The parameter b has been measured or predicted for most gases.

Using these equations and literature data, Wiedermann predicts blast source
energy per unit volume for argon and nitrogen versus pressure and temperature.
Results appear in Figs. 5-38 and 5-39. Wiedermann apparently assumes that one
would then use standard TNT blast curves to predict blast wave properties.

This recent work can be valuable if one must assess blast effects for bursts
of very high pressure, gas vessels. Knowing initial conditions and vessel
volumes, one can use curves such as Figs. 5-38 and 5-39 to calculate explosion
source energy. For close-in effects, TNT equivalency is not appropriate,
however, and curves such as Figs. 5-3 and 5-4 should be used to predict blast
wave properties, rather than TNT blast curves as Wiedermann implies.

E. Closure

The author feels that he has covered most of the literature on analyses and
testing of bursting pressure vessel explosions. Also included are numerous
graphs of dimensionless blast wave properties. There has indeed been rather
extensive effort to characterize this class of explosion, probably second only
to analysis and testing of blast from high explosives. But, please realize that
the effort is a very distant second. Whereas blast parameters for high
explosives are based on countless thousands of well-instrumented tests, the data
base for blasts from vessel bursts relies on only a few hundreds of tests. Only
two sets of tests yield any detailed data on blast parameters past the first
positive phase, even though the extant measurements show that distinctive
negative phase and second shock properties result from vessel explosions.

Also, for those interested in determining how these blasts affect nearby
structures or objects, there have been no measurements or analyses on interaction
of these relatively complex waves with such targets.

It seems quite apparent that well-conducted tests to verify hydrocode
predictions of vessel burst blast, as outlined by Coleman, et al (1988) are badly
needed.
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VI. LIQUID PROPELLANT EXPLOSIONS
A. Ffundamentals

It may seem inappropriate to include the topic of 1iquid propellant explosions
in this book, because such explosions are not truly gas or hybrid explosions.
But, for reasons we will enumerate here, accidental explosions involving the
common 1iquid rocket propellants are quite variable and the explosion sources
are often very heterogeneous. So, this "ill-conditioned” class of explosions
has much more in common with industrial gas or hybrid explosions than the much
better defined high explosive detonations.

Because huge quantities of the energetic materials which constitute the rocket
propellants are required to launch large 1iquid fueled rockets, there is great
potential for serious explosions in the event of certain system failures on or
near the Taunch pad. Almost all Tiquid rocket propellants consist of two liquid
components, a fuel and an oxidizer. In normal operation, these two components
are injected into a combustion chamber in the rocket 1in approximate
stoichiometric ratio, burned there to increase gas pressure and temperature, and
then exhausted through a nozzle or nozzles to produce thrust.

There are only a very limited number of 1iquid fuel-oxidizer combinations in
practical use in rocketry. The three most common are:

1) Liquid hydrogen (LH,) and liquid oxygen (LO,)

2) Kerosene (RP-1) and 1iquid oxygen (LO,)

3) 50% unsymmetrical dimethyl hydrazine (UDMH) - 50% hydrazine (N,H,) and
nitrogen tetroxide (N,0,)

For an explosion to occur, there must usually be some failure of or leakage
from both the fuel and oxidizer tankage, violent mixing of these materials, and
a delayed ignition. Severity of a resulting explosion (generating a damaging
blast wave) can range from minimal to catastrophic. Liquid hydrogen and 1iquid
oxygen are cryogenic materials, and can only be kept in their liquid states in
well-insulated tankage. The remaining fuels and oxidizers are all Tiquids with
Tow vapor pressures at normal ambient temperatures. The first two fuel-oxidizer
combinations must be ignited by some external source after mixing to start an
explosion (or simply combustion). The third combination is, however, hypergolic
and so ignites spontaneously as the two materials reach a flammable ratio during
mixing.

In the stoichiometric ratios just required for complete combustion, the mass
ratios of fuel to oxidizer and the theoretical heat of combustion on a mass
basis are given for the three most common liquid propellants combinations in
Table 6-1.
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For both propellant combinations involving cryogenic materials, intimate
mixing in the manner of readily miscible 1iquids at the same initial temperatures
is impossible. For the LH,/LO, combination, only very heterogenous "mixtures"
are possible, because LH, temperature is below the freezing point for LO,, and
conversely, LO, temperature is above the boiling point for LH,. Furthermore, LO,
is much denser than LH,. So, when these two liquids are thrown together, LH,
boils and LO, freezes. In general, the "mixture” will contain gaseous and liquid
hydrogen, and liquid and solid oxygen. If this process occurs in air, the
gaseous hydrogen may also form a flammable mixture with oxygen in the air. The
situation is not quite so violent if LO, and RP-1 are thrown together, but the
LO, will boil and the RP-1 will freeze. So, again no homogeneous mixture is
possible.

TABLE 6-1. OPTIMUM FUEL-OXIDIZER COMBINATIONS
FOR LIQUID PROPELLANTS

Heat of
: Mass Ratio, Combustion, H_,
Fuel Oxidizer Fuel/Oxidizer kd/kg
LH, LO, 1/5 16,700
RP-1 LO, 1/2.25 5,650
50% N,H, - N0, 1/2 10,800

50% UDMH

Only in very small-scale experiments, where rapid mixing of LH, and LO, has
been promoted by explosive means [A.D. Little (1960)], have energy releases per
unit mass approaching that in Table 6-1 been achieved. Nothing approaching a
condensed phase detonation has been observed, even in very small-scale
experiments designed to trigger such a phenomenon [Tarifa and Perez del Notario
(1966)].

Farber and his coworkers have shown that, for the first two propellant
combinations in Table 6-1, there is most probably a natural internal ignition
source of electrostatic discharge when cryogenic 1iquid propellants are violently
mixed [Farber, et al (1968), (1965a), (1967a), (1967b), (1967c), (1965b),
(1966a), (1966b), (1965c)]. So, given a large enough quantity mixing, ignition
is almost certain (but the exact time and location of ignition can be quite
variable.) Furthermore, for the hypergolic propellant combination, early
ignition during mixing is assured. So, it is clear that it 1is quite
inappropriate in estimating the characteristics of liquid propellant explosions
to simply assume that all of the inventory of propellants can be mixed, and then
exploded to realize the full explosion potential implied by theoretical maxima
based on calculated heats of combustion.
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These limitations were not fully realized when large liquid fueled rockets
were being developed in the United States, and much of the Taunch facility siting
at Kennedy Space Center was based on the worst-case assumption that all of the
propellants in a launch-pad accident of a Saturn V rocket' could mix and detonate
on the launch pad. But concurrently, the U.S. Air Force and NASA undertook an
extensive test program with limited analytic support, under the name Project
PYRO, to simulate and measure the blast and thermal effects of 1aunch'pad
accidents involving the three propellant combinations in Table 6-1. Results of
this program were reported in a three-volume final report [Willoughby, et al
(1968)]. This excellent set of reports remains the best source for data on
effects of liquid propellant explosions.

Later, NASA sponsored several small projects to cast the results of Project
PYRO and other related work in the form of workbooks which could allow safety
engineers to predict both blast and fragment effects from launch pad explosions
[Baker, et al (1974), Baker, et al (1977), Baker, et al (1978)]. This chapter
is largely a distillation of the NASA and Air Force-sponsored work, with a few
new insights gathered in a recent study of explosion hazards for the Space
Shuttle [NUS-4543 (1985)].

B. Classes of liquid propellant explosions
In the planning for Project PYRO, the overall concept of failures leading to

explosions is shown in Fig. 6-1. The objectives of the explosive testing were
first, to determine which parameters of potential interest in the interaction
of two propellant masses had a significant influence on the explosive yield time
relationship and, second, to determine the quantitative nature of the influence.
In trying to satisfy the above objectives, the PYRO group evolved the concepts
of:
1) Testing at several scales;
2) Simulating interior bulkhead failures to promote mixing as one serious
failure mode;
3) Simulating nearly simultaneous tankage rupture for cryogenic propellants
on pad fall-back as a second serious failure mode; and
4) Simulating high-velocity impact (as from early guidance failure) as a
third serious failure mode.
The three classes of explosion for the extensive test series was then
designated:
1) Confined-By-Missile (CBM)
2) Confined-By-Ground-Surface (CBGS)
3) High-Velocity-Impact (HVI)

'The Saturn V contained about 2,700,000 kg of 1iquid propellants.
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In the testing program, aluminum alloy tanks of various sizes were made and
tested at a special test facility set up at Edwards Air Force Base, California,
and at the K2 rocket track at Naval Weapons Center, China Lake, California.
Primary instrumentation consisted of many channels of air blast gages, and
extensive thermal response instrumentation. Multiple motion picture coverage
was also provided at several framing rates, primarily for viewing fireball growth
and durations, but also later used for obtaining data on fragmentation [Baker,
et al (1974)].

For the cryogenic propellants, three total propellant weights were chosen for
test; 90.7, 453 and 11,300 kg. The basic tank configuration for CBM tests is
shown in Fig. 6-2. Two different L/D ratio tanks were tested; 5:1 and 1.8:1.
The size of the circular opening sheared out by the explosively-driven striker
was either the full tank diameter, or 0.45 of tank diameter. General tank
configurations were similar for CBGS tests, except that tank closures were flat
diaphragms, and a double diaphragm shear mechanism was used to rupture both tanks
after guided free fall. Fig. 6-3 shows the tank arrangement and the six-bladed
shears for low drop height CBGS tests,while Fig. 6-4 shows the special tower
constructed at the Edwards AFB test site for drops from greater heights.

In high velocity impact (HVI) testing at China Lake, propellant tankage was
also aluminum alloy, with general configuration similar to Fig. 6-5 for all
propellant combinations. These tanks were mounted on slippers and accelerated
by solid rocket motors on the K2 track to velocities between 100 m/s and 270 m/s.
They were then allowed to fly free for a short distance before impacting on
several types of solid targets which simulated several possible dimpact
situations. As an example, one such target shown in Fig. 6-6 was intended to
simulate explosions after impact on soft earth with partial penetration before
explosion.

The primary instrumentation for all Project PYRO tests consisted of a blast
pressure measuring system. Three gage lines were arranged for all tests, with
somewhat different layouts for the CBM and CBGS tests at Edwards and the HVI
tests at China Lake. Gage layouts are shown in Figs. 6-7 and 6-8. Several types
of gage mounts were used, as shown in Figs. 6-9 through 6-11. The Type A mounts
were employed at stations close to ground zero; Type B mounts on the concrete
test pad at Edwards, and Type C mounts at greater distances. Transducers were
all Kistler piezoelectric pressure transducers, with suitable amplification and
recording on FM tape recorders to assure 70 kHz system frequency response. Not
all gage locations were instrumented in every test, but locations were chosen
to obtain measurements at about the same Hopkinson-Cranz scaled distances, as
total propellant weights changed. Actual gage locations used in CBM and CBGS
tests are summarized in Table 6-2.
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Pad For Explosive
To Drive Breaker

Six-Bladed
- Diaphragm Breaker

Fig. 6.2. Cryogenic confinement-by-the-missile (CBM) tank. [Willoughby, et al
(1968)1].



191

RN

L RN

Fig. 6-3. Sketch of tank assembly and drop frame for the confinement-by-the-
ground surface (CBGS) low drop test series. [Willoughby, et al (1968)]
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Fig. 6-4. Sketch of the drop tower. [Willoughby, et al (1968)]
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LOZ/RP—I: 1.8m WIDE X 1.8m HIGH X 1.6m DEEP

LO,/LH,:  2.1m WIDE X 2.2m HIGH X 2.2m DEEP

POINT OF
IMPACT

LOZ/RP—I: 0.8m DIA. X 1.2m DEEP
LOZ/LHZ: 1.2m DIA. X 2.0m DEEP

Fig. 6-6. Deep-hole target for the cryogenic impact tests. [Willoughby, et al
(1968) ]
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DETAIL A

Fig. 6-7. Instrumentation layout for CBM and CBGS tests at Edwards AFB.
[Willoughby, et al (1968)]
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Fig. 6-8. Pressure sensor locations for majority of hypergolic impact tests at
NWC K2 track. [Willoughby, et al (1968)]
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Fig. 6-9.

1. Side-on overpressure gauge

2. Stagnation gauge

Type A sensor mount. ([Willoughby, et al (1968)]
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38cm

v L

33em >l< 1.06m

Side-on Overpressure Gauge
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: ]

Stagnation Gauge

Fig. 6-10. Type B sensor mount. [Willoughby, et al (1968)]
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38cm

33cm —a—te 1.06m ;{

Side~on Overpressure Gauge
v

A

Stagnation Gauge

Fig. 6-11. Type C sensor mount. {[Willoughby, et al (1968)]
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TABLE 6-2. Summary of Blast Instrumentation for CBM & CBGS Tests
[Willoughby, et al (1968)]

NOWMINAL 90.7 kg 453 kg | 11,300 kg | 45,300 kg
GAUGE DISTANCE -
NO. LINE (m) P, P P, | P, 1 P, P, P, | P,
A X
I B 1.3
("
A X X X
I1 B 2.0
("
A X X X X
111 B 3.4 X X
(" X
A X X X X X Xxwk
Iv B 5.9 X X X
c X X Xekk
A X X X X X
v B 10 X X X
(" X X X
A X X X X
VI B 17 X X X X X
(" X X X X
A X X X X X
VII B 30 X X X X
C X X X X
A X X
IX B 91 X X
(" X X
A X X
X B 152 X X
(" X X
A X X
XI B 270 X X
(" X X

* Head-on-oriented stagnation pressure sensor.
** Side-on-oriented overpressure sensor.

*** A single gauge at the 5.9-m distance was alternately located along gauge
Tines A and C.
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C. Blast waves from liquid propellant explosions
1. General

Explosions from 1iquid rocket propellant accidents "drive" air blast waves,
which can in turn cause direct damage and can accelerate fragments or nearby
objects. The launch pads at the Air Force Eastern Test Range (ETR) were for a
number of years instrumented with air blast recorders to measure the
overpressures generated during Taunch pad explosions, so some data were available
on the intensities of the blast waves generated, even prior to Project PYRO.
Such measurements, and the common practice in safety circles of comparing
explosive effects on the basis of blast waves generated by TNT, have
unfortunately led to expression of blast yields of propellant explosions in
equivalent weight of TNT. (Although a direct conversion of weight of TNT to
energy can easily be made -- 1kg of TNT equals 4520 kJ -- this has seldom been
done).

Liquid propellant explosions differ from TNT explosions in a number of ways,
so that the concept of "TNT equivalence" quoted in pounds of TNT is far from
exact. Some of the differences are described below:

1) The specific energies (energy per unit mass) of liquid propellants, in
stoichiometric mixtures, are significantly greater than for TNT (See
Table 6-1).

2) Although the potential explosive yield is very high for Tliquid
propellants, the actual yield is much Tlower, because propellant and
oxidizer are never intimately mixed in the proper proportions before
ignition.

3) Confinement of propellant and oxidizer, and subsequent effect on
explosive yield, are very different for 1liquid propellants and TNT.
Degree of confinement can seriously affect explosive yield of 1liquid
propellants, but has only a secondary effect on detonation of TNT or any
other solid explosive.

4) The geometry of the liquid propellant mixture at time of ignition can be
quite different than that of the spherical or hemispherical geometry of
TNT usually used for generation of controlled blast waves. The sources
of compiled data for blast waves from TNT or Pentolite invariably rely
on measurements of blasts from spheres or hemispheres of explosive. The
liquid propellant mixture can, however, be a shallow pool of large
lateral extent at time of detonation (in the CBGS simulation of launch
accidents).

5) The blast waves from Tliquid propellant explosions show different
characteristics as a function of distance from the explosion than do
waves from TNT explosions. This is undoubtedly simply a manifestation
of some of the differences discussed previously, but it does change the
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"TNT equivalence" of a 1iquid propellant explosion with distance from the
explosion. Fletcher (1968) discusses these differences and shows them
graphically (see Figures 6-12 and 6-13). These differences are very
evident in the results of the many blast experiments reported in Project
PYRO. [Willoughby, et al (1968)]. They have caused the coinage of the
phrase "terminal yield", meaning the yield based on blast data taken at
great enough distance from the explosion for the blast waves to be
similar to those produced by TNT explosions. At closer distance, two
different yields are usually reported; an overpressure yield based on
equivalence of side-on peak overpressures, and an impulse yield based on
equivalence of side-on positive impulses.

Because of the prevalence in explosives safety circles of the TNT equivalence
concepts, the predictive third volume of Willoughby, et al (1968) essentially
forces a conversion of scaled liquid propellant blast data into “equivalent"
weights of TNT. In later reviewing these data and techniques, however, Baker,
et al (1977) saw no need for such conversion and instead presented the scaled
PYRO data directly in terms of scaled distances, adjusted to agree with measured
terminal yield percentages. This latter presentation, slightly modified, is used
in this book.

2. Terminal yield estimation.

Of the various classes of accidental explosions discussed in this book, there
are two in particular where very much Tess than the theoretical maximum explosive
source energy or yield is released to drive an air blast wave or do other
mechanical damage. These classes are UVCEs and Tiquid propellant explosions.
In both classes, the potential for explosive yield can be great because fuels
with high heats of combustion could theoretically be mixed with an oxidizer in
optimum (stoichiometric or nearly so) ratio, and then ignited. But, in
actuality, it is esséntia]]y impossible in accident situations for such worst-
case mixing and ignition to occur. Furthermore, the most serious types of
reactions - detonations - can only occur in UVCEs with certain types of flame
accelerating mechanisms, and probably only occur in Tiquid propellant explosions
in tiny cells which are well mixed within an overall heterogenous mixture.

So, for either of these classes of explosion, a crucial first question is,
"What fraction or percentage of the theoretical maximum energy or yield is
actually realized in a given explosion?" For UVCEs, we have unfortunately only
very limited and poorly documented accident experience to answer this question.
But, for liquid propellant explosions, we have fortunately the excellent data
base of Project PYRO.

From this data base, the following are observations regarding blast yield:

1) Yield is quite dependent on the particular fuel and oxidizer being mixed.
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Fig. 6-13. Representative shock impulses showing coalescence of shock waves
from dissimilar sources [stages (a) through (d)]. {Fletcher (1968)]
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2) The yield is very dependent on the mode of mixing of fuel and oxidizer,
i.e., on the type of accident which is simulated. Maximum yields are
experienced when intimate mixing is accomplished before ignition.

3) On many of the Tiquid hydrogen/liquid oxygen (LH,/LO,) tests (regardless
of investigators), spontaneous ignition occurred very early in the mixing
process, resulting in very low percentage yields.

4) Yield is very dependent on time of ignition, even ignoring the
possibility of spontaneous ignition.

5) Blast yield per unit mass of propellant decreases as total propellant
mass increases.

6) Variability in yields for supposedly identical tests was great, compared
to variability in blast measurements of conventional explosives.

A1l of the PYRO experiments, on which the prediction curves in this chapter
are based, were conducted on the ground surface, with no cratering. When the
curves are used to predict blast yields for explosions occurring in flight or
far enough above the ground that the immediate reflection discussed does not
occur, one must account for the absence of the "perfect" reflecting surface.
This is done by dividing the blast yields calculated from curves in this chapter
by a factor of two.

Recall that the estimates in this section are of terminal yields, i.e., blast
yields measured far enough from a 1iquid propellant explosion that basic physical
differences in these blast waves and those from high explosives are minor.
However, we differ in our presentation in this book from that in Willoughby, et
al (1968) and Baker, et al (1977) by converting the yields to true yields. This
is intended to correct a confusing anomaly in the methods in the two earlier
references wherein yields greater than 100% were possible, because blasts from
highly energetic liquid chemicals were being compared to those from less
energetic TNT. With the methods presented here, true yields Y, can never be
greater than 100%.

In general, blast yield is affected by the type of propellant, the failure
mode and in some cases, ignition time, impact velocity, and type of surface
impacted. Procedures for various combinations follow.

1) Hypergolic materials, by definition, ignite spontaneously on contact, so
it is not possible to obtain appreciable mixing before ignition unless
the fuel and oxidizer are thrown violently together. Ignition time is
therefore not an important determinant of blast yield for hypergolics,
but impact velocity and degree of confinement after impact are important
factors. If a CBM or CBGS failure mode is being considered, percent true
explosive yield can be acquired from Table 6-3. If a HVI failure mode
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is assumed, then percent explosive yields can be determined from Fig.

6-14.
TABLE 6-3. Estimate of True Terminal Yields for Hyperbolic CBM
and CBGS. [Willoughby, et al (1968)]
Terminal Yield Range Estimated Upper
Fajlure Mode % Limit
Diaphragm rupture 0.004 - 0.3 0.63
Spill (CBGS) 0.008 - 0.3 0.2
Small explosive 0.3 -0.5 0.8
donor
Large explosive 1.4 - 1.5 2
donor
Command destruct 0.13 - 0.15 0.2
94-m drop (CBGS) 0.63 1.3

2) Because 1liquid oxygen/hydrocarbon propellants are not hypergolic,
considerable mixing can occur in various types of accidents, and time of
ignition after onset of mixing is an important determinant of blast
yield. For the case of mixing and an explosion within the missile
tankage (CBM), percent explosive yield can be determined by assuming an
jgnition time and then examining Fig. 6-15°. For simulated fall-back on
the launch pad (CBGS), impact velocity as well as ignition time are
important parameters in estimating blast yield. A two-step approach has
been developed in calculating blast yield. After assuming an impact
velocity, maximum percent yield Y, can be determined for Equation (1):

Y, =4%+5.46 U, (m/s) (1)

where Y, is expressed in percent and U, is in meters per second. Percent
explosive yield can then be determined from Y,, an estimate of ignition

%A word of explanation will help clarify the meaning of the central solid line
and shaded area of this graph and similar subsequent graphs. The shaded portion
represents an area in which data from actual propellant blasts was found. The
central solid line is an estimate of the most likely occurrence and, for most
cases, is the recommended choice. Conservative estimates of explosive yield can
be made by choosing the uppermost boundary of the shaded area. The vertical
depth of the shaded area at any abscissa indicates the total range of data, and
therefore the total uncertainty in the estimate.
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time, and Fig. 6-16. The determination of explosive yield for the HVI
failure mode is somewhat simpler because there is 1ittle ignition delay
and therefore only impact velocity affects yield. Thus, blast yield can
be acquired by Using Fig. 6-17 directly.

3) The determination of explosive yield, for the entirely cryogenic
combination of 1iquid hydrogen (LH,) fuel and 1iquid oxygen (LO,) oxidizer
is similar to that of 1iquid oxygen-hydrocarbon propellants. For the CBM
case, it is necessary for one to assume an ignition time and then use
Fig. 6-18 to find explosive yield. For the CBGS case, an impact velocity
is assumed and maximum percent yield Y, can be determined from Equation

(2):

Y, =2.7%+1.20% U, (m/s) ()

where Y, is expressed in percent and U; is in meters per second. Percent
explosive yield can then be determined from Y,, an estimate of ignition
time and Fig. 6-19. For high velocity impact (HVI) of this propellant,
the blast yield is dependent only on the impact velocity and can be
acquired from Fig. 6-20 directly.

3. Blast wave properties

The manner of compiling and presenting blast wave data in Project PYRO in
Volumes 1 and 2 of Willoughby, et al, (1968) is based on Hopkinson-Cranz blast
scaling and normalizing the data to a TNT terminal yield for each test. In the
prediction methods in Volume 3 of Willoughby, et al, the TNT equivalence concept
is unfortunately carried further by forcing overpressure and scaled impulse
variations with scaled distance to agree with compiled TNT data. So, the basic
differences in the variations of these parameters with distance for TNT and
1iquid propellant explosions are ignored. In Baker, et al, the authors avoided
the latter trap, but still required the steps of conversion of the propellant
explosion source to some equivalent weight of TNT for terminal yield, and then
gave curves drawn through Hopkinson-Cranz scaled PYRO data. Here, we take the
additional steps needed to convert the PYRO test data to Sachs’-scaled
(dimensionless) form, before presenting scaled curves for blast wave overpressure
and specific impulse. Because there are three propellants and several simulated
accident situations, there are of course a number of scaled curves.

The curves presented here as Figs. 6-21 through 6-31 are dimensionless forms
of Figures 2-7 through 2-17 of Baker et al (1977). The conversion equations,
for SI units, are as follows:



209

100 T T I ]

0 ' 1 | | 1

0.2 04 0.6 08 1.0
Ignition Time t, s

Fig. 6-16. Normalized terminal yield vs ignition time for LO,/RP-1 CBGS.
{Baker, et al (1977)]
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Fig. 6-19. Normalized terminal yield vs ignition time for LO,/LH, CBGS. [Baker,
et al (1977)]
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Fig. 6-26. Scaled pressure vs scaled distance. LO,/RP-1 propellant; CBGS and
HVI failure modes.



220

10° T T T T ] T T | —
U ]
4 /;,, .
% 2| //, ]
s 50
g 2 i
S
3 < '0: o :
%
2 X .
0"
1001 1 L1 L XX
s 10! 2 4 6 810 2 4 ¢ 810
Scaled Distance R
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Fig. 6-29. Scaled positive impulse vs scaled distance. LO,/LH, propellant; CBM
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Fig. 6-31. Scaled positive impulse vs scaled distance. LO,/LH, propellant;
CBGS and HVI failure modes.



225

_ P(P
P, =P/po=——-( 3) S
1.0135x 10
T Ia,
* ~ W13 [H (TNT)] (p,> 3)
T - Ix 340 m/s
* T W!%(4520x 10°D)' (1.0135 x 10
_ L (Pas)
T, = (9.458 E-4) W G ()
= Rxpy”
W% x [H, (TNT)]"?
= - Rx(10135x10%"
W% x (4520x 105"
— _0.282R(m)
R = wm (kg)m (5)

Please recall again, though, that these curves all relate to the suyrface burst
conditions for Project PYRO, and that blast source energies or yields must be
adjusted to account for the nearly perfect ground reflections which occur for
all 1iquid propellant explosions if explosions occur high in the air, by division
by two.

D. Closure
As opposed to HE or bursting vessel explosions, liquid propellant explosions

are much more variable and ill-defined. This is true even for controlled
explosion experiments, such as in Project PYRO [Willoughby, et al (1968)], and
even more true for accidental liquid propellant explosions.

Perhaps the most dimportant difference in high explosives and Tliquid
propellants is that high explosives are "mass detonating”, while Tiquid
propellants are not. This means that all of a high explosive source detonates
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and affects its surroundings, if properly initiated; while liquid propellants
can never be completely intimately mixed and then detonated. (Although it is
very likely that small "cells" of mixed propellants do indeed detonate in 1iquid
propellant explosions, the complete mixing and detonation of large masses is
impossible because of temperature differences, phase changes, etc.) This
difference can be stated in another way. High explosive sources have a high
energy density, or energy per unit volume or mass, while liquid propellant
sources have a Tow energy density.

Another large uncertainty in liquid propellant explosions is in the geometry
of the mixed region of propellants. This is very dependent on the test or
accident sequence and geometry. In the two most common test geometries,
(simulating certain types of accidents), the propellant mixing region could be
roughly globular or cylindrical (CBM case), or a thin, nearly flat sheet (CBGS
case). In real accident situations, the geometry is almost impossible to
predict. On the other hand, the geometry of a high explosive or bursting vessel
source is known exactly prior to its detonation or explosion.

Another unknown in liquid propellant explosions is the reaction rate. It must
be quite variable within a region of mixed propellant, because mixture ratios
must vary widely within this region, and it is essentially certain to be, on the
average, well below a detonation velocity. Not even average reaction rates have
been measured in any but microscale experiments. But, high explosives have a
known, essentially constant reaction rate - the detonation velocity.

Physical states are also quite different for high explosives and "mixtures"
of cryogenic liquid propellants. The high explosives are either solid, or
slurries with the 1liquid and solid components of the slurries being well
intermixed and at the same temperature. Liquid hydrogen and Tiquid oxygen thrown
together will be in violent agitation, with the hydrogen boiling and the oxygen
freezing. The "mixture" will be very dynamic and heterogeneous, and include
gases, liquids and solids.

Finally, another significant difference is that 1iquid propellants have a much
higher specific energy than high explosives. That is, if they could be
intimately mixed before exploding, they would release much more energy per unit
mass than high explesives. For example, a stoichiometric mixture of liquid
oxygen and liquid hydrogen would theoretically release about 3.7 times as much
energy as an equal mass of TNT.

A1l of the factors cited here cause the characteristics of blast waves
generated by 1iquid propellant explosions to be much Tess predictable than for
HE explosions, and also of quite different character, particularly close to the
explosion source. We might add that an upper 1imit to side-on blast overpressure
of Tiquid propellant explosions, even for measurements within the mixed
propellants, seems to be [from data in Willoughby, et al (1968)] about 14MPa.
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Perhaps the reader may ask whether there are indeed later useful data or
methods for helping in prediction of blast wave properties for accidental
explosions in more modern 1iquid-fueled launch vehicles than those of the 1968
era. A recent review of explosion hazards for Space Shuttle launches (NUS-
4543) uncovered po significant new test data, but much more advanced computer
capability for prediction of propellant mixing and explosions.

One can predict air blast wave characteristics for certain classes of
explosion sources with hydrocarbons. Generally, these codes {(there are a large
number of versions available) numerically solve the complex differential
equations describing the generation of blast waves and their transmission through
various media. They are designed to predict the entire transient pressure,
temperature, and flow fields within and about detonating high explosives and
other well-defined explosion sources. The proven codes of this class have been
well "calibrated" against test data, but their strength lies in their ability
to predict blast properties in regimes where measurements are difficult or
impossible, and their ability to predict properties for which no suitable
measurement techniques exist. Generally, one-dimensional and two-dimensional
hydrocodes will run on a medium-sized scientific computer, But, three-
dimensional codes require so much memory that they will only run on
supercomputers, and are very expensive and time-consuming to run.

For HE explosions, particularly for symmetric explosion sources, hydrocodes
give reasonably accurate to very accurate predictions of blast wave properties.
But, for liquid propellant explosions, predictions are much less accurate. The
basic reasons for these inaccuracies lie in the lack of symmetry of liquid
propellant explosions, and lack of homogeneity of the propellant mixture, neither
of which can be simulated by the hydrocodes.

As an example, the one-dimensional hydrocode KOVEC modeled a CBM explosion as
an instantaneous burn of a cylindrical annular volume of stoichiometric liquid
hydrogen and solid oxygen, with a pressure of 18.6 kb (see NUS-4543). Although
such pressures may exist in microscopic cells which have become well mixed, it
is very unlikely that they will exist throughout a significant volume of the
propellant mixture.

By contrast, the much better-defined detonation processes for high explosives,
with detonation pressures in the range of hundreds of kilobars behind the
detonation fronts, are very well modeled by the hydrocodes.

In general, we conclude that real life 1iquid propellant explosions have the
following properties:

o They are very ill-conditioned.
o They have high specific energy, but low overall energy density.
o They are almost always geometry- or scenario- dependent.
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o They produce low peak blast overpressures and high specific impulses
close-in.

o They are difficult to predict with hydrocode calculations.

o They only correlate well with HE explosions in the far field.
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Selected Closed-Vessel Test Data for Combustible Dusts (NFPA 68)
TABLE A-1. Agricultural Products
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Median Minimum

particle explosive Kss Dust

size,  concentration, P,,, (dP/dt)u.,, bar-m hazard

Material pm g/m* bar ga bar/sec* sec class
Cellulose 33 60 9.7 229 229 2
Cellulose, pulp 42 30 9.9 62 62 1
Cork 42 30 9.6 202 202 2
Corn 28 60 9.4 75 75 1
Egg White 17 125 8.3 38 38 1
Milk, powdered 83 60 5.8 28 28 1
Milk, non-fat, dry 60 - 8.8 125 125 1
Soy Flour 20 200 9.2 110 110 1
Starch, corn 7 - 10.3 202 202 2
Starch, rice 18 60 9.2 101 101 1
Starch, wheat 22 30 9.9 115 115 1
Sugar 30 200 8.5 138 138 1
Sugar, milk 27 60 8.3 82 82 1
Sugar, beet 29 60 8.2 59 59 1
Tapioca 22 125 9.4 62 62 1
Whey 41 125 9.8 140 140 1
Wood Flour 29 - 10.5 205 205 2

* Maximum pressure rise rates measured in cubic meter vessel tests.

TABLE A-2. Carbonaceous Dusts

Median Minimum

particle explosive Ks¢ Dust

size, concentration, P,,, (dP/dt).., bar-m hazard

Material pm g/m* bar ga bar/sec* sec  class
Charcoal, activated 28 60 7.7 44 44 1
Charcoal, wood 14 60 9.0 10 10 1
Coal, bituminous 24 60 9.2 129 129 1
Coke, petroleum 15 125 7.6 47 47 1
Lampblack < 10 60 8.4 121 121 1
Lignite 32 60 10.0 151 151 1
Peat, 15% H,0 - 58 60 10.9 157 1
Peat, 22% H,0 - 46 125 8.4 69 1
Soot, pine < 10 - 7.9 26 26 1

* Maximum pressure rise rates measured in cubic meter vessel tests.
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TABLE A-3. Chemical Dusts
Median Minimum

particle explosive Kse Dust

size, concentration, P.,, (dP/dt).., bar-m hazard

Material pm g/m bar ga  bar/sec* sec class
Adipic Acid <10 60 8.0 97 97 1
Anthraquinone < 10 - 10.6 364 364 3
Ascorbic Acid 39 60 9.0 111 111 1
Calcium Acetate 92 500 5.2 9 9 1
Calcium Acetate 85 250 6.5 21 21 1
Calcium Stearate 12 30 9.1 132 132 1
Carboxymethylcellulose 24 125 9.2 136 136 1
Dextrin 41 60 8.8 106 106 1
Lactose 23 60 7.7 81 81 1
Lead Stearate 12 30 9.2 152 152 1
Methylcellulose 75 60 9.5 134 134 1
Paraformaldehyde 23 60 9.9 178 178 1
Sodium Ascorbate 23 60 8.4 119 119 1
Sodium Stearate 22 30 8.8 123 123 1
Sulfur 20 30 6.8 151 151 1

* Maximum pressure rise rates measured in cubic meter vessel tests.

TABLE A-4. Metal Dusts
Median Minimum
particle explosive Kse Dust
size, concentration, P,,, (dP/dt).., bar-m hazard
Material pm g/n’ bar ga bar/sec* sec  class
Aluminum 29 30 12.4 415 415 3
Bronze 18 750 4.1 31 31 1
Iron Carbony! < 10 125 6.1 111 111 1
Magnesium 28 30 17.5 508 508 3
Zinc 10 250 6.7 125 125 1
Zinc < 10 125 7.3 176 176 1

* Maximum pressure rise rates measured in cubic meter vessel tests.
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Median Minimum
particle explosive Kse Dust
size, concentration, P.., (dP/dt).,, bar-m hazard
Material um g/m bar ga bar/sec  sec  class
(poly) Acrylamide 10 250 5.9 12 12 1
(poly) Acrylonitrile 25 - 8.5 121 121 1
(poly) <10 30 8.0 156 156 1
Ethylene (Low
Pressure Process)
Epoxy Resin 26 30 7.9 129 129 1
Melamine Resin 18 125 10.2 110 110 1
Melamine, molded 15 60 7.5 41 41 1
(Wood flour and
Mineral-filled
Phenol -Formaldehyde
Melamine, molded 12 60 10.0 127 127 1
(Phenol-Cellulose)
(poly) 21 30 9.4 269 269 2
Methyl Acrylate
(poly) 18 30 10.1 202 202 2
Methyl Acrylate,
Emulsion Polymer
Phenolic Resin <10 15 9.3 129 129 1
(poly) Propylene 25 30 8.4 101 101 1
Terpene-Phenol Resin 10 15 8.7 143 143 1
Urea-Formaldehyde/ 13 60 10.2 136 136 1
Cellulose, Molded
(poly) 32 30 8.6 119 119 1
Vinyl Acetate/
Ethylene Copolymer
(poly) 26 60 8.9 128 128 1
Vinyl Alcohol
(poly) 65 30 8.9 147 147 1
Vinyl Butyral
(poly) 107 200 7.6 46 46 1
Vinyl Chloride
(poly) 35 60 8.2 95 95 1
vinyl Chloride/
Vinyl Acetylene
Emulsion Copolymer
(poly) 60 60 8.3 98 98 1
vinyl Chloride/
Ethylene/vinyl

Acetylene Suspension
Copolymer
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APPENDIX B

TABLE B-1. Maximum Oxygen Concentration to Prevent Combustion of Suspensions of
Combustible Dust in Air-Carbon Dioxide Mixtures [NFPA 69 (1986)]

Maximum O, Maximum O,
Concentration Concentration
Dust % Dust %
Agricultural Plastics Ingredients
Coffee 17 Azelaic Acid 14
Cornstarch 11 Bisphenol A 12
Dextrin 14 Casein, rennet 17
Soy Flour 15 Hexamethylene tetramine 14
Starch 12 Isophthalic Acid 14
Sucrose 14 Paraformaldehyde 12
Chemical Pentaerythritol 14
Ethylene Diamine Tetra-Acetic Acid 13 Phthalic Anhydride 14
Isatoic Anhydride 13 Terephthalic Acid 15
Methionine 15 Plastics - Special Resins

Ortazol 19 Coumarone-Indene Resin 14
Phenothiazine 17 Lignin 17
Phosphorous Pentasulfide 12 Phenol, Chlorinated 16
Salicylic Acid 17 Pinewood Residue 13
Sodium Lignosulfate 17 Rosin, DK 14
Stearic Acid & Metal Stearates 13 Rubber, Hard 15
Carbonaceous Shellac 14
Charcoal 17 Sodium Resinate 14
Coal, Bituminous 17 Plastics - Thermoplastic Resins
Coal, Sub-bituminous 15 Acetal 11
Lignite 15 Acrylonitrile 13
Metal Butadiene-Styrene 13
Aluminum 2 Carboxymethyl Cellulose 16
Antimony 16 Cellulose Acetate 11
Chrom{um 14 Cellulose Triacetate 12
Iron 10 Cellulose Acetate Butyrate 14
Magnesium 0 Ethyl Cellulose 11
Manganese 14 Methyl Cellulose 13
S1licon 12 Methyl Methacrylate 11
Thor{um 0 Nylon 13
Titanium 0 Polycarbonate 15
Uranium 0 Polyethylene 12
Vanadium 14 Polystyrene 14
Iinc 10 Polyvinyl Acetate 17
Zirconium 0 Polyvinyl Butyrate 14
Miscellaneous Plastics - Thermosetting Resing
Cellulose 13 Ally1 Alcohol 13
Paper 13 Dimethyl Isophthalate 13
Pitch 11 Dimethyl Terephthalate 12
Sewage Sludge 14 Epoxy 12
Sulfur 12 Melamine Formaldehyde 17
¥ood Flour 16 Polyethylene Terephthalate 13

Urea Formaldehyde 16
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APPENDIX C

Recommendations of NAS Panel on Grain Elevator Explosions
[Anon. (1980)]

First Priority Actions

Continue research on methods for reducing the dust concentration in legs
to a level below the Tower explosive limit.

Establish a housekeeping program involving a mechanical dust collection
system supplemented by manual or other means.

Conduct rigorous preventive maintenance, especially on all parts of bucket
elevators.

Use a pre-established and enforced permit procedure whenever welding,
cutting, or other open flame work is to be done.

Incorporate a system to indicate belt slippage and misalignment.

Incorporate a method to check frequently the temperature and vibration of
critical bearings.

Use devices to extract foreign materials from the incoming grain stream.

Ground all conveying and electrical equipment.

Second Priority Actions

Examine the overall functions of mills and elevators to develop a totally
new system less subject to the hazards of dust explosions.

Control dust generation and airborne dust at all grain transfer and
discharge points.

Notify all plant managers that safety is their responsibility. If
authority is delegated it must be to an employee who reports directly to
the plant manager.

Apply state-of-the-art techniques to reduce the concentration of airborne
dust in and emanating from elevator legs.

Establish an information center to distribute actively all available
information on elevator and mill dust explosions and their causes and
prevention,

Establish a fire and explosion prevention training program at each
facility.

Conduct research to develop economic uses for collected grain dust.

Locate hammer mills, other grinding equipment, and their dust collection
systems separate from the main facility.

Eliminate all nonessential horizontal surfaces.
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) Treat the avoidance of dust explosion hazards as an initial design criteria
in the construction of new mills and elevators and the modification of
existing structures.

® Continue research on methods for reducing dust concentrations below the
lower explosive 1imit in enclosures other than legs.

) Investigate and report on explosions in a manner that reflects the
recommendations made by the panel in its report, "The Investigation of
Grain Elevator Explosions,™ Report NMAB 367-1.

Third Priority Actions

] Follow, to the extent practical, the National Fire Protection Association’s
standard on explosion venting (No. 68) for all enclosures. Concrete
structures should be vented by windows or other openings of the size
dictated by this standard.

. Establish a government and industry group to aid in developing and updating
explosion prevention regulations for elevators and mills.

) Quantify housekeeping standards for cleanliness in grain-handling
facilities that will prevent fires and explosions.

* Coat all nonhorizontal surfaces exposed to airborne dust with a material
that will prevent the build-up of layered dust.

) Investigate the effect of electrostatics and absolute humidity on the
explosion hazard, including an examination of conveyor belt conductivity
and the charging of ungrounded conductive structures.

) Apply state-of-the-art techniques to reduce the concentration of airborne
dust below the lower explosive 1imit where possible in enclosures other
than legs.

® If dust is returned to the grain stream do it in the least hazardous
manner.

) Use only equipment and installation standards meeting national Electrical

Code requirements.



TABLE D-1. Fundamental Burning Velocities

APPENDIX D

(NFPA 678, 1988 ed.)

of Selected Gases
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Fundamental Burning

Fundamental Burning

Gas velocity, cm/sec Gas Velocity, cm/sec
Acetone 54 Ethyl acetate 38
Acetylene 166 Ethylene oxide 108
Acrolein 66 Ethylenimine 46
Acrylonitrile 50 n-Heptane 46
Allene (propadiene) 87 Hexadecane “
Benzene 48 1,5-Hexadiene 52

Jn-butyl- 37 n-Hexane 46
Jtert.-butyl- 39 1-Hexene 50
»1,2-dimethyl- 37 1-Hexyne 57
,1,2,4-trimethyl - 39 3-Hexyne 53
1,2-Butadiene (methylallene) 68 Hydrogen 312
1,3-Butadiene 64 Isopropy] alcohol 41
+2,3-dimethyl- 52 Isopropylamine 31
,2-methyl- 55 Methane 40
n-Butane 45 ,diphenyl- 35
,2-cyclopropyl - 47 Methyl alcohol 56
»2,2-dimethyl- 42 1,2-Pentadiene (ethylallene) 61
+2,3~dimethyl- 43 cis-1,3-Pentadiene 55
,2-methyl= 43 trans-1,3-Pentadiene (piperylene) 54
,2,2,3-trimethyl~ 42 ,2-methyl-(cis or trans) 46
Butanone 42 1,4-Pentadiene 55
1-Butene 51 2,3-Pentadiene 60
»2~cyclopropyl~ 50 n-Pentane 46
+2,3-dimethyl- 46 »2,2-dimethyl~ 41
,2-ethyl~- 46 »2,3-dimethyl - 43
22-methyl- 46 »2,4-dimethyl- 42
»3-methyl~ 49 ,2-methyl- 43
+2,3-dimethy]-2-butene 44 +3-methyl- 43
2-Buten-1-yne (vinylacetylene) 89 +2,2,4-trimethyl- 41
1-Butyne 68 1-Pentene 50
+3,3-dimethyl- 56 ,2-methyl- 47
2-Butyne 61 ,4-methyl - 48
Carbon disulfide 58 cis-2-Pentene 51
Carbon monoxide 46 1-Pentyne 63
Cyclobutane 67 ,4-methyl- 53
,ethyl- 53 2-Pentyne 61
,isopropyl- 46 ,4-methyl- 54
Jmethyl- 52 Propane 46
;methylene- 61 ,2-cyclopropyl- 50
Cyclohexane 46 ,1-deutero- 40
;methyl- 44 , 1-deutero~2-methyl - 40
Cyclopentadiene 46 ,2-deutero-2-methyl- 40
Cyclopentane 44 +2,2-dimethy] - 39
Jmethyl- 42 ,2-methyl - 41
Cyclopentene 48 Propene (propylene) 52
Cyclopropane 56 »2=cyclopropyl 53
,cis-1,2-dimethyl- 55 ,2-methyl- “
Jtrans-1,2-dimethyl - 55 Propionaldehyde 58
,ethyl- 56 Propylene oxide (1,2-epoxypropane) 82
Jmethyl- 58 1-Propyne 82
,1,1,2-trimethyl - 52 Spiropentane 71
trans-Decalin 36 Tetrahydropyran 48

(decahydronaphthalene)
n-Decane 43 Tetralin (tetrahydronaphthalene) 39
1-Decene 44 Toulene (methylbenzene) 41
Diethyl ether 47 Gasoline (100-octane) 40
Dimethyl ether 54 Jet fuel, grade JP-1 (average) 40
Ethane 47 Jet fuel, grade JP-4 (average) 41
Ethene (ethylene) 80
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INDEX

Accidental explosions
classification 1
descriptions 1-3

Autoignition temperature 68-69

Blast wave parameters

negative phase duration 116

peak dynamic pressure 110

peak overpressure 110, 114, 105, 147, 150, 152, 165, 171, 173, 178, 180,
214, 216, 217, 221, 223

positive phase duration 110, 117, 105, 166, 174

specific negative impulse 169, 176

specific positive impulse 115, 148, 153, 167, 172, 181, 215, 218, 219,
220, 222, 224

time of arrival 164, 170, 173, 177

Blast waves
from bursting pressure vessels 144-156, 159, 160, 164-171
from bursts with flash-evaporating fluids 157, 158, 160-163, 172-181
from 1iquid propellant explosions 201-224
from unconfined vapor cloud deflagrations 101
from unconfined vapor cloud detonations 113-125

Boiling Liquid Expanding Vapor Explosions (BLEVEs) 2
Chapman-Jouguet detonations 80-83
Confinement effects

for dust explosions 4, 5

for gas explosions 72-80

for hybrid explosions 130

for liquid propellant explosions 187
Critical tube diameter 88
Cryogenic 1iquid propellants 185-186, 189
Definitions

deflagration 43

detonation 43

dusts 4

explosion 42
Deflagration-to-detonation transition (DDT) 89-92
Deluge 35
Detonability 1imits 88-90

Detonation cells 86-89
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Detonations
of dusts 6
of gases 43-45, 74-101
of hybrid mixtures 138, 139
Dimensional analysis - see scaling
Dust explosions 2, 4-41
Energy-scaled radius 102, 103, 110, 114-117, 122-125, 147-150, 152-153
Explosibility 25
Explosion control 2, 32-36, 141
Explosion definition 42-43
Flames
laminar 62-64, 253
turbulent 45
Flammability limits 64-68, 73
Flash-evaporating fluid explosions 157, 158, 160-162, 172-181
Fuel-air explosions (FAEs) 92, 93, 120, 121, 126
Grain elevator explosions 36-41
Heat of combustion
of dusts 29, 30
of gases 55-57
Heat of formation 58-60
Hybrid explosions 2, 130-141
Hypergolic propellants 185-186
Ignition energy 95-101
Inerting 34, 35
Initiation
of gas deflagrations 45
of gas detonations 81-85, 91-101, 87
of dust explosions 247-249
Liquid propellant explosions 185-228
Liquid propellants 185-187

Multi-energy method 109-113
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Pressure vessel explosions
blast analyses 144-154, 179-184
blast measurements 154-156
bursts with compressed gases 159-160
bursts with flash-evaporating fluids 158-162, 179-182
scaled prediction curves 147, 148, 150, 152, 153, 164-178

Project PYRO 187-200
Quenching distance 69-72
Reactive gas explosions 2, 42-129

Reactivity
of combustible dusts 33
of combustible gases 65, 107, 108

Reduced distance - see energy-scaled radius
Sachs’ blast scaling 54

Scaling
of blasts from pressure vessel bursts 144
of blast from reactive gas explosions 53-54
of dust explosions 6-15
of hybrid explosions 131-137
of vented gas deflagrations 46-53

Shock wave reactivity 65, 106-108

Source shape effects on blast 118-125, 145, 151-154
Steam explosions - see flash-evaporating fluid explosions
Stoichiometry 64-68, 76

Suppression 19, 35, 36

Test methods
for dust explosion properties 15-31
for flammability Timits 64
for gas explosions 113, 121, 127-129
for heats of combustion 29, 30
hybrid explosions 138-141
for ignition energy 15-16
for ignition temperature 25-27
for liquid propellant explosions 187-200

Unconfined Vapor Cloud Explosions (UVCEs) 2, 92-129
Venting 6-12, 32-34, 72-79



