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NRC Question - In PSC's letter dated March 27, 1991, concerning this
natural gas issue, PSC stated that the 6 inch manual isolation valve
(discussed above) would be closed, except during maintenance or
surveillance activities when Panhandle Eastern would have the valve
“continuously manned by an operator who has been instructed to
promptly close the valve in the event a pipeline rupture is observed
or suspected." How will this operator know a pipeline rupture has
occurred at either Break 1 or Break 2 locations?

PSC Response - An operator stationed at the six inch manual isolation
valve would be able to hear and see the effects of a Tlarge pipe
rupture, such as was postulated to occur at the Break 1 and Break 2
locations discussed in References 1 and 2 of the cover letter. The
Break 1 Jlocation 1is approximately 3900 feet from the 6 inch manual
isolation valve and the Break 2 location is approximateiy 4800 feat
from the 6 1inch manual isolation valve, Gas leaving the pipe 27
sonic velocity would set up a shock wave that could be heard at much
greater distances, The noise produced by gas escaping from a large
rupture would be comparable to that produced by a jet engine. The
terrain between the postulated rupture Tlocations and the 6 inch
manual isolation valve 1is quite flat, without many trees or
structures which could interfere with and significantly attenuate the
sound.

In addition to the sound generated from a large pipe rupture, the gas
escaping at high pressure from a buried pipe would create a large
plume of dust which would be visible from the 6 inch manual isolation
valve due to the fact that Break 1 and Break 2 locations are within
the line of sight of a person stationed at the 6 inch manual
isolation valve, Were the natural gas to ignite, as the result of
sparks at the rupture location, it would flare, which would also be
visible to a person stationed at the 6 inch manual isolation valve,

In addition. it 1is probable that the noise produced at the 6 inch
manual isolation valve itself, due to a sudden flow reversal and
drastic flow increase, would be sufficient to alert the operator
stationed at the 6 inch manual isolation valve, However, there is
insufficient experience and nc means of testing this to arrive at
this conclusion with a high degree of certainty.

Based upon hearing a pipe rupture and/or seeing the effects of the
pipe rupture, experienced personnel at Panhandle Eastern and Western
Gas Supply Company (PSC's natural gas subsidiary) are confident that
an operator stationed at the 6 inch manual isolation valve would
rapidly become aware of a large pipeline rupture near either the
Break 1 or Break 2 location,
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pductory Remarks

By far, the preponderant maj)ority ) cases of acciden~
tal or experimertal, unconfined vapor=-c explosions have
failed to produce significant airblast efrects. Nctable
except s-~the Flixborough and Port Hudson events are about
the gnly examples--are often held up to those who would
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dismiss the prospect lightly, as a reminder that experience
shows that the threat of structural damage and/or personal
injury/death cannot be ruled out. These events were spe-

cial, however, because the first involved a massive release

of cyclohexane, while the second was propane, and may have
involved detonation initiated within a strong walled build-

ing. These two examples are therefore not directly

appro-
priate to the circumstances

o current consideration, that
ijs, & natural gas release on the open prairie, in the ab-
&)

sense of enclosures where g shocks might be generated
23 April

. Both experience and thecry-based analyses say!

(PSC letters to S.H. Welss, dated 27 March and
1991)
Jnconiined natural-ga clouds 1n air lacking some peculiar,
extreme, and very special nditions) are not a blast dam-

age/injury threat.

For years, attempts have been made tO express the

©

hazard c© such uncondensed explosives as fuel-gas/air and
in terms of the energy release
yield) equivalent to some standard condensed-

fuel~-gas/Ooxygen mixtures (or

phase explosive
such as TNT The concept has some merit, as long as the

state of a uniform mixture O the reacting Qases is well
known, and the explosion~to~target distance 1s

large com-
pared to the size of the cloud (i.e.

, the target is suffi

ciently remote that the exte
source., This is

source approximates a point
usually not the case, nor of practical
interes in accidental gasecous re!eases 1inNto the atmos-~-
phere. The amount of gas that may participate in the com-
bustion reaction, soon enough to support a pressure wave, 18
ilation of the timg-averaQed
lower-flammability~limit envelope would suggest. Arny esti-
mate of vield is, therefore, very sensitive to

commonly much less than any calc

4 8

variations 1in
within the cloud,
depends on wind-speed profiles, gustiness,
ness, etc., \ are hardly knowable. Fore-
L te beyond doing } \ onfidence, at the
of developr

geometry and eddy fine-structure




. detonation I, thermal explosion. In the order given,
he explosion energy vields increase from a small fraction
f that potentially lable (order of 0.01) to a large
raction (approaching 100%). For natural-gas/air, we can
liminate any prospect of a thermal explosion, because
lka.@ hydrocarbons are stabl in air at ambient tempera-
Jree; and detonations can occur only in very special cir-
-umstances, such as in cthannels with high Reynolds Numbers
or in enclosures with strong walls. In pure methane/air,
detonations can be ruled out, Higher hydrocarbons are more
l subject to detonation (more on this later), unsaturated
hydrocarbons, even more, and certain chemical additions t
the hydrocarbon scructure increase this tendency dramaticalr-
1Y s This explains, in part, the differences in experience-
ed energy yields of explosive vapors and gases., Refer to
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able of yield factors able B.3) used with FEMA's
ARCCYTE Code. Alkane hydrocarbons are 1n he Qroup having
Y=0U.u3. This would be appropriate for deflagration of
natural-gas/air. The higher yields are for ethers, nitrated
paraffinsg, olefins, and acetylenics. This is entirely
onsistent with the findings of Brasie and Simpson(1948).

In the incidents they surveyed, including a wide range of
hydrocarbon/air explosions, yield values vere commonly less
than 0.04, Deflagrations having yields as high as 0.1l
require mixtures containing the more reactive components,

isted above, or special circumstances. Analysts often use

-

this more conservative value to cover any and all eventuali-
ties, tc @ way over on e safte side. [t would seem,
however, inappropriate to do s0 here, unless 1t can be shown

v

w
that detonations are bot )le and probable. ‘his lesue

18 addressed in the fol

here 18 consideravle, quality evidence that detona-
tion cannot be directly initiated in a natural-gas/air
xture with anything less than heroic efforts (e.Q., kilo-
grams of high explosive or a strong shock emanating Trom a
[IT-GR]1 LNG Workshop, 1982). Further, there 1is

considerable doubt that, once initiated, a detonation could
1 situations of nonuniform mix-

&
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sustain iteselt? in practica
t €

may have happen Port Hudson because of

o
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special circumstances, but alternative explanations for the
damage have been offered. [t must be remembered that the

Port Hudson event was fueled by propane not natural gas.

@ only reason for not categorically denying the

possibility of detonation at the FSV site is the presence of
higher hydrocarbuns in natural gases. (Refer to FSV gas
composition in PSC letter, dated 22 February 1991.) Concen~-
trations greater than 13%4 (by volume ot ethane and/ar pro-
pane i1ncrease® the sensitivity to initiation of getonation.
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® No detonations are possible in an inconfined stolchio=-
metric mixture of pure methane vapor and air, even

under the initiating influence of 2 kg explosive

r
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© Sustained detonations are possible in unconfined vapor

~louds containing stoichiometric fuel air mix..res when

the fuel vapor contains methane and propane 1n the
nolar ratios of 60740, 70,30, and B5/19. Above 8%5%
(molar) m

thane concentrations, NO sustained detona~
tions hav t

@ Propagating Jetonations (from a pipe) have been sus-~
tained in unconfined mixtures of methane/propane/a.lr
(stoich.ometric) for methane volume fractions of less

than 85%4 i the fuel vapor

It is evident from these result
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vat relatively small
fractions of heavier hydrocarbons sUuch a8 ethane and pro-
ne, in the tuel vapor increase the propensity for the

of unconfined vapor/air mixtures. This phenome-

non is of great importance 1n evaluating the detonability

as releases in the form of late-

Jsually does not apply to re-
AUSE® Qaseous releases are usually

igher hydrocarbons. TIe sensitivity of the
t the FSV site to the initiation uf detonation
by referring to attached Figure 7 from Bull
77), which shows the mass of tetryl required
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consequences of natural ~gQa
time DO

from LNG
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not ricn 1N "
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to detonate
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ethane mixture still needs a kilogram or more of high explo-
sive to detonate.

As a practical matter, as | understand the cir
stance vesible release of natural gas at the FSV
conclude that the

essentially zero.
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site, likelyhood of a detonation 1s

erated Pressures
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In view of the large uncertainties 1n any attempt t
| .

ish an explosive-energy yield an "gquably better

airblast pressures
from unconfined gas-phase expiosio one based on the «
theoretical development of Kuhl, Kamel, and Oppenheim (19748
see attached figure.). AT t

estab

approach to setting an upper DO nd on

f

g through a pre-

mixed gas of uniform composi and ¢ erties pushes
unburned gas ahead of its flame front, causing the pressure
to rise. In the free field, the flame propagates in three
dimensions as a sphere. The compression is less than 1t
would be if the flame were constrained by a nonyielding
surface ®.9g., the a wall) to propagate with only
two d e )t freed till less than situations 1in
whict on 1§ 2 to Jjust one dimension, In
any the f fixed speed--nelither accelerat-
ing lerati "

aintain a fixed pressure rise




in the unburned gas L push ahead. Unless the speed
he flame front P o g 40 m/s, the overpressure
head of the fl - g ceed one atmosphere (14.7
© shock up and possibly) tonate req res much hig
peeds The requirec \~up speed fo natural gas 1
not Yl g ~ertain approaches angd may exceed
(Lee, 97 at 1 about S0 m/s, 1ch is patent
nattainable ‘ en plce \ Q speeds for
e are m/ g ' Quiescent pnditions. urbulence may
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ncrea t b acto ) ) 2 e 30 m/s; see
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cloud, NO Pressures apable f rushing damage would be
expected. The pressure~-pulse duratior and the accompanying
drag-phase flow 18 ndoubtedly long ompared to the natural
period (roughly 1/2 se f the Turbine/Reactor Building
Complex as described in PSC letter, dated 23 April. Pres
sure durations fron condensed explosives are 1 to £ orders
of magnitude longer than ideal explosions (see Bodurtha,
198C, p. 108); therefore, the dynamic pressure pulse can be
t a wind st. Accordingly, it is appropriate =tc
C the wind force f the dynamicC pressure wave to oe
the principal mode for mechanical damage, and to compare its
magnitude to the design value
In ideal blast waves with a true shock front, peak
dynamic pressures can be appr iable 1 magnitude compared
to peak side~-on) overpressur . For example, a 4 pel peak
slde- OVerpressure 1s accompanied Dy 8 psi &0 psf
peak ¢ amic pressure. That represents a particle velocity
BY -2 ft/s or 136 mph. A b-pSs WWerpressure 1s accompanlied
by .8 psl d amic pressure, rresponding to a <6 ft/s
particle velocity, representing a 177 mph wind guet,. e
useful rule-of=thumb: T particle velocity ysoclated with
a l~psi overpressure 1% about ° ft/s8, and inaorease (Or
decreases in linear pr art i t the overpressure, Thus,
a 3 mph air blast 440~1ft/s particle velocity accompanies
a peak verpressure of 8.8 psi
Alkane/air deflagrative explosions, by contrast, do not
g rate shocks. Clearly, therefore, the peak particle
velocity drive L the exploslor annot exceed the flame
iriving 1t. A a result, flame speeds 1n quiescent,
xed hane/alr mixtures would De 1nCap:q i@ Of driving
wind gusts above 1o 1 18 mpt the ecqe the explogling ;

10 I have evidence showing that ti C lusion —

would not apply to the FSV gas as well. Allowing a factor
of four for turbulence, the limit would still be a factor of
4 t S below the designed wi force for the Reactor Bulil -
iNng, and would rapldadil dgilissipate wit! iistance from the
exg %1 This 18 sistent with my previous statement
that the i1ndependently mputed iynamic Pressure 1s 1nconse-
quential.
( Nne

These are my basi lusi s

l. The likelyhood f a d atio ies negligibly small, if not
Zero.

’ The air bhlast from a deflagrative ext S\l wOuid exhibit o
weak pressure pulse aving a | 3 rise time compared tc "Ny
haracterist building~response time. Thus, the response
i 1igd De entirely LLIKE & ress &e at ral wing forces




Responsgs to

side-on overpressures, if any, would be limited
to window/docr/light=-panel breakage Or geformation, but
(except for glass window breakage) this 1s expected only
from overly conservative estimates of yield.
Dynamic pressures would be inconsequential relative to the
.y ~ w‘"'.'.-' \"E"%‘.’.;" .
tar.ley B. Martin
2 May 1991
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TDEAL DBLAST WAVE (ALULATIONS

! ‘gr’od:./ /755)70/ -f‘o( fLQ 0 ats v‘H‘m‘/c .2 V‘n’ho W "'fﬂwn(‘/ oladl
J WPWeS $7ow pom? Sovves S, and Thus o luthim 18 boon used A_j Allzw and
Athens* to predict the effects of vapor cloud explosions on structures.

Brode's solutions can only be used for far field blast effects of vapor
cloud explosions since a vapor cloud is not well represcnted by a point

source, However, estimated overpressures and durations at a distance

| .

of several cloud diameters are good enough for most purposes, the uncer-
tainty of other factors in estimating explosive yields cau ing greater

deviations,

Allen and Athens provided plots based on Brode's solutions to determine
(Sihe 07 ) Crev prosiure aed peak

the peakAs&ffio—ond dyﬂamlc pre554§’;, the duration of the positive pres-
sure phase, and the s&a&ie pressure and dynamic pressure impulses at

any distance from the :enter of explosion. The plots are reproduced in
Figures 2 through 4 and can be used to estimate blast wave characteris-

_tics once the energy yield is known.
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Intr ~tion 1o Combustion Phenomena

later ¢ zed to t 3 1 .
increase in tube size. Note here must be made however, that once turbulence
triggered what 1 We measure 1s no longer the “Y!'!“!J!!“"‘T!E"ff""'

the Rame 1O be Iam

of the reac

ter than 2300

n uhk flow if Rewt Ids number | waed/pt) 1S grea
in a 1unhe becomes turbutent the iy or the flow rate 1S 1nCx
Figure 823 «s Damkohler's (Bunsen burner) measurements of
speed at vanous Reynoids numbers. He found that the Han speed 5 (&)
ient 2 300 (b) pre the
rootl « range 2. 300 = and
(c) proportion if Re Z 6,000 Obviously, only
1 fundamental flame speed ; item
1 yerred flame speed

d by the

g emar sy

20% 1, OO
R

824 Eflect Re ' - e Do anvnd frous Damkohler

hem &6 v € 3
fect of 1t # fineé 4 ddres 1€ enhance the inten v of transport pr
se in the combustion wa Under these circumstances, transp
heat and species is proportional to the eddy diffusivity & rather tha
mole lar 4 s for K y (3} Eguanons 8 1S5 an R ¢
! iar Qi K/p, ] ‘
the flame speed tly proportional 1t Kio C or /D

! prog ! i /1

logical to expect the burning speed, of a small scale rbulent flame

Iherefore

he




304 Introduction to Combustion Phenomena

(b) Large Scale Turbulence

When Re 2 6,000 the turbulent eddies are large, of dunensions comparable
with the tube diameter, much larger than the lamunar flame front thickness.
These eddies do not increase the diffusnities as the small scale eddies do,
but they distort the otherwise smooth “laminar™ flame front as shown in
Figure 8 25. The influence of these folds in the flame front is to increase the
flame fromt area per unit cross section of the tube. As a consequence, the
apparent flame speed 1s increased without any change in the instantaneous
local flame structure itself Damkohler estimated to show that the increase

instantanecus supply flow velocity profile

nstantaneous flame progagation direction

Figure 825 An exaggerated view of the turbulent flame front

in surface area 1s proportional to the charactenstic wrinkle {fold) size which
is proportional to the magmitude of velocity fluctuation (1e, of turbulence
intensity). Since 2 is proportional to the product of intensity and mixing length
and since ¢/v = 0.01 Re,

ilex area o fluctuation o £ « Re (8.19}
0

This explanation describes Damkohler’s large scale burning speeds quite
satisfactonly.

It 1s possible 1o concerve that at very high Reynolds numbers the turbulence
may get 50 intense that the wrinkles and folds in the flame front ultimalely
end up breaking the front. The resultant “preces™ (islets or lumps) of
flame may now jump ahead of the mean flame location into the fresh gas
and converscly, lumps of the fresh gas may jump into the lame This situa-
tson m extremely complex and at present our understanding of 1115 100 sketchy

Flames in Premixed Gases 30

88 Flame Stabilization

In order to accomplish large thrusts in a turbojet or a ramjet engine,
supply velocity of the reactant muxture is desired to be extremely high
it is not unusual for this velocity to be as high as ten times the maximun
possible turbulent flame speed of a given mixture. Expenience shows that
flame 1s blown away when the supply velocity exceeds the flame speed.
maximum supply velocity with which fresh mixture may be brought to the
flame front without blowing 1t away s known as blow-off velociry.
important limiting velocity depends upon 2 host of factors which includes
nature of the fuel and oxidant, theis ratio, mixture temperature, combustior’
chamber pressure, turbulence n the approach stream, burner geometry
burner wall roughness tempzrature, etc.

{a) Stability of a Bunsen Flame

Figure 8 8 indicated the mechanmism which determines the shape of a Bunsen
flame. Based upon this simple mechanism we can explam the phenomena oi
blow-off and flash-back. Figure 826 shows flame speed and normal com-
ponent of the supply veloaity u_ n four different situations. Only the regior.

rim

Flash-back Blow-off

- profile of normal component of uy

— le of flame speed
Figure 826 Stability of & flamre front near s wall
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ratio, and cloud temperature are a few. 1 will discuss only the first

three.

Laboratory experiments at McGill University, LLNL, and elsewhere
have shown that flame speeds can increase under the influence of partial
confinement and turbulence. Figure 111-15 shows the results of these
experiments. These data show that flame speeds can increase dramatically,
but confinement seems to have much more influence than turbulence.

In the 40 m3 yapor burns we conducted at NWC, flame speed was one
variable we paid close attention to. Table [11-10 shows the boundary
conditions of each of the vapor burn tests., Times given are all measured
from the beginning of the spill, Four techniques were used to measure
flame speed: (1) high speed optical cameras; (2) side-on infrared imagery;
(3) overhead i:frared imagery; and (4) in-situ vapor burn sensors. Al
data has not been analyzed as yet and therefore the results 1 will give

are preliminary.

In the Coyote 3, 5, 6, and 7 experiments, good flame velocity mea-
surements in the downwind direction were obtained from the side-on infra-
red cameras. The wind speeds in these four experiments were 5.8, 10.0, 4.6,
and 6.0 m/sec. The average downwind flame velocities were 12.6, 16.4,
11.9, and 18.9 m/sec respectively. 1f we subtract the wind velocity from
these numbers, we obtain flame velocities relative 10 the air of 6.8, 6.4,
7.3, and 12.9 m/sec. That is, the velocities were all around 7 m/sec,
except for the last experiment, when it was almost twice that. It must
be noted that the field of view of the infrared imager differed from ex-
periment to experiment, SO wWe should not yet draw general conclusions. [n
the only flame pressure measurement we performed, the results from
Coyote 6 showed pressures of about one millibar.

The overhead IR imagery onr Coyote 6 and Coyote 7 allows us to follow
the flame front in both the upwind and the downwind directions. we see the

data plotted in Figure [11-16. Velocities appear to be very high near the
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Table 111-10: Summary of the Lawrence Livermore National Laboratories'

Vapor Burn Tests
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SUMMARY

This work deals principally with explosions and detonations in
unconfinednatural gas clouds. It reviews the work of others and notes their
conclusions that deflagratica to detonation transition is unlikely.

The particular systems studied and reported concern direct initiation

kilograms of Tetryl or its equivalent. Other heavier hydrocarbons
are more readily detonable and hence practical natural gases may be
expected to exhibit less stable characteristics than pure methane,
Nevertheless initiation by the equivalent of about 1 kilogram of
Tetryl would be required for most natural gases and with this in mind
it is extremely doubtful whether detonation within the confines of
buildings represents a sufficiently energetic source to initiate
detonation within an unconfined gas cloud,

Thus within the present state of our knowledge it seems that by
all mechanisms detonation nf unconfined natural gas clouds is extremely
unlikely. However, it iga not possible to say at this present juncture
that detonation cannot oceur.

More attention is required to studies of initiati-n and propagation
of detonation in practical unhomogenous gas clouds, Similariy a better
medelling is required of the blast potential of other than clouds of
artificial geometric shape,



INTRODUCTION

It is not the author's intent to present a detailed scientific
account of the various circumstances in which natural ges may be made
to explode, but rather to state the issues simply attempting to
summerice current thinking and to point out areas where presently
knowledge is inadequate.

The term "explosion'" is generally used for any gaseous expansion
which gives rise to audible noise. Hence it may be made by, fer
instance, ING spilled on t¢ water, which in some cases with high ethane
content gives rise to vapour explosions, or by uncortrolled combustion
of flammable gas/air mixture in confin.d surroundings. These two
types of occurrence have beeu widely studied and it is not the intent
to deal with them here, rather this paper will deal with explosive
combustion of unconfined clouds of natural gas which might follow
leakage from a damaged pipeline or accident involving a spill of LNG.

We have studied the subject of explosions very much with LNG
storage, shipment and handling in mind, since the Shell group of
companies has for some time participated in ING trading and wishee to
develop it at a time when good supplies of clean gaseous energy are
particularly required in many industrialised countries. The reasons
for investigation into this subject are, firstly. a need to quantify
the extent of hazard following a specified incident and gain some
better impression as to the chance of it occurring and, secondly, by
study of the mechanisms involved, hopefully to be able to reduse both
the chance of an accident occurring and its magnitude should it ocour.

Two major incidents are uppermost in many peoples' minds and these
are a major collision or grounding involving substantial damage to an
ING carrier and a major accident in an LNG storage installation. One
set of "ground rules" for size of disaster to be considered in the
former was formulated by the US Coastguard. This requires consideration
of one cargo hold lost instantaneously. For land storage the NFPA 59A
regulation sets the maximum credible accident as the complete failure
of the largest through wall connection to a storage vessel. In this
case modern high bunded storage configur.‘ions employing insulating
concretes and, if necessary, fire fighting foams can reduce vapour
evolvements and disperse it in flammable concentrations within the
property limits. Clearly it would be desirable to move the product
to an undamaged storage vessel if this were available, but if this were
not so it would be tempting to consider a suggestion put forward by
8liepcevich (U to deliberately fire the spill if thie could be done with
safety. The idea of firing a spill before a large hazardous vapour
cloud has time tc develop is even more tempting in the case of major
damage to an LN3 carrier, as here no means has yet been developed of
limiting the speed of formation of the cloud. However, there are
obvious problems which have yet to be overcome concerning the safe
evacuation of the carrier crew and also the crew of any other vessel
involved in the collision. Further it must be realised that the time
available before mixing produces a dangerous cloud is very short,

typically a few minutes, and thereafter this method could precipitate
an accident.

We have all read accounts in which the explosive potential of a
complete LNG cargo is compared to that of a large high explosive brmb
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or even nuclear warhead. Such statements are usually based on
calculation of the gross thermal equivalent of the ING which ie then
related to the heat release of some quantity of high explosive. This
seems to be about as appropriate as grossing up the calorific content
of all the natural gas used in the United States annually and on this
basis arguing that natural gas usage should be prshibited since it is
equivalent to 10,000 megatons of high explosive. Here the argument is
clearly taken to extreme, but it does emphasise the point that the gas
must be available in the right place at the right time, and mixed with
the correct amount of air for an explosion to oscur, As will be seen
later these conditions do not apply to all the gas involved in a spillage.
The next point concerns the speed at which the energy is released, and
here we do not intend to dwell on the blast equivalent of zas clouds
and TNT explosions, but the issue is largely the mode of burning - will
it deflagrate or detonate?

DEF LAGRAT ION

The gas clouds evolved frem LNG spills are far from homogenous
(see Figure 1). There are many modele available for the calculation
of the amount of gas in any cloud lying between stated concentrations
in air, Shell has develouped its own models which are applicable both
for gaazoya releases as from a pipeline leakage (2,3) or from a pool
source 4 and, as a model shows clearly, at any given time only a
fraction of the gas is mixed in flammable proportions with eir.

Most moaels give a time average picture and opinions are very
much varied as to the likely extent of the variation in peak-to-
average gas concentrations at any given point. This is almost certainly
a facter of spill size and of the dirtance of the point in question
from the spill source. Figure 2 shows the fluctuations recorded on a
highly sensitive instrument in a small gas spill. From the experimental
work which we have done, it is clear that dependant largely on the size
of the spill, in some circumstances the gravity spreading effects are
dominant whereas in others the atmospheric turbulence plays a more
significant role.

In calculations regarding major spills, we generally assume thut

the time average half-LEL contour defines the limit of flammable gas
travel. Of course the upper flammable limit contour in no way
represents a boundary upon the gas which enters into deflagration.
If it were to do so pool fires could not result. The convection
currents set up once a flame is burning are sufficient to promote
mixing of air with pockets of rich gas so enveloping virtually the
whole over-rich portion of the c¢loud,

Regarding flame speeds, in the small scale ING spills which we
and other experimenters have used involving quantities of a few cubic
metres spilled on land or water, the gas has always burned quietly
and undramatically despite the varied atmospheric conditions. Not
infrequently in small spills the gas fails to light-back to the pool
source, either because it fails to ignite or local burn-out occurs.

Although we do not plan to carry out tests at high wind speeds,
it sometimes happens that wind develops during test and in these
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circumstances we have noted that light-back to the source can occur at
gust speeds of about 20 m.p.h. 8o clearly turrulent conditions prevail
and it seems not unreasonable to predict that flame speeds of up to

10 metres per second are possible,

In this connection it is interesting to note the results cbtained
by others with well mixed methane/air systems in stoichiometric
proportions. Lind and Strehlow(5) reported flame speeds of up to 5.8
metres per second norizontally and 7.3 metres per second vertically.

We are aware thet other workere are presently active, notably those at
the Midland Research Station of the British Gas Corporation, and we
understand in their comparatively large scale tests, flame speeds of less
than 10 matres per second were recorded.

For evidence of higher flame speeds, it is necessary to turm to
other workers using more reactive systems. Dorge and Wagner (6) examined
acetylene : air combustion. Using a 0.2 metre sided cube, they noted
flame speeds of up to 20 metres per second when the mixture was ignited
with a weak spark under conditions where high turbulence was generated
by use of spherical nets. However the maximum peak over-pressure
revealed was 0.2 atmospheres and flame acceleration was not sustained.

Kuhl, Kamel and Oppenheim have given us a model relating flame
speed to over-pressure (Figure 3). From this it is clear that pressures
at the flame front of methane/air systems are likely to be less than
0.1 atmospheres, with scarcely detectable blast pressures. It is indeed
unfortunate that almost without exception experimenters investigating
spherical flames have used equipment which is much too insensitive to
record the small over-pressures which are generated, and so have missed
the opportunity of validating the prediction of the model.

. Munday (7 has fitted the damage caused within the cloud to an
appropriate flame speed and matched the impulses to the TNT decay
curves to align with damage in the far field. Using this or similar
methods he and other workers have assigned flame speeds of up te S0
metres per second to violent explsions such as those at Flixborough =
which of course involved a cyclohexane.

A survey by Strehlow and Baker (8) of large scale natural gas

escapes which was subsequently ignited haes shown no evidence of high
flame speeds.

DETONATION

Thus so far in deliberate tests, or in small scale accidents
involving unconfined natural gas clouds, these have burned quietly.
However, it is possible to postulate that in very large clouds more
viclent thermal stirring would occur and hence more vigorous combustion
would follow - although the mode by which very high flame speeds would
result is far from evident. The real issue is will detonation of a
free cloud occur? Conceivably it might follow deflagration or be
directly caused by a more energetic sources, such as an explosion.

3.1 Deflagration to Detonation Transition

As has already been mentioned those workers who have investigated
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the former mode have come up with very unexciting conclusions.
Wagner (9) observed acceleration in propane/air mixtures, but
this was not sustained when the turbulence was removed. Boni,
Chapman and Cook (10) have reviewed the six distinct processes
which Lind and Strehlow have suggested might result ip a deflag-
ration to detonation transition and conclude that the presence of
a turbulent boundary layer or Rayleigh Taylor instability of the
flame front, and buoyancy induced acceleration of large flames
are very unlikely mechanisms: neither do they think likely
flame acceleration due to other turbulent processes of a fluid
mechanical origin. This view is shared by lee (11) who points
out that the turbulent flame speed required for self initiation
of fuel/air mixtures is about 230 metres per second compared with
laminar flame epeeds for most hydrocarbon/air mixtures of the
order of 0.5 metres per second.

These workers then, conclude that weak initiation may not be
possible. Certainly in order to achieve it, an extremely folded
flame front would be required and Lee doubts if this folded
structure can be maintained long enough for detonation to occur.

Of the 108 incidents reported by Strehlow and Baker, only one

-« that at Port Hudson, involving propane, resulted in damage which
was considered to be consistent with detonation having occurred.

In view of the amount of evidence which has since been accumulated,
it seems possible that such damage could be resulted from some
lower flame speed followed by focusing of the blast effect.

The workers from Science Applicetions Inc. have concluded that
for deflagration to detonation transition to occur the only
plausible mode woulid involve an explosion within some confined
space which would progress to detonation within that space and
which then might propagate intc the cloud.

Direct Initiation

So far in discussing deflagration to detonation transitionm,
reference has been made to studies performed by a number of

other workers. At Thorntun Research Centre most attention

has been directed to the alternative mode c¢f detonation initiation
- that of propagation from a shock wave established by use of an
explosive charge. The first series of experiments has been
reported elsewhere (12), but since new data will be presented

in this paper, it is appropriate to briefly describe the experimental
arrangements.

Well stirred stoichiometric mixtures of methane and oxygen were
used with various amounts of nitrogen as dilutant, and detonation
vas initia®ed by electrically firing selected amounts of Tetryl
explosive. The gaseous mixtures were contained in polythene bags,
fabricated from 130 microm polythene sheet of specific weight

130 gm'z and were of uninflated size 1.80m. x 1.80m. or 3.05m. x
1.52m. The gases themselves were of more than 99% purity, no
hydrocarbons other than methane were detected and the principal
impurity in the methane was nitrogen.






Within the experimental range the log of the initiator charge mass
to limiting nitrogen concentration relationship is linear and there
seems to be no reason from chemical kinetics or thermodynamic
considerations why there should be a sudden departure from this.
Figure 5 also shows the resultes in which the bridge wire detonator
was used alone as an initiating source., From the characteristics
of the blast wave, it appears that this is equivalent to a charge
of 0.25 grams of Tetryl. However, the rate of energy deposition
is not necessarily the same as for a Tetryl charge. For these
reasons the results of the detonator used alone have not been
included in calculating the regression line shown on Figure 5.

As the figure clearly shows, the projection of the straight line
relationship indicates that more than 20 kilograms of Tetryl would

be required to initiate a spherical detonation in a stoichiometric
mixture of methane/air. The work also points to the long path length
(11 m.) which would be required in any experimental verification

of the extrapolation.

In more recent work the amounts of tetryl required for initiation
of detonation in stoichiometric mixtures of other hydrocarbon fuele
with air have been directly determined using the same experimental
method, and these are shown in Figure 6, The extreme stability

of methane in comparison with these other hydrocarbons is clearly
demonstrated as might be expected from a compound with its particular
atomic structure and relative inertness as exemplified by a high
minimum auto-ignition temperature and high octane number. The
amount of Tetryl required to initiate detonation of methane is more
than twe orders of magnitude greater than that for the other
saturated paraffin hydrocarbons and more than three orders of
magnitude greater than that for ethylene.

Inevitably such a result must raise questions about the probable
behaviour of natural gas as opposed to pure methane. Natural gas
is of course not a single substance which may be defined chemically,
but commonly contains varying amounts of higher hydrocarbons than
methane according tc its origin and the treatment to which it has
been subjected. It might be supposed that these smaller amounts
of higher hydrocarbons would effectively ''seed" the detonation

and hence promote detonation in the whole gas.

The Thornton team has therefore carried out a few supplementary
experiments, wnich are still continuing, on simulated natural gas
mixtures. In Figure 7 the figures for methane/ethane mixtures
have been shown which would appear to confirm this supposition.
It ie intended to extend this work into mixtures containing hydro-
carbons other than ethane, but from the evidence produced in
Figure 6 there is little reason to suppose that, for instance,
propane will behave in manners significantly different to ethane
and hence the data presented on Figure 7 may be considered to a
first approximation as methane admixed with such higher hydro-
carbons as are likely to occur in natural gas.

At this stage it is appropriate to return to the question left
unanswered at the beginning of this section; namely the possibility
of detonations, originating in confined spaces, propagating into
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free clouds of natural gas and hence initiating detonation therein.
From the data presented in Figure 7 it is clear that an explosive
source equivalent to at least 1 kilogram of Tetryl would be required
to initiate such a detonation in most natural gases. At this
present juncture it seems to be generally accepted that the critical
conditions for the initiation of a detonation cannot be wholly
defined by critical energy considerations alone nor even by some
refinement which considers the application of power density to unit
volume. With such reservations in mind and accepting the
imperfection of our understanding, it appears that any explosion
within a confined space, which might be relieved by the destruction
of windows or even of the building itself, is most unlikely to
provide the energetic source required.

It is conceivable, however, that detonation in more confined
surroundings which could generate higier pressures an, for example,
in processing plant, could lead to the sufficiently energetic sources
to trigger detonations in free gas clouds.

In the previous section when considering deflagration, reference was
made to the highly structured nature of unconfined gas clouds as
exemplified in Figures 1 and 2. Certainly not all the gas lies
within the flammable limits and the proportion whi~h does is a functics
of time. When dealing with detonation, however, we are not

concerned with gas within the flammable limite, but rather with gas
within a narrower band. Only gas lying within these detonation
limits will contribute to detonation since the time scale of events

is insufficient to permit spectral changes.

Again, due to the limits imposed by the test equipment, it has not
been possible to determine the amount of initiator required to
promote direct delonation over a range of concentrations of methane
in air. However, this has been done for ethane/air and the results
are illustrated in Figure 8. There is no reason to suppose that the
shape of curve would be markedly different considering methane/air
and for normal natural gases it may well be argued that the higher
hydrocarbons effectively determine the sensitivity to detonation.
From the ethane/air curve the heavy dependance upon stoichiometry
will be seen and it will be noted that the amount of initiator
required varies by almost two orders of magnitude according to
stoichiometry. Thus considerable amounts of energy will be required

to initiate detonation in gas mixtures lying at the extremes of the
detonable limits.

With these considerations in mind, there is clearly some uncertainty
as to the amount of gas in any unconfined gas cloud which will
contribute to detonation. In any one selected area only the

amount of gas lying within the detonable limits will contribute.

The question is, however, can such detonations propagate through
diecontinuities to other areas lying between these same detonation
limits and cause sympathetic explosion.

A subsidiary quostion which arises is therefore '"If these
discontinuities cause the wave to decay, to what level can it
decay before it is no longer able to re-establish itself, when
it once again encounters a detonable mixture? In this context



measurements were also made with critical initiation of ethylene/
air which like those of Brossard and Edwards on acetylene/oxygen/
nitrogen and propane/oxygen/nitrogen systems, respectively, indicate
that there existas under conditions just critical for initiation, a
region after the major decay of the very intense shock from the
initiator where the averags velocity of the wave is below the steady
state Chapman-Jouguet value. These results are illustrated in
Figure 9 where it may be seen that the reaction front velocity falls
to a minimum of approximately one-third of the Chapman-Jouguet

value before attaining a steady state velocity similar to that
Frojected by the Chapman-Jouguet calculations. From this work

it therefore appears that knowledge of the behaviour of a detonation
under conditions marginal to its propagation coupled with better
information concerning the instantaneous concentration of fuel in
air within a gas cloud will define whether propagation of detonatiou
through a spillage cloud is possible, and under what range of
conditions the possibility could exist. It will also help to
indicate the proportion of the fuel likely to be detonated and the
nature and extent of the blast wave produced by the detonation.

DAMAGE POTENTIAL

The concept of a TNT equivalent of a gas explosion has in the past
been useful as it gives some impression of equivalence. It is generally
accepted, however, that this model must be used with considerable reserve,
particularly when applied to the near field.

In practice as has been seen from Figures 1 and 2, the unconfined
gas clouds originating from LNG spills are inhomogeneous disc-like in
appearance, viz they are thin compared to their diameter. Some models
treat these as well mixed hemispherical clouds for mathematical
convenience. In practice the energy liberated in the wave will parallel
the inhomogeneities. Further, there is bound to be considerable
interference from waves leaving the thin disc and, therefore, present
analyeies of the blast effects within the cloud and in the far field
are sadly very deficient.

REMEDIAL ACTION

Although this work has been proceeding for a period of about two
years there is clearly much still to be done and our understanding of the
mechunisms involved is very imperfect. It has already been seen that
large gas clouds are very lumpy and btadly mixed and there is some
question as to whether detonation can proceed throughout the whole mass
gas lying within the detonation limits. This, therefore, suggests that
if some mechanism can be found to break up the gas it may be possible

to use such discontinuities to reduce the blast effect caused should a
detonation ensue.

From Figure 6 it is apparent that the tendency of gases to detonate
is a strong function of their chemical reactivity. It is well known
that the methyl halides act as combustion suppressants by inhibition
of the chemical kinetic properties. It was therefore hoped that they
would be effective in suppressing detonation. The very limited amount
of work which has been carried out to cdate in this area has proved
disappointing., These methyl halides have acted in the same way as any






Figure 1, Gadilla Jettisoning Trials: Portion of gas cloud
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Institute), Director, Fire Research Depart-
ment (1969-1982)

URS Research Co., Manager, Fire Research
Group (1965-1969)

U. 8. Naval Radiological Defense Laboratory,
Research Scientist (1950-1965)

Related Experience: Broad-ranging research and problem-
solving applications in fire and explosion hazards (see
general resume)

Experience Specific to Petrochemical Fires and Explosions:
wWhile at SRI, Mr. Martin investigated the risks and damage
potential of releases of LNG and LPG {1 maritime accidents
(see: "Cost Effectiveness of Marine Fire Protection Prog-
rams, " Final Report to U.S5. Dept. ¢of Commerce, Maritime
Administration, November, 1978). He managed and actively
participated in several experimental programs in which fire-
fighting effectiveness of various agents and techniques were
evaluted i1n situations involving petroleum-fueled fires
(see, for example: "Extinguishants for Aircraft Fire

oo VestaDeive  Reawood(iy, (3goeniar Hobz  (415) 363-4969
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Consultant, Petrochemical ¥ires and Explosions (cont.)

Fighting: Auxiliary Fire Suppressants,” International
Seminar on Aircraft Rescae and Fire Fighting, Geneva,
Switzerland, 13-17 September 1976).

Since 1982, Mr. Martin has Jevoted a major part of his
project activities to accidents involving fires and/or
explosions fueled with petroleum products. For Varian
Assocliates (Palo Alto), Mr. Martin personally assessed the
potential for damage/injury caused by accidental leakage of
on-site storage of liquified propiane. He assisted Dames &
Mcore (San Francisco) in an analysis of the risks of
damaging fires and explosions from the accidental release of
various petroleum products in a Persian Gulf scenario.

For Mobil 0il Co. (Exploration Norway), he assisted Sierra
Consultants International (San Francisco) in a detalled
study of possible consequences of failure of the planned
sea-bed, natural-gas pipeline from the Statfjord Field in
the North Sea, and more recently in a comprehensive
fire/explosion safety study of Canada’s Hibernia Field
development, Also for Mobil (Chemical Company, Phosphorous
Division), he analytically recreated a runaway aerothermo-
chemical-mechanical scenario that resulted in a damaging
explosion at a trimethylphosphite piant.

Mr. Martin assisted Environmental Research and Technology,
Inc., in the preparation of an environmental impact
statement for a proposed shipping terminal in the Santa
Barbara area, by forecasting airblast overpressure contours
associated with a hypothetical supertanker explosion, and
thermal radiation safe-standoff distances for large petro-
leum fires.

These studies have generated several novel software programs
for reliable and convenient machine computation of the fire/
explosion hazards accompanying petroleum and petrochemical
accidents. Most of these studies have included recommending
cost/effective tire protection concepts and state-of-the-art
systems for fire suppression and damage limitation.

March 1988
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Consultants in Fire and Explosion Safety

NARRATIVE

During the past two decades, or so, my colleagues and I have
been stngaged in experimental studies and large-scale fleld-test
measurements of fire and explosion phenomena Some of thege hnave
a direct bearing on industrial and transportation accidents;
others, while less obviously relevant, have given results that
are nonetheless helpful in anticipating the consequences of such
accidents and suggesting the need for safety measures More
recently, Stan Martin & Associates has had frequent occasion 10
apply this technology to industrial safety planning, some of it
aimed at the anticipation of 1ife- and property-threatening
consequences of unlikely (yet possidle and even credible) large
releases of hydrocarbon fluids, An analytical methodology has
evolved, which 1 will describe and illustrate

while tiae applications addressed thus far have been mainly
blowouts of wellheads, high-pressure pipelines, and pre-refinery
process equipment, much of the analytical development 18 also
applicable to a variety of accidents invelving the release of
flammable gases, liquids, and/or two-phase fluids. Computer
codes have naturally accompanied these developments, particularly
in those situations of repetitive, labor intensive calculations,
This development is summarized 1in the attachment To date,
however, these individual coding efforts have not been pulled

together 1nto a general utility, user-friendly packKage, despite
the prospects for its widespread use.

The physical understanding that serves as a foundation for
this analytical methodology seems to bpe pretty well in hand
There are, however, some still unresolved issues, which I have
attempted to Dbring out in my talk One of these is the onset of
instability in pool fires as size increases and fuel supply
limits the per-unit-area Ddburning rate Another is deflagration
airblast from unconfined clouds of gases/vapors, and how the
resulting overpressures depend on ambient air moticn and the site
of flame initiation Full confidence in analytical forecasts
must await a satisfactory resolution of such incompletely under-
stood issues. Low-budget experimentation could lead to the
resolution of the instability question, especially 1f 1t were
coordinated with analytical modeling. The second issue may not
yield significantly without a costly series of large-scale tests

880 Vista Drive Redwood City, California 940862 (415) =2%.4909
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CODES DEVELOPED FOR INDUSTRIAL
ACCIDENT RISK AND CONSEQUENCE ANALYSIS

The analytical methodology applied by Stan Martin & Assocs.
to the evaluation of fire and expiosion hazards of accidental
discharges o  flammable fluids from pressurized process equipment
and transport lines and carriers makes use of several computer
codes of our own development. Examples follow:

¢ mechanics of subsea releases of pressurized gases and/or
miscible two-phase fluids, including plume flow and
separation at the sea surface. This was written as a Key-
stroke program for the HP-41C. Since then, the egquations
have Dbeen rewritten for improved generality and convenience,
They have yet to be programmed in machine language, however,

e atmospheric dispersion of cryogenic fluid spills and high-
rate releases of neutral-density gases (IBM BASICA).
Version CONCALCZ treats dispersion from a point source at
the atmospheric boundary; CONCALC3 treats unbounded cases,
Wind variables are speed and fou“~ gustiness categories.

explosion potential of unconfined gas clouds and explosive
mixtures in weaK-walled enclosures; estimates far-field
overpressures and their decay with distance from explesion
center. (IBK BASICA ~-- filename, EXPLOF.BAS)

¢ radiant heat levels from a fire plume (as a plane, rectangu-
lar source); calcuiates safe standoff distances, given
endurable fluxes as input. (IBM BASICA +«- filename,
RADHEAT.BAS)

¢ rates of gas discharge from pressurized pipelines and
reservoirs; flow may Dbe either sonic or friction limited.
(Fortran 4 -~ filename, PIPEFOR ; IBM BASICA -- filename,
PIPELEAK.BAS)

These codes have been successfully employed in several
industrial accident-consegquence analyses, In a recent study,

860 Vista Drive Redwood City, California 94082 (415 36%5-4989



four codes were linkKed to accomplish the following

i Bstimate ¢the steady mass flow and nozzie velocity of
pressurized gas issuing from holes of specified size

Interrelate momentum dissipation Dby air entrazinment with
composition and velocity change, along the length of the jet
of gas 1issuing from the hole, from its supersonic origin to
the region where its directed {flow effectively melds into
the wind field This result is used to decide how much of a

role Jjet mixing plays in the formation of explosible
mixtures

Describe the size, downwind extent, and explosion potential
of the steady plume formed Dby processes of wind shear

Estimate the airblast overpressure field that might reason-

ably result from the deflagrative explosion of the described
plume

The estimates of discharge mechanics are based on the well
Known equatior. for adiabatic, isentropic expansion of a gas
(ideal) through an orifice with pressure d4drop sufficient to
ensure at least sonic flow The second analysis uses results of
the theory of Jets developed by A. M. Kanury and presented in his
bookK: ®Introduction to Combustion Phenomena,” Gordon §& Breach
Science Publishiers, HNew York, 197%, pp 217-287

The analysis of atmospheric dispersion s based on the

bimodal gaussian model of Pasquil as subsequently applied Dby
Burgess et al(i%th Combustion Symposium, 1974). Overpressure
estimates follow developments of Brode, Porzel, and others for
situations of noncondensed explosives. The efficiency factor 1s
judgemental, but Dbased on guidance derived from reviews of

accidents (fe.g., Brasie, W.C, and Simpson, DV, AIChE, Loss
Prevention, vVol. 2, 91-102 (1968)).

More recently, Dboiling-liquid, expanding-vapor explosions
(BLEVEs) have been reviewed, and a theoretical Dbasis for code
algorithms was developed <0 permit estimating the airblast
overpressure fi2ld around such accidents. This has not as yet
been translated to software

Modifications have Deen made to the radiant-heat model for
hydrocarbon-pool fires 1o increase its versatility and realism.
The flame column 1is now modeled as a cylindrical radiator that
bends in response to the ambient wind., Thus the hazard added Dby
an unfavorably directed wind may Dbe evaluated Target points may
be selected at elevated locations (IBM BASICA -- filename,
FLAME2. BAS) Further modifications to makKe the code more "user
friendly" are .in progress

{0 December (98%
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