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Abstract

A number of experimental investigations of LNG fires (of sizes 35 m diameter and smaller) were undertaken, world wide, during the 1970s and
1980s to study their physical and radiative characteristics. This paper reviews the published data from several of these tests including from the
largest test to date, the 35 m, Montoir tests.

Also reviewed in this paper is the state of the art in modeling LNG pool and vapor fires, including thermal radiation hazard modeling. The
review is limited to considering the integral and semi-empirical models (solid flame and point source); CFD models are not reviewed. Several
aspects of modeling LNG fires are reviewed including, the physical characteristics, such as the (visible) fire size and shape, tilt and drag in windy
conditions, smoke production, radiant thermal output, etc., and the consideration of experimental data in the models. Comparisons of model results
with experimental data are indicated and current deficiencies in modeling are discussed.

The requirements in the US and European regulations related to LNG fire hazard assessment are reviewed, in brief, in the light of model
inaccuracies, criteria for hazards to people and structures, and the effects of mitigating circumstances. The paper identifies: (i) critical parameters
for which there exist no data, (ii) uncertainties and unknowns in modeling and (iii) deficiencies and gaps in current regulatory recipes for predicting
hazards.
© 2006 Elsevier B.V. All rights reserved.
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3.1.1.
3.1.2.

1. Introduction

Natural gas, which contains primarily methane (CHy), has
been used as an industrial and residential fuel for heating and
other purposes for over a century. The density of natural gas at
the normal temperature and pressure (293 K and 1 atmosphere
pressure) is 0.667 kg/m>; hence, it is lighter than air at the same
conditions. When natural gas is cooled at ambient pressure to
a temperature of about 111 K it liquefies to a liquid of density
425-450kg/m>; that is, the gas volume is reduced by a factor
of about 640-670. Because of this large reduction in volume
from gas to liquid, the economics of transportation and storage
of considerable amounts of energy as a liquid have favored the
development of the liquefied natural gas industry.

The first LNG gas plant in the US was built in West Virginia
in 1912 (ref. [1]), while the first commercial liquefaction plant
was built in Cleveland, OH, in 1941. Today there are 113 active
LNG facilities spread across the United States, including four
on-shore import terminals built between 1971 and 1980 (Lake
Charles, LA; Everett, MA; Elba Island, GA; Cove Point, MD)
and one off-shore facility (Gulf Gateway Energy Bridge Deep
Water Port of Excelerate Energy, TX) which began operation in
April 2006. In January 1959, the world’s first LNG tanker carried
LNG from Lake Charles, LA, to Canvey Island, UK. This voyage
demonstrated that large quantities of liquefied natural gas could
be transported safely across the ocean. Large importation into
the US has been continuing since 1976, although after reaching
a peak volume in 1979 the quantity imported declined, rather
drastically, due to both deregulation of natural gas in the US and
price disputes with Algeria (the then sole provider of LNG to
the US). In the period 1979 and 2001, the only operating import
terminal in the US was the Everett, MA facility. Due to increased
demand in early 2000s not only have the Elba Is. and Cove Pt.
terminals been reactivated, but also there are over 40 proposals
before the Federal Energy Regulatory Commission for building
new import and processing terminals in the US.

LNG, a cryogenic liquid, when spilled on land or water
evaporates by boiling due to heat transfer from the substrate
(and to lesser extent due heat input from the atmosphere and
the sun) producing vapors. The predominantly methane vapor
that is released is flammable in volumetric concentrations in air
between 5% and 15%. If an ignition occurs immediately dur-
ing the release of LNG, the liquid pool formed on the substrate
can sustain a “pool fire.” If ignition of the vapor cloud in the
open occurs during the time that the liquid is still evaporating,

a flash fire occurs in the vapor cloud, which propagates to the
liquid pool and results in a pool fire. Much delayed ignition of
the vapor cloud, after all liquid has been evaporated, results in a
vapor cloud fire only. Depending upon the density and porosity
of any obstructions enveloped or surrounded by the vapor cloud
during its dispersion, the flash fire can accelerate to form a fast
deflagration fire. The concentration of vapor in the cloud close
to the location of such obstructions has significant effect on the
magnitude and duration of acceleration of the flames. The haz-
ard to people and objects outside a pool fire or a vapor cloud fire
arises primarily from radiant heat emitted by the fire. Depending
upon the location of a person relative to the fire, the duration of
exposure and certain other parameters (discussed later in this
paper) exposed skin of a person may suffer pain, burns or other
detrimental effects. It is the magnitude and extent of burn haz-
ards posed by the flammable property of LNG that is of great
concern to the public.

There has been only one large industrial accident involving
LNG;in 1944 LNG was released from a storage facility in Cleve-
land, OH due to what has been determined to be the failure of the
container material (due to its incompatibility with the cryogenic
temperature). Unfortunately, the accident resulted in both direct
and indirect fatalities. Since then more stringent regulations and
standards have been promulgated mandating the use of cryo-
genic materials for storage tanks and the design of the facility to
contain any spilled LNG. In addition, the operational safety and
training of personnel have been significantly improved, and con-
struction and operation of large ships have been undertaken with
significantly improved technology. Because of these changes
in the codes and the commitment to safety of the companies,
worldwide, the industry’s safety record since “Cleveland” has
been impressive; not a single person of the general public (which
does not include facility workers) has been exposed to any type
of hazards from LNG anywhere in the world.

Not withstanding the above safeguards there is considerable
concern on the part of the public, and to some extent by gov-
ernment regulators, about the potential hazards that LNG poses
during its storage and transportation, especially because both
the size of shipments and storage capacities in terminals are
increasing. While in the 1970s such safety questions were based
on accidental releases, in the post 9/11 periods the potential
actions of terrorists are weighing heavily on the minds of peo-
ple. In the 1970s and 1980s, the safety questions resulted in the
conduct of numerous field tests to understand the types, charac-
teristics and extent of hazards posed by LNG fires on land and
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Nomenclature

Ca constant pressure specific heat of air (J/kg K)

Cs mass concentration of smoke particles in the fire
(kg smoke/m?)

D diameter of the base of the fire (or liquid pool
diameter) (m)

Deq equivalent diameter of a trench fire (m)

. Damkéhler number = { AHc/C, Ty}

EZ) emissive power of the fire nominal surface at axial
position Z (kW/m?)

Ep blackbody emissive power (kW/m?)

Ey emissive power of the fire nominal surface near
the base (kW/m?)

Eecss effective surface emissive power in the smoky
regions of fire (kW/m?)

Emax blackbody emissive power at the base flame tem-
perature (kW/m?)

Es emissive power of the fire nominal surface cov-
ered by smoke (kW/m?)

E, spectral irradiance (kW/m? m)

Fqa,— 4 view factor between elemental area dA; on the
fire and A the object area

F Froude number = (ri1{ / pa/g D)

F. combustion Froude number=F x -

g acceleration due to gravity (m/s%)

AH, heat of combustion of the fuel (J/kg)

km specific soot extinction area (m?/kg)

Ly beam length =0.63D, for cylindrical fires (m)

Lc length (height) of the bottom “clean burning
zone” (m)

Lg mean length (height) of the visible fire plume (m)

Ly length (height) of the intermittency zone (m)

iy mass flux of fuel vapor at the base of fire= pr
(kg/s m?)

PS(T,) saturated water vapor pressure at Ty (N/m?)

q’ radiative heat flux received by an object at dis-
tance S (kW/m?)

r air to fuel mass ratio for stoichiometric combus-
tion

RH atmospheric relative humidity (%)

S distance from the center of the fire (m)

T, dry bulb air temperature (K)

Uwing  wind speed (m/s)

U dimensionless wind speed

w width of the trench fire (m)

Y fraction of the burning fuel that gets converted to
smoke

y linear burn rate in units of liquid pool regression
(m/s)

K overall extinction coefficient of the fire (m~1!)

Pa density of air (kg/m>)

oL density of liquid in the pool that is burning
(kg/m?)

T atmospheric transmissivity

T transmissivity of smoke

17} transmissivity of the atmosphere for radiation of
wavelength A

XR fraction of combustion energy released that is
radiated

on water. Many models were developed to extrapolate the test
results for predicting hazards from postulated large spills caused
by accidental releases.

The objective of this paper is to review: (i) the data from sev-
eral of the LNG field fire tests including from the largest test to
date, (ii) the state of the art in LNG fire thermal radiation model-
ing, and the accuracy of prediction, (iii) evaluate the adequacy of
current models in their applications to situations that are several
orders of magnitude larger than those used in test conditions,
and (iv) discuss the adequacy of current regulations for public
protection.

The calculation of LNG fire hazards involves considera-
tion of three principal issues. These are: (a) description of the
characteristics of the fire, namely, its physical dimensions and
radiant heat emission (both in magnitude and distribution over
its physical form), (b) the reduction in radiant intensity due to
absorption/scattering in the intervening atmosphere and com-
plete absorption and/or reflection by intervening objects and (c)
the receptor characteristics for absorbing infrared radiation and
response. This paper will discuss the “LNG fire hazards” from
the above perspective.

2. Experimental investigations

Over the past 30+ years several LNG fire tests have been
conducted both in the US and abroad to understand the fire
characteristics and the thermal radiation emission from these
fires [2]. Broadly, two types of fire tests have been conducted,
namely, fixed size pool fires on land and expanding pool fires
on water. Table 1 lists some of the important fire tests of the
past 3 decades. Significantly, more tests have been conducted
on land-dike fires than with pool fires from LNG spills on water.
The fire sizes have ranged from about 2 m to 35 m in diameter on
land. In the only one set of pool fire tests on water, the maximum
diameter achieved was about 15 m. Other parameters measured
in these tests are also indicated in Table 1. Discussed below, in
brief, is a summary of the various tests and their results.

2.1. Fire tests on land

2.1.1. Esso tests

May and McQueen [3] conducted the earliest of LNG fire
tests. These tests involved the measurement of the thermal radia-
tion from a fire on LNG pools in an irregularly shaped trench into
which LNG was continuously fed at a metered rate (to maintain
a constant liquid level). The thermal radiation field surround-
ing an irregularly shaped trench was measured using calibrated
thermopiles.



Table 1

Summary of LNG fire experiments

No. Details of field tests Type of tests No. of tests Fire dimensions Principal results Technical
- R N - N reference(s)
Year Sponsored by Conducted in Liquid Wide-angle radiometer Fraction of
regression based, mean emissive combustion energy
rate (m/s) power® (kW/m?) radiated (%)
1 1969 Esso Libya LNG fireina 6 70m long x 25 m 1.6 x 107 92 12-16 May and
land diked widest X 5 m McQueen [3]
area (trench): depth (avg). Eq
continuous diam=18m
LNG feed
2 1962 US Bureau of Lake Charles, LNG spill on NA - - - Burgess, and
Mines LA ground Zabetakis [4]
surrounded by
a dike
3 1973 AGA San Clemente, LNG spill on 7 Diameter=1.8m 1.5x 1074 100 20 AGA [5]
CA ground
surrounded by
a dike
8 Diameter=6.1m 22x 1074 160+ 17 25 Raj and Atallah
[6]
4 1974-1976 USCG China Lake, Unconfined 5 Maximum 4x10™*to 220447 12-32 (depending Rajetal. [7]
CA pool on water: Diameter=13m 6x10™* on spill rate)
continuous
spill
5 1976 JGA Japan LNG spill on 3 2m x 2m square NA 58 13 JGA [8]
ground
surrounded by
a dike
6 1980 British Gas LNG spill on 29 Square and NA NA Moorhouse [9]
ground rectangular (2.5:1)
surrounded by dikes. Equivalent
a dike diameters 6.9 m to
154m
7 1980 Shell Research Thornton LNG spill into 1 Diameter =20 m 237 %1074 153+ 16 NA Mizner and Eyre
Research Ctr. insulated [10]
concrete dike
Maplin Sands, Unconfined Mostly vapor fires NA 203 £35 NA Mizner and Eyre
England pool on water resulting from [11]
delayed ignition
8 1981 Tokyo Gas Japan Diked pool on 8 Square pools of NA NA Kataoka [12]
land 25mx25m
9 1987 Gaz de France Montoir, LNG spill into 3 35 m diameter 3.11 x 1074 165+ 10 NA Nedelka,
France insulated shallow dikes Moorhouse and
concrete dike Tucker [13]

% Mean surface emissive power is based on the assumption that the flame shape can be described by a tilted cylinder of length given be Thomas’ correlation.
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The average measured radiation output from the fires was
inferred to be 12% of combustion energy released (this number
isincreased to 16% if the emission from the part of the fire below
the rim of the pit is taken into account). The average steady state
liquid regression rate was calculated to be 1.6 x 10~*m/s. The
composition of LNG used was about 72% methane; ethane and
propane concentrations amounted to about 23%. Because of the
relatively high percentage of higher hydrocarbon concentrations
itis reported that this LNG fire was not as luminous as it may have
been had the LNG contained higher concentrations of methane.

2.1.2. The US Bureau of Mines

Burgess and Zabetakis [4] report a series of both labora-
tory scale and field scale tests on land to understand the rate
of vaporization of LNG (with and without fire), mixing of LNG
vapor with air, thermal radiant output as a fraction of combus-
tion energy, etc. The laboratory tests were performed on 0.38 m
(151in.) diameter trays and the field scale tests involved spilling
of LNG in to dikes of 3m x 3m (10ft x 10ft) and 6 m x 6 m
(20 ft x 20 ft). The burning rates obtained from the 0.38 m diam-
eter tests indicated a value of 1.94 x 10~ m/s (0.083 kg/m? s).
The radiant output fraction measured in the 3 m and 6 m dike fires
varied between 20% and 34%. Burgess and Zabetakis conclude
that while LNG burning rate is higher than that of gasoline on a
volumetric basis, both LNG and gasoline have the same burning
rate when expressed on mass basis. That is, the heat release rates
from a gasoline fire and a LNG fire of the same size are about the
same, since both gasoline and LNG have the same heat of com-
bustion per unit mass (within about 3.5%). In addition, Burgess
and Zabetakis conclude that LNG vapors are not explosive even
when the large amount of vapor generated by the initial “flash”
due to the rapid boiling of LNG on a warm ground surface is
ignited. They conclude from this study that LNG can be stored
safely, above ground, in properly designed tanks surrounded by
dikes “in the same manner as gasoline storage.”

2.1.3. The American Gas Association

AGA [5] sponsored a series of tests performed at the TRW
test facility in San Clemente, CA. These included several LNG
pool-on-land fire tests; two different sizes of dikes were used,
namely, 1.8 m and 6.1 m. The geometrical characteristics of the
fire were measured photographically and the radiation field sur-
rounding the fires was measured using wide-angle radiometers.
In addition, the liquid regression rates were measured using a
depth gage and the heat flow from the ground to the cold pool
was inferred from the temperature data from thermocouples
located at different depths in the ground below the center of the
pool.

The data obtained from these series of tests have been pub-
lished by AGA [5]. Within the limitation of the size of fire tests
conducted in this series of experiments it is seen that the burning
rate, the flame emissive power and the fraction of combustion
energy radiated increase with increasing size of the fire diam-
eter. The time-averaged fire emissive power for the larger fire
was calculated to be 150 kW/m? (range 143—-178 kW/m?). The
average values for the calculated fire characteristic parameters
obtained from the test data, for the two dike diameters, are indi-

cated in Table 1. Additional discussion of the test data and the
results are provided by Raj and Atallah [6].

It was seen in these tests that the fire plume length (or height
in calm winds) was about 2-2.5 times the base diameter and
that the fire color changed from initial yellow to orange as the
LNG pool was consumed. In fact, towards the end a significant
quantity of black soot production was seen in the fire. In addition,
significant flame plume tilt was seen for wind speeds above a
threshold value.

2.1.4. Shell Research Co.

Mizner and Eyre [10] report a series of tests of LNG, LPG
and kerosene fires of 20 m diameter. The tests were conducted
on pre-cooled (by liquid nitrogen) insulated concrete, shallow
dikes. A single 20 m diameter LNG fire test was conducted at a
mean wind speed of 6.15 m/s. The burning of pure methane was
recorded for over 240 s (in a fire of about 420 s burn time). Even
in the early stages of the fire the flame was found to be sooty (with
black smoke) in its upper regions. This sooty region began to
expand to lower regions when ethane burning was measured. The
burning rate of the liquid was found to be quite steady throughout
the burning period at about 0.106 kg/s m.

The mean surface emissive power (SEP) estimated from
the wide-angle radiometer measurements (with the flame shape
being described by a bent over cylinder with length equal to the
actual measured distance to which flames were visible) during
the steady burning period was 153 kW/m?. Twenty-one, wide-
angle radiometers were located down-wind over a 120° arc and
radial distances from the dike center of 2D, 3D, 4D and 5D. It
was found that the standard deviation in the SEP values inferred
from the data of these wide-angle radiometers agreed with in
10%. In addition, in these tests steel plates were located on the
ground very close to the fire (1.5D-2D from the center) whose
temperature increase due to incident radiant heat flux was mea-
sured. The fire SEP inferred from the steel plate temperature
measurements was in the range 131-169 kW/mz, with the mean
almost equal to that calculated from wide-angle radiometers.

2.1.5. Gazde France

Nedelka et al. [13] have conducted the largest LNG pool fire
tests to date. In 1987, a series of three 35 m diameter LNG fire
tests was conducted on an insulated concrete dike in the field
test facility of Gaz de France (GdF) at the Montoir de Bretagne
methane terminal in France. The objective of the test program
was to understand the burning characteristics of and quantify the
radiant thermal emission from large LNG pool fires, in which
the dominant heat for the vaporization of the liquid pool comes
from the fire. The test series was instrumented with over 40 wide-
angle radiometers, 6 narrow-angle radiometers, 2 spectrometers,
gages to measure the liquid depth in the dike for obtaining the lig-
uid evaporation rate during the fire, calorimeters located within
the dike and just above the liquid surface to measure the heat
flux from the fire to the liquid and gas sampling devices within
the dike. More details of the instrumentation and details of mea-
sured data are published (Nedelka et al. [13], Malvos and Raj
[14]). As was found in the 20 m diameter Shell tests, the burning
rate was quite steady and methane preferentially burned for over
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Source: Gaz de France, Personal Communication

Plate 1. Photograph of the typical shape and characteristics of the fire in test 1,
Montoir tests, during the methane steady state burning period.

one half of the duration of the fire. The mean duration of burning
of the fires in the three tests was about 450s. Also noticed was
the copious amount of black smoke produced by the burning of
the LNG even during the period when only methane was burn-
ing. Plate 1 indicates a photograph of the typical 35 m diameter
LNG fire observed in these tests. The significant smoke and the
“reddening” of the fire in the lower portions can be clearly seen.

The variation in the SEP from the base of the fire to the top of
the visible fire was considerable. Fig. 1 shows the narrow-angle
radiometer data, uncorrected for atmospheric absorption, in one
of the tests. These data refer to the measurement by a narrow
angle radiometer that was located at a distance of 155 m from
the edge of the dike. Fig. 2 shows the data from the spectrometer
that was located 20 m from the edge of the dike. Other findings
from the 35 m diameter LNG fire tests can be summarized as
follows:

04 TSR, o T 3
DATA NOT CORRECTED FOR ATMOSPHERIC ABSORPTION)

Statistics of uncoirected NAR data
Apparent surface emissive power

03T twam’) =
Data from Mean d. Dev.
Topoifite Y] 0 Bottom part of fire

W Mid height of fwe | 105.0 359
I Bottom of fire 230.2 10.2

02L
Top of fire
i Mid height of fire

Probability of realizing the Surface Emissive Power

0.1
0.0 JEISINS] |1H|||1! ‘l’l!'ll I !
0 50 100 150 200 250 300

Apparent Flame Surface Emissive Power (l(WJ'm2 )

rlOTE: Fire (dike) diameter = 35 m : NAR distance from edge of dike = 155 m|
Data represents 146 records in 5.6 s

Source of Data: Malvos & Raj [14]

Fig. 1. Statistical distribution of NAR data taken at different times from three
locations on the plume of the 35 m LNG fire test # 2.

110 I‘— Montoir LNG Fire Test# 2
100 i

Spectrometer @ 20 m from dike rim

‘E‘ T Spectrometer aim = 11.5° wrt horizontal
a5 Airtemp=21°C RH=54%
£ 80| §
E 70 b
;’ 60 L Spectrum of a black body @ 1547 K
o i and emissivity =0,92
o 50 | (Area below the curve = 281.6 kWim"2)
x 4 I | IR spectrometer data
E 30 F /" | ] .‘. {Area below the curve = 198.7 kWim*2)
s ‘ A
20 | il
‘% : N N Al

10 | " Near IR & Visible U | Y1 W,
L /' Spectrometer Data y e NP (1O o
0 P NN R I i L all
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Wavelength (pm)

Water vapor absroption bands:  Strong @ 1.88. 2.66 and 6.27
Weak @ 0.94.1.14,1.38.2.74 and 3.17
Strong @ 2.69.2.77 and 4.26

Weak @ 1.96.2.01.2.06.4.68.4.78 and 4.82
Atmospheric transmissivity (20 m) = 198.7’}231.6 =071

CO2 absorption bands:

Sonrce of Figure: Malvos & Raj [14]

Fig. 2. Comparison of the data from the IR spectrometer and the visible range
spectrometer in the 35m diameter LNG Fire tests with 1500 K black body
spectrum.

(1) The mean liquid evaporation rate due entirely to the heat
feed back from the fire is 0.14 kg/m? s. This value obtained
from the measurement of the actual liquid depth variation
with time is considerably lower (by about a factor of 2.5)
than the value that can be calculated using the data on the
heat flux (from the fire) into the liquid pool measured inside
the dike and close to the liquid surface. The discrepancy
may be explained as due to: (i) methane vapor absorption of
heat radiation at the lower levels of the fire, (ii) absorption
and scattering by any liquid droplets thrown up due to the
violent boiling inside the pool and (iii) absorption by low
temperature soot present close to the liquid surface. Note
that the heat input into the pool from the dike floor during
the fire test is very small because of the insulated concrete
as well as the fact that the floor was pre-cooled.

(2) The 5 s time averaged data recorded by the movable narrow
angle radiometer located at 155 m from the dike edge indi-
cate that the apparent spot emissive power (uncorrected for
atmospheric absorption) at the bottom of the fires (within
a height of 6 m), varies between a low of 79 KW/m? to
a high of 221.7kW/m?. The maximum values recorded
in the three experiments are, respectively, 201, 208 and
221.7kW/m?. Using the calculated atmospheric transmis-
sivity values (0.65-0.665), consistent with the atmospheric
conditions and the location distance to the NAR, the max-
imum spot emissive power (SEP) ranges from 309 to
333 kW/m2. Nedelka et al. [13] report that occasionally,
the instantaneous SEP (atmospheric absorption corrected)
reached 350 W/m?. It should be noted that because of the
“narrow view” of the NARs these SEP values are for a very
small region of the fire and do not represent the overall SEPs
even in the lower regions of the fire.

(3) The fires in all three tests were very smoky beyond a cer-
tain height (or length along the tilted axis). The narrow
angle radiometer readings confirm that the time averaged
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emissive power of the fire decreases with height (or length
along the axis). The mean emissive power calculated from
actually visible burning area spots over the entire length of
the fire plume was about 265 kW/m?. The mean emissive
power value, based on idealized fire geometry (tilted circu-
lar cylinder with axial length given by Thomas’ correlation),
is reported to be 165 kW/m?.

(4) The spectral data from the lower parts of the fire indicate that
the 35 m LNG fire is not optically thick. It can be character-
ized by a black body at a temperature of about 1547 K and
emissivity 0.92. This emission applies only to those parts
of the fire that are luminous. However, considerable smoke
at higher regions masks the high emission rate lowering the
apparent emissive power averaged over time and fire size.

2.2. Fire tests on water

Very few tests have been conducted with LNG spill fires on
water. Also, very limited data are available for the burning char-
acteristics of fire on water as well as thermal radiation values
from such fires. Two series of experiments have been reported
with the specific objective of measuring the behavior of LNG
fire on water. The only series of tests to understand the burning
of LNG pools on water was conducted in 1976—1978 in China
Lake, CA and reported by Raj et al. [7]. In 1980, Shell Research
Ltd., UK conducted tests at Maplin Sands to understand the
characteristics of burning of flammable vapor clouds generated
by LNG spills on water and dispersed without ignition at the
source. In one of these tests, the flashing vapor fire ignited the
still boiling pool at the source resulting in a relatively short-lived
LNG pool fire (Mizner and Eyre [11]). The details of the above
two series of tests and their results, as they pertain to LNG pool
fires, are discussed below.

2.2.1. China Lake tests

These tests were conducted spilling LNG at a rapid but
controlled rate on to the water surface in the middle of a
50m x 50m x 1 m depth pond. The volumes of LNG released
ranged from 3 m> to 5 m>. In the “pool fire” tests, an igniter was
activated near the spill point as soon as the LNG hit the water
surface. This produced an immediate ignition and resulted in an
initially expanding, burning pool of LNG with a generally tall
and columnar fire plume. An illustration of the resulting fire is
shown in Plate 2. The picture shown is that of a fire at about
the mid point (35 s) in the duration of burning of the pool (75 s),
when pure methane was burning. The fire is tall and yellow in
color signifying high radiant emission.

A series of eight pool fire tests was conducted. A majority
of tests were conducted under essentially calm conditions so
that the fire plume was vertical. In two tests delayed ignition
occurred. In three tests, the wind speed was significant. The test
conditions and some important results are indicated in Table 2.
Fig. 3 shows the narrow-angle radiometer (NAR) data (after cor-
recting for the atmospheric absorption) from this series of tests.

Fig. 4 shows the data obtained from a spectrometer showing
the fire emission spectrum. It is seen that the fire is hardly a
black body emitter. Clearly, the emission from a fire of these

Table 2

Summary details of China Lake LNG-on-water pool fire tests

Emissive power

NAR measured
fire emissive

Mean ratio

(L/D)

Measured

Burning

Duration of
intense

Measured state
pool diameter

(D) (m)

Rate of spill = 10~2x

(m3/s)

Spill

LNG spill

Test no.

inferred from WAR
data® (kW/m?)

visible flame

rate® = 10™4x

(m/s)

duration (s)

volume (m?)

power(z) (KW/m?2)

length (L) (m)

burning (s)

2.8

24.0 £ 2.7

210 445

8.5

2.09
10.19

5.3 254

53
4.2

52
49
248

28

207 £ 5

4.1

472 £39
255+63
55.0 £ 8.5
420 £ 6.4

9.63
3.39
8.97
8.06
3.43
4.94

42

195

11.5

8.57

200 £ 11

2.8

9.0
12.8

1.69
9.38
10.96

4.2

187 £ 29
185 £ 6

43

26
40

32
52
75

3.0
5.7
5.7
5.7

2.8

15.0

75

16.8

7.60
7.04

7¢

220 + 47

224 + 13

3.1

44.0 £ 6.3

75

14.0

81

12

Notes: (1) The burning rate is calculated as if all spilled LNG burned during the intense burning period over the area given by the mean measured diameter. This gives the upper bound of burning rate. (2) Atmospheric
absorption corrected values. In tests 3, 4, 5 and 6 the narrow angle radiometer (NAR) was 60 m from center of fire. In test 12, NAR was 30 m from fire center. (3) Assuming a solid flame of height equal to 3.1 times

mean diameter and measured WAR data corrected for atmospheric absorption. WAR data from other tests have not been analyzed. (=) The number after this symbol is to be interpreted as the standard deviation in

the value.

2 Initial high wind blew vapor away from the igniter and resulted in delayed ignition. Hence, there was only a partial pool fire. The data obtained are not representative of pool fire and not analyzed. Entire pool

burned in very short time (compared to spill time).

Y Wind speed was 3.1 m/s. Significant differences were observed in pool dimensions from two different directions. Diameter indicated is the mean of the wind-ward and cross wind dimensions.

¢ This is a delayed ignition pool fire.
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LNG spill velume = 5.5 m"; Duration of spill =84 s
Time after ignition when the photo was taken= 40 s

Plate 2. Fourteen metre diameter LNG fire on water in test # 5 of China Lake
tests.
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Fig. 3. Narrow angle data on surface emissive power vs. time for China Lake
LNG fires on water.

diameters consists of band emissions from water vapor and CO,
and a continuous emission due to luminous soot. For the China
Lake fire (13 m diameter), the emissivities of the luminous soot,
water vapor and CO» are found to be, respectively, 0.14, 0.19
and 0.35. Also, the flame temperature for the China Lake fire
(13 m diameter) is calculated from the spectral data to be close to
1500 K. Detailed analysis of the spectral data has been published
recently by Raj [15].

The principal findings from China Lake series of pool fire
tests on water are:
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Fig. 4. Typical LNG pool fire spectra from AGA tests and in China Lake test #
5at20s.

(1) The apparent burning rate increases with increase in spill
rate. This phenomenon is attributed to the deeper pene-
tration of the spilled LNG into water, its break up and
vaporization over a large number of LNG droplet surface
area that is considerably larger than is presented by the hor-
izontal (water—-LNG) contact area defined by the mean pool
diameter.

The burn rate vs. the spill rate is correlated by a dimensional,
linear least square fit equation:

apparent burn rate y(m/s)
= 107* x [2.73 + 58 x spill rate (m*/s)] 1)

The above correlation contains the heat flux contributions
from water and fire. It is likely that the heat flux from fire-to-
pool in fires of diameters larger than the ones in these tests will
be different. Hence, it is uncertain whether the above correlation
will be applicable to the burn rates of LNG on water with very
large pool fires.

(2) The time averaged height to diameter ratio of the visible
flame is slightly less than that predicted by Thomas’s cor-
relation in the range of the measured burn rates. The height
to diameter ratio data is correlated by the following least
square linear fit equation on the log—log plot.

N 2/3
L
oF :46.5{’)Ly} 2)
D Pa /8D

(3) The energy emitted by the fire as radiant heat, expressed
as a fraction of combustion energy generated by burning,
decreases with increase in spill rate. Fig. 7 shows the varia-
tion of the fraction of combustion energy released as radiant
heat (assuming that all evaporated LNG burns in air) ver-
sus spill rate. Assuming that the height of the flame is that
given by correlation in Eq. (2), it can be shown that the
combustion energy fraction varies as {y}~!/> for a constant
diameter and constant emissive power. However, the actual
data in Fig. 7 indicates a steeper drop in the fraction radi-
ated compared to the above-predicted rate for spill rates
greater than 5 x 1072 m3/s. This implies that in high rates
of release a part of the released vapor does not burn at all;
that is, the faster the vapors are generated, the less the chance
for combustion. In much smaller scale tests (0.38 m diame-
ter) involving the spill of LNG on to a warm tray, Burgess
and Zabetakis [4] also found that about 70% of the vapor
generated initially did not participate in combustion.

(4) The flame emissive power values obtained from the narrow
angle radiometer (NAR) and that inferred from wide angle
radiometer (WAR) data by assuming a cylindrical shape for
the fire and the measured mean height of the fire, agree
very closely in their mean values. The mean emissive power
of the 14 m diameter fire is found to be 220 + 47 kW/m?.
However, if the NAR data from all tests are considered (see
Fig. 3), the mean and standard deviation of the NAR data
are represented by 205 4= 20 kW/m?. The scatter in the WAR
data is about twice the scatter in the NAR data. The large
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variation in the computed emissive power from the WAR
datais due to the fact that in reality the fire is not a cylindrical
columnar fire of constant height but tends to pulsate both in
diameter (as the large turbulent eddies rise up through the
fire) and in height, whereas the emissive power calculating
procedure uses only a constant height and diameter fire.
Had the exact shape of the fire at every instant been used to
calculate the mean emissive power, the data scatter would
have been much less.

2.2.2. Maplin Sands tests

The details of this test series are discussed in the section on
“Vapor Fires.” In one test (test # 39) of the seven tests with LNG
spill onto water in an ocean environment the vapor fire flashed
back to the source, which was still in the form of a boiling
pool of LNG. This resulted in a LNG pool fire of very short
duration (several seconds). The data set from this single, very
short-duration pool fire, indicates that the visible flame height
was in the 40-60 m range (no data are available for the diameter
of the burning pool of liquid) and the calculated surface emissive
power (based on measurements of the fire size and radiometer
data at measured at different times within the short life time of
the fire) ranges from 179 to 248 kW/m? with a mean value of
203 kW/m?. This result on SEP compares favorably with those
obtained in the China Lake experiments.

2.3. Fires on elongated LNG pools on land

Very limited experimental investigations have been per-
formed on the thermal radiation from trench fires. Trenches form
the impoundment areas for collecting any leaks from process
equipment, vaporizers and transfer piping in a LNG terminal.
Laboratory scale trench fire tests have been reported by Golla-
halli and Sullivan [16]. Croce et al. [17] report a series of 13 field
scale fire tests with trench sizes varying from 0.82 m (W) x 4.4 m
(L) to 3.9m (W) x 52.1m (L), covering a range of length to
width (aspect) ratios from a minimum of 4.97 to a maximum
of 30. The wind speeds during the different tests varied, from
a minimum of about 1 m/s to a high of 8.36 m/s. The principal
findings from trench fire tests are summarized as follows:

(1) In the laboratory tests, the flame sheet was not coherent
for length to width aspect ratios greater than 4. For larger
aspect ratios, the flame sheet broke up into distinct columns
of flame (“flamelets”) with the overall heights of the fire
being lower compared to the case of coherent flame sheet.

(2) The heat flux data on the perpendicular bisector to the trench
length show an inverse square relationship with the dimen-
sionless ratio of distance from fire center to the equivalent
diameter based on the trench area (S/Deg), in both the labo-
ratory and field tests for values of S/W>2.

(3) The flame height to trench width ratio, in the laboratory
tests, reaches a constant value after the flame sheet loses
coherency. In the tests by Croce et al., the flame height
to width ratio decreases linearly with wind speed based
Froude number (Fr' = Uy /2./gW) up to Fr' =0.25 and
then becomes essentially a constant at about 2.5 and inde-

pendent of Fr. This implies that at lower wind speeds,
increase in wind speed resulted in a decrease in the burning
fire plume length; above a critical wind speed flame length
is independent of the wind speed.

(4) The fire induced burning rate is much smaller than the fire
induced burning rate in a circular pool of equivalent diame-
ter. The steady state burning rate measured in the field tests
ranged from 4.3 x 1072 to 8.0 x 1072 kg/m? s. The burning
rate does not seem to correlate with wind speed implying
that the bending of the fire has limited effect on the heat feed
back to the liquid.

(5) Considerable ground overshoot of the flame in the down-
wind direction (“flame drag”) was noticed in the field tests.
The flame drag ratio (1 + downwind extension from the
trench edge/trench width) ranged from 1.21 under low wind
speeds to 4.23 in high wind speeds.

(6) The flame plume is tilted by the wind—the higher the wind
speed the more the tilt from the vertical.

(7) Fire (mean) surface emissive power (SEP) values calculated
using the radiometer data from the field tests, the mean mea-
sured flame lengths and tilts range from 50 to 200 kW/m?,
the latter from wider trenches. Croce et al., conclude that
based on these results it can be postulated that a LNG fire
on 6 m width trench would exhibit a SEP of 220 kW/m?.

(8) The thermal radiation hazard distances can be predicted by
using the standard models by considering the fire geometry
as rectangular, optical length (in width direction) as 4 m and
the maximum SEP of 220 kW/m? and using the flame tilt
correlations available in the literature by using the trench
width as the characteristic dimension of the fire.

2.3.1. Summary Pool Fire test results

In Table 1, the details of the various pool fire tests are pre-
sented and also the principal findings from these tests. Fig. 5
shows the results for the mean surface emissive power calcu-
lated from the data from different LNG pool fire tests, plotted
as a function of the base size of the fire. It should be noted that
the SEPs on the Y-axis represent the “fire mean” based on the
description of the fire plume length (or height) given by Thomas’
correlation (see Eq. (6) below). Also plotted in the same figure
is the mean SEP for the 35 m diameter Montoir tests, where the
SEP is based only on the actual emitting surfaces of the fire

Average spot emissive power (SpEP)
calculated from WAR data and
enumeration of emissive spots from

B video films
I China Lake [7]
200 — Using Montoir test (1987) WAR data,
e cylindrical fire shape and flame
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£
E Morehouse, et al [28]
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Source : Nedelka. et al. [13]

Fig. 5. Calculated emissive powers from different size LNG pool fires.
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(rather than the entire geometry of the fire). As can be seen, this
number is larger (~275 kW/m?2) compared to the overall, fire
size average value (of 165kW/m?). The fire size averaged SEP
seems to increase with diameter up to about 15 m diameter and
then decreases. It is possible to postulate, based on the results in
Fig. 5, thata LNG pool fire of diameter 20 m and larger begins to
produce significant black smoke (which shrouds the fire) result-
ing in the diminution of radiant heat emission. The value of SEP
for the 20 m fire seems to be lower than for the 35 m diameter fire
because the fire may be producing black soot and yet may not
be optically thick. However, the 35 m diameter fire, as is seen in
Fig. 2, is almost a blackbody emitter and also can be considered
to be, more or less, “optically thick.”

In Fig. 6 is plotted the ratio of “mean” visible flame plume
length (L) and fire pool diameter (D) as a function of the combus-
tion Froude number (see definition in Eq. (7) below) for all pool
fire experiments to date. It is seen that the data span a combus-
tion Froude number range of 6 x 1073 to 2.5 x 1072, The L/D
ratios vary from about 1.2 to about 3. More discussion on this
finding and the extrapolation to other larger size pool diameters
is provided in a later section.

2.4. Vapor fire experiments

In the late 1960s and early 1970s Gaz de France [18], TRW
[19] and the AGA [20] conducted field tests to study the extent
of flammable zone produced by spills of LNG on land. In these
tests, the vapor cloud was ignited by one or more torches located
at ground level and at different distances on the downwind side
of the dike into which LNG was poured. While no direct mea-
surements of either the temperature inside the burning cloud or
the radiant heat emission from the propagating fire were made,
enough data could be extracted from the video films of the tests
to describe the physical characteristics of the vapor fires. Raj
and Emmons [21] have performed these analyses by reviewing
the video films and other results from these tests and have devel-

oped a model for the burning of a vapor cloud in the form of a
deflagration fire in the absence of obstructions. It is well known
that due to flame wrinkling by obstructions the flame speed
increases.

Only two series of tests are reported in the literature with the
specific objective of understanding the phenomenon of flame
propagation in flammable vapor clouds in the open, ignited by
normal ignition sources. In these tests, measurements of the
flame propagation velocity, pressure increase in the atmosphere
at selected distances outside the flame path, radiant heat emission
from the traveling vapor fires, the effect of the igniter location
inside the cloud relative to its down-wind edge, etc., have been
made. The two test series and their results are discussed in the
following sections.

2.4.1. Maplin Sands Vapor Fire tests

Mizner and Eyre [11] report a series of tests performed by
Shell Research Ltd., UK in1980 involving the spill of LNG (and
LPG) on to the sea and ignition of the vapor cloud formed. A
total of seven LNG spill tests and four LPG tests were con-
ducted. The objective of the tests was to understand the thermal
radiation from a vapor cloud fire formed by the ignition of a
cloud generated by spill of a cryogenic flammable liquid on to
water and the dispersion of the cloud on water. All LNG tests
resulted in the ignition and complete combustion of the spilled
LNG after it had been dispersed in the form of a vapor cloud.
The vapor fire in all cases flashed back to the source in the form
of a deflagration fire. Radiometers were provided (on a number
of pontoons stationed on water over several concentric semi cir-
cles with the spill point as the center) to measure the radiant heat
flux from vapor cloud fires. The farthest semi circle containing
the radiometers was of radius 650 m.

The measured flame heights of the vapor fires were in the
10-20 m range and the flame height-to-width ratios during he
cloud fires stages were in the 0.2-0.5 with wide scatter. The
mean surface emissive power (SEP) of the vapor fires ranged
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between 138 and 226 kW/m? with standard deviations in the
7-15% range. It should be noted that in these test series the
fire was well ventilated and the vapors were well mixed with
air; therefore, the fires behaved more like pre-mixed flames than
diffusion fires.

2.4.2. Coyote series of tests

Rodean et al. [22] report the results of a series of five LNG
vapor cloud fire tests (“Coyote” series) conducted in 1981 by the
Lawrence Livermore National Laboratory (LLNL) to determine
the characteristics of fires resulting from the ignition of dispersed
vapor clouds resulting from LNG spills. A further objective of
these series of tests was to determine if non-energetic ignition of
the vapor cloud would result in explosive burning of the vapor
cloud. The tests involved the spill of LNG on to the water surface
in the middle of a pond 58 m in diameter and igniting the vapor
cloud formed at a selected downwind location on land. Three
tests with LNG (of methane concentrations varying from 75%
to 81.5%) and one test with liquid methane (LCHy4) are reported.
The spill quantities varied from 14.6 t0 28.6 m3 (LNG) and 26 m?
(LCHy) and the spill rates from 13.5to 17.1 m3/min. Mean wind
speeds varied between 4.6 and 9.7 m/s over the series and wind
speeds were variable both in speed and direction within the dura-
tion of a test. This series of test forms a set of well instrumented
vapor fire tests; instruments measured such items as the heat
flux to objects within the “burn zone,” radiant heat flux at sev-
eral locations outside the vapor fire zone, flame velocity, ground
heat input to the cloud, vapor concentrations in the cloud, etc. In
addition, there was extensive photographic data taken with both
IR and visible video instruments both from the sides and from
the top (“bird’s eye view”).

The ignition of the vapor cloud was initiated only after
the cloud had been fully established so that the LFL distance
downwind was a maximum, as measured by the concentration
sensors. Pre-ignition maximum down wind distance to LFL var-
ied between 145 and 218 m. Igniters were located downwind of
the spill point on land at 61, 79, 79 and 85 m, in the respective
tests; hence, ignition was not from the front edge of the cloud
but from within it and at approximately half the distance on the
centerline to the down wind LFL extent.

Important findings from the Coyote series related to the igni-
tion within the center of the cloud are:

(1) The fires on the lower concentration cloud burning regions
were very blue in color.

(2) The cloud burning phenomenon and the production of hot
gases there-from result in the “pushing” and the consequent
expansion of the pre-ignition 5% (LFL) contour area. The
maximum downwind burn distances were 85-90% of the
dispersion-based estimates.

(3) Burn areas were not in the same location as the pre-burn 5%
contour areas but considerable meander was noticed. Prop-
agating flames did not go beyond the 5% gas concentration
locations.

(4) The relationship of the total burn area to the pre-ignition
5% contour area is not clear from the data. In one test, the

burn area was smaller than in the 5% contour area whereas
in another test it was about 150% of pre-ignition, 2 m level
flammable area. However, in the one test there was a rapid
phase transition (RPT) explosion. In addition, there was sig-
nificant instantaneous generation of gas, which then moved
downwind as a unit. The burn area in this test was almost
two times the measured pre-ignition flammable area.

(5) Flames were hardly visible in the lean concentration parts
of the cloud whereas the burning vapor cloud, upwind and
closer to the vapor source had a yellow (and visible plume)
flame. This is attributed to higher concentration (and higher
hydrocarbon content) of vapor in the cloud. Ratio of visible
flame height to pre-ignition visible cloud height was in the
5-10 range.

(6) By and large the flame speeds measured with respect to the
ground had similar magnitudes both in the downwind and
upwind direction. The initial velocities, immediately in the
vicinity of the igniter were greater than at farther distances.
Upwind flame propagation velocities were slightly higher
than those of downwind propagation. However, the turbulent
flame speed relative to unburnt gas does not seem to correlate
well with wind speed.

(7) No flame acceleration was noticed; on the contrary, all fires
seem to have higher flame velocities (relative to the ground)
near the ignition sources. The flame speeds with respect
to ground were close to 30 m/s near weak ignition source
tests and about 40-50 m/s in the jet ignition test. However,
the flame speeds rapidly decreased to essentially constant
speeds of 10—15 m/s within about 50 m.

(8) Pressure increase measured in the atmosphere due to the
propagation of fire was in millibars and hence inconsequen-
tial.

(9) The heat fluxes measured inside the fire were in the
150-340 kW/m? range. The surface emissive power of the
yellow flame (seen when the cloud near the vapor source was
burning) is calculated to be in the 220-280 kW/m? range.

2.4.2.1. Summary Vapor Fire test findings. The principal find-
ings from the field experiments reported in the literature on
dispersed LNG cloud vapor fires in the open can be summarized
as follows:

(1) When the vapor cloud is ignited at downwind locations, a
turbulent fire propagated to the vapor source (against the
wind).

(2) The velocity with respect to the unburnt gases (‘“flame
speed”) of the flame front moving into the unburnt vapor
was at a more or less constant velocity in a given test. The
data from a number of different test series are plotted in
Fig. 8. Based on the results presented in this figure, it is seen
that the flame speed increases, more or less linearly with the
wind speed according to the formula Ur=0.8+1.6 x Uy.
It is noted that the laminar burning velocity of the stoichio-
metric concentration of methane in air is 0.4 m/s. Because
of natural turbulence in the atmosphere, even at zero wind
speed, it can be argued that the burning velocity of stoichio-
metric mixture of methane and air will be higher than the
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laminar burning velocity. This is clearly seen in the least
square fit equation above. It should also be noted that the
above correlation represents a mean burning velocity over
all concentrations in the vapor cloud (and not just the stoi-
chiometric concentration), especially, the higher than upper
flammability limit (UFL) concentrations.

(3) When ignition occurs within the cloud the flame speeds with
respect to the ground seem to be constant in both upwind
and downwind directions; however, the correlation of the
flame speed with respect to the unburnt gas is very poor.

(4) A burning zone supporting a fire plume follows the flame
front. The height of the fire plume is dependent on the con-
centration of the unburnt gas. The higher the concentration,
the greater is the fire plume height (diffusion fire). In regions
of vapor cloud where the concentrations were in the LFL to
UFL the flame height was essentially equal to the vertical
depth of the cloud and the flame was hardly visible. Also, the
width of the burning zone (in the direction of propagation
of the fire) was dependent on the longitudinal concentration
gradient (prior to the flame propagation).

(5) Objects or even undulations in the ground, which acted as
flame holders, could arrest the flash back of the fire to the
source. This phenomenon has not been fully investigated
but seems to indicate that flame holder effect would occur
only in high concentration parts of the cloud. Plate 3 shows
such a “flame holder” phenomenon at the edge of the pond.

(6) The ratio of the height of flames to the initial depth of the
(visible) cloud is between 5 and 10 for in-cloud ignition.
Also, in this type of ignition, the burnt gases produced within
the middle of the cloud push the rest of the unburnt gas,
thereby expanding the 5% concentration contour with time
(over and above that caused by atmospheric turbulent disper-
sion). It should, however, be noted that the height of the fire
plume is dependent on the mean concentration of the cloud
at the location of the fire rather than on the depth of the vis-
ible layer, which depends very strongly on the atmospheric
relative humidity and mean vapor concentration.

(7) The area of burn seems to vary with the type of ignition and

the concentration of the gas at ignition point. In some cases,

the total burn area could be as high as 200% of the pre-

Plate 3. Vapor cloud fire in China Lake test. Fire held at pond’ edge during
flashback due the flame holder effect from the elevation difference between
ground and water levels.

ignition area within the 5% (LFL) contour. This difference,
noticed in the Coyote tests, has been attributed to the hydro-
dynamics of expansion of burnt gases pushing the unburnt
gas in a center-of-cloud ignition and the effects of RPT’s in
some tests that resulted in a series of puffs of gas traveling
down-wind at the time of ignition.

(8) The thermal radiation from the burning cloud to objects
outside the fire can be evaluated by assuming the fire to have
a SEP of 220-280kW/m?. The extent of radiant thermal
hazard distance from the edge of the cloud will depend upon
both the mean SEP of the fire and the height of the visible
fire plume, which itself is dependent upon the local vapor
concentration and the wind speed.

(9) None of the vapor tests conducted with a weak ignition
source or a jet flare ignition in the open have lead to flame
acceleration or explosive (‘“‘detonation”) burning of a LNG
vapor cloud, not withstanding the presence of high concen-
trations of higher hydrocarbons (ethane and propane) in the
LNG. No pressure increase in the atmosphere was measured
above a few millibars.

2.5. Fire ball type of burning of LNG vapors

There have been some concerns in the literature on the poten-
tial burning of a LNG vapor cloud in the form of a fireball
leading to significant radiant heat release and, hence, higher
hazard distances. Until recently, there were no controlled tests
to understand this phenomenon or the conditions under which
such fireball type of burning could occur. Also, the characteris-
tics of the fireball had not been investigated. Tests conducted in
2000 by Gaz de France and reported by Daish et al. [23] provide
the first experimental data on such fires.

2.5.1. Gazde France Experiments

A series of controlled vapor fire tests was conducted to under-
stand the burning of vapor clouds of LNG in the open and to
determine the phenomenon of fireball type burning. Medium-
scale tests were carried out with LNG vapor clouds being
produced with controlled emission of LNG vapor with high
gas concentrations in order to study fireball formation. High-
concentration vapor clouds with low momentum were generated
by spilling LNG into a pit (1.8 m diameter and 1.7 m deep) con-
sisting of pebbles to simulate a very large LNG spill due to an
accident and significant vapor generation. Ten experiments were
performed in total. In each test, the objective was to generate a
cloud with a substantial volume above the UFL and then to ignite
the cloud at various locations relative to the flammable volume
to determine the effect of placement of igniter relative to the
high concentration parts of the cloud. Radiometers, gas concen-
tration sensors, igniters, thermocouples were placed at several
radial positions at the intersections of 10° sectors with the radial
lines. Video and photographic records were also made of the
tests. Seven tests were conducted with electric spark igniters
and the others with flares. In the seven spark ignition tests, the
igniters that were fired were located at 10.8 m (radially from the
center of spill) except in one test where it was at 20.9 m. Fuel
release rates ranged from 2.6 to 5.6 kg/s. The estimated UFL and
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LFL radial distances were 5-7.5m and 15-30 m, respectively.
That is, the ignition was within the cloud concentrations of LFL
and UFL. The mass of LNG vapor within the LFL zone was
estimated to be in the range 8.2-19.2 kg.

The fire produced varied between the trials. The fire was char-
acterized by high and wide flames, propagating over the entire
cloud area and generating fireballs, or the fire was observed to
be traveling from the middle to the borders of the cloud without
the generation of a fireball. The most significant finding from
these tests was that some form of identifiable fireball event was
observed in at least 6 of the 10 trials. It appeared that ignition
of a cloud with a large vapor-rich volume led to strong combus-
tion and heat generation over a sufficiently localized area that
a self-sustaining motion entraining fuel and air was generated
and continued until most of the fuel was exhausted. This burning
mode had a distinctive “starting thermal” type of characteristic
that distinguished it from other burning modes. The diameter
of the observed fireballs ranged from 5 to 30 m and the height
to which the fireballs rose ranged from 17 to 26 m. Measure-
ments at 20m distance indicated a very rapidly varying heat
flux with a duration corresponding to the lifetime of the fireball
and reaching, in one test, as high as 50 kW/m? lasting only for a
few seconds. The temperatures measured within the fire ranged
from 928 to 1243 K. No surface emissive power data or the rise
time of the fireballs has been provided in the data sets.

While there are no other controlled tests to determine the
conditions under which fireballs occur from the ignition of LNG
vapor clouds, it is reported Brown et al. [24] that a fireball type
of fire was observed due to an accidental ignition of a high con-
centration LNG vapor cloud in Falcon series of tests (conducted
by Lawrence Livermore National Laboratories, LLNL). In Fal-
con test # 5 a RPT occurred and high concentration cloud of
vapor formed was ignited by an unknown ignition source (spec-
ulated to be a piece of pipe insulation saturated with oxygen
condensed from the air). No quantitative data on this fireball are
available.

In summary, it is not certain from the data gathered in the Gaz
de France experiments what the exact criteria are under which
an already dispersed cloud would exhibit a fireball type burning
behavior. The qualitative conclusion seems to be that if a LNG
vapor cloud is ignited at a location between the LFL and UFL
concentrations, and a substantial mass of the cloud is still in
regions above UFL concentration, then a fireball type burning is
possible. No mathematical criteria have been developed relating
the physical size of the cloud, the mass of vapor above UFL and
the type of igniter that will lead to a fireball type burning. It is
also not clear from the data whether the fireball type burning
would result in a larger total thermal burn hazard area compared
to that from a spread out cloud which when ignited results in
a flash fire (and burns almost everything within the fire area)
and poses radiant heat hazard to near field distances from the
edge of the burn zone. A rising fireball only poses the hazard
due to the transient thermal radiation field and not much by its
physical size (compared to a spread out cloud). Therefore, the
question of the comparative extent of potential hazards from any
fireball type of burning from a LNG vapor cloud is at present
not completely answered.

3. Fire hazard prediction models

In many forums, the public has expressed considerable con-
cerns on the safety in LNG transportation, handling and storage.
The principal concerns are related to the dangers posed to both
people and objects by large LNG spills followed by pool fires,
vapor fires or explosions. In the case of pool fires (either on land
or on water), the distance to which the radiant thermal hazard
extends is the parameter of concern, while in the case of vapor
fire the total area occupied by the vapor cloud (prior to burning)
and the extent of radiant thermal hazard zone surrounding the
initial flammable vapor cloud foot print are the parameters of
concern. The postulated sizes of spills and the dimensions of
the pools and sizes of vapor clouds are large; for example, in
a recent report, the Sandia National Laboratory (Hightower et
al. [25]) predict, for spills from a LNG ship, liquid pool sizes
on water of over 500 m diameter (for largest spills), sustaining
a pool fire. Similarly, a non-ignited LNG vapor cloud generated
by the same type of spills dispersed in the atmosphere extends
2.4-3.6 km from the source. Obviously, the scales of these phe-
nomena are larger by orders of magnitude than any test that
has been conducted (or will be conducted). Hence, to assess the
potential hazard consequences of such postulated releases sound
physical models validated against available test data and extrap-
olated with proper physics are essential. Discussed below is the
state of the art in modeling pool fire and vapor fire phenomena.

3.1. LNG pool fire models

The radiant heat flux to an object outside a pool fire depends
on: (i) the size, shape (geometry) and the radiant emission char-
acteristics of the fire, (ii) the transmissivity of the atmosphere
intervening between the fire and the object, (iii) the location
and orientation of the object relative to the fire and (iv) the
object properties, such as the spectral reflectivity and absorp-
tivity. Whether the object suffers damage or not depends, in
addition, on its thermal properties (duration of exposure to the
radiant heat, external cooling, thermal inertia and the temper-
ature at which damager occurs). Two general, semi-empirical
approaches (excluding CFD modeling), are described in the lit-
erature to calculate the heat flux to an object from a pool fire.
These are discussed below.

3.1.1. Point source model

This model is based on the inverse square law of radiation.
The heat flux incident on an object at a distance S from the center
of a fire of diameter D is calculated using the following equation

[(r/4)D*m{ AHC]

-1 — 3
4 = xR 1752 (3

Implicitly assumed in the above representation are the
assumptions that: (i) all of the radiant energy is liberated at a
point on the ground, (ii) the intervening atmosphere does not
absorb any thermal energy and (iii) the object is a small vertical
surface element on the ground.

Based on radiant heat flux measurements discussed in Sec-
tion 2.2, the value of the fraction of combustion energy radiated
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Fig. 7. Fraction of combustion energy radiated as a function of the spill rate in
China Lake tests and comparison with theoretical estimates.

(xr) is shown to vary between 12% and 32% (see Fig. 7 and
Table 1). It is anticipated that for larger diameter fires the frac-
tion radiated will decrease due to smoke obscuration effects,
and simple geometry effects (i.e., the heat generation rate is
proportional to fire base area whereas the emitting surface area
increases, approximately, as D'7). Data presented by McGrat-
tan et al. [26] for heavier hydrocarbon fuels (other than LNG),
shows the following correlation for the fraction radiated with
fire diameter,

XR = 0.35¢~P/29); D = fire diameter in meters “4)

This correlation, if applied to a 15 m diameter LNG fire, pre-
dicts xgr =0.17, a value tantalizingly close to a measured value
(in the China Lake experiments) of 0.125. Howeyver, this can only
be considered as a coincidence; the application of the above cor-
relation to the Montoir 35 m diameter fire yields yr =0.06 and
application to a 100 m diameter fire results in xg =2.36 x 1073.
Of course, such predictions are not only unsubstantiated but also
seem to be ridiculously low for large fires.

This model has considerable difficulty in its application to
any serious assessment of potential hazards, because of its rather
simplistic representation of both the fire and the receiving object,
and the fact that the fraction of energy radiated is not an intrinsic
property of combustion and depends upon a number of factors
including the rate of spill (as shown in Fig. 7).

3.1.2. The solid flame model

This model is based on semi empirical correlations and repre-
sents a fire as a surface emitter of radiant heat energy. The model
represents the fire by a geometrical shape (and its orientation due
to wind effects), assigns either uniform or variable surface irradi-
ance (also termed “Surface Emissive Power”, SEP), and includes
the transmissivity of radiant heat in the atmosphere, the relative
distance and orientation of the radiant heat-receiving object. The
mathematical representation of the model is given by:

N
q" = ZFdAi—>Aob_i /(Ex,idk)fx,dAi )
i=1 A

where ¢” is the radiative heat flux received by an object located
at a specified distance from and orientated in a specified angle to
the fire, E) ; is the wavelength dependent spectral radiance at an
elemental surface on the fire (ith “node”), Fya,— 4, 1s the con-
tribution to the overall geometric view factor from the elemental
area on the fire (at position “i”’) calculated by methods published
in the literature, example, by Hottel and Sarofim [27], 7, is the
wavelength dependent spectral transmissivity of the atmosphere
between the elemental surface on the fire and the object, A is the
wavelength of the radiation. Simplified versions of the above
model are used in most circumstances (including for regulatory
purposes) by assuming a constant (and wavelength indepen-
dent) emissive power over the entire visible surface of the fire,
atmospheric transmissivity independent of the wavelength and
assuming the fire shape to be that of a cylinder of base diam-
eter equal to that of the burning liquid pool. The descriptions
of the simplified model are described in previous publications
(Raj [2,6], Moorhouse and Prichard [28], Considine [29], SFPE
[30D).

3.1.2.1. Fire characteristics.

3.1.2.1.1. Fire shape. In most “solid flame” models the
shape of the fire is chosen to be a circular cylinder of diameter
equal to the base diameter of the fire and axial length repre-
senting the visible plume of the fire. The axis of this cylinder is
assumed to be vertical in low wind speeds and to tilt with the
tilt angle dependent on the wind speed, above a critical wind
speed that is dependent on the diameter and liquid evaporation
rate (U > 1, see Eq. (8) below). Moorehouse [31] has proposed
a correlation for the overshoot at ground level of the fire extent
(due to wind drag). In some models an elliptical shape is used
for the horizontal cross section of the cylinder representing the
fire. However, it is cautioned that when an emissive power value
from the literature is used in a model, the shape of the fire used
in reducing experimental data (to obtain a fire-mean emissive
power) must be used; otherwise significant errors can result in
estimating the radiant heat flux field around the fire.

3.1.2.1.2. Fire plume length (L). Correlations of the fol-
lowing type due originally to Thomas [33,34] have been used in
the models to calculate the fire plume length for a fire of diameter
D.

Le _ o prey
D_AF(U) (6)

where A, p and ¢ are correlation constants,

m
F = = Froude number 7
Pan/8D
and
U .
* = % = dimensionless wind speed ®)
(1" [ pa)g D]/

Many models, such as LNG FIRE 3 by GRI [32], use Eq. (6)
with A=42, p=0.61 and g =0 for estimating the visible height
of the flame; that is, no wind effects on the visible plume length
are assumed. Thomas [33] modified his previous correlations
(with no wind condition) to take the wind effect on length by
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using A =55, p=2/3 and g=—0.21 in the correlation indicated
in Eq. (6).

Using a single value for the exponent on the Froude num-
ber (F), over the range of F values encountered in fires, to
determine the fire plume length is incorrect. Thomas [34] has
provided data that indicate different values for the exponent (p)
in different value ranges of F; p=0.4 for F>10""; p=0.61 for
1072 < F<10~! and p =2/3 for F < 10~2. In fact, it can be shown
from a simple analysis of air entrainment (Raj [35]) that p =2/3,
if the fire length (L) is defined as the location by which the fuel
is completely consumed within the plume by burning. The same
p =2/3 correlation has also been indicated in a book by Murgai
[36] based on analysis of forest fire data. Moorhouse [31] has
proposed a correlation with p=0.254. Heskestad [37] shows
data for a large span of F (1073 < F<10%) indicating varying
values for the exponent (p). Cox and Chitty [38] report labora-
tory experiments in which the visible flame heights of natural gas
flames in square burners of sizes 0.3 m x 0.3 m,0.45m x 0.45m
and 0.6 m x 0.6 m were measured for different controlled flow
rates of the gas. The Froude (F) numbers, in the Cox and
Chitty! experiments, range from 6 x 1073 to 7.5 x 107> The
laboratory test results indicate that p=1 for 107 <F <1073,
p=2for 107 <F<10~* and p=0.4-0.7 (Thomas’ equation)
for F>1.2 x 1073, Cox and Chitty provide the fire L/D data plot-
ted against a modified Froude number (F,), which is defined as
the product of Froude number F and the Damkohler number, -.

The above findings indicate that as the Froude number
decreases (i.e., fire diameter become larger), the exponent value
increases. Secondly, as the fire diameter gets larger than about
30 m the steady state liquid evaporation rate (due to heat feed
back from the fire) decreases substantially, perhaps, due to sig-
nificant radiant heat absorption in the unburnt bas bubble in the
bottom part of the fire core. The combined effect of these two
phenomena is to reduce the flame height to diameter ratio signif-
icantly for large fires compared to the predictions from currently
used correlations. Therefore, it can be argued that for large LNG
fires (D >30m) the correlations used in such models as LNG-
FIRE3 over predict the length of flame and, hence, the radiation
hazard distance.

Fig. 6 shows the plot of fire plume length-to-diameter ratios
from field LNG pool fire tests and the predictions from different
correlations. Moorhouse [31] has not provided any physically
or scientifically justifiable assumptions for his correlations; in
addition, it is considerably different from other physics-based
correlations and is, therefore, unacceptable. All field experi-
ments to date involving LNG pool fires experiments have the
Froude number values in the range 6 x 1073 <F<3.5 x 1072
(or modified Froude number F, defined by Cox and Chitty, in
the range 1 < F. <5.8). Needless to say that the Cox and Chitty

! Cox and Chitty define a modified Froude number (F..), which is the product of
the Froude number (F) defined in Eq. (6) and Damkohler number, =AH/(C,T5),
where AH, is the heat of combustion of the fuel per unit mass, C, and T}, are,
respectively, the specific heat at constant pressure and temperature of the air.
Froude number F, larger than 1 represents a situation in which momentum of
vapors generated by boiling is higher than that due to buoyancy. The Cox and
Chitty experiments span the range 1.25 x 1072 < F. < 1.

correlations with p=1 or 2 are not applicable to conditions of
the field LNG pool fire tests. This can be clearly seen in Fig. 1.

When F. is greater than 1 the upward momentum of the
released vapors (by liquid evaporation) is higher than that pro-
duced by buoyancy. Hence, the release momentum has a larger
effect on the air entrainment and mixing. In a jet the value of
FC is very high compared to 1, the L/D ratio becomes a constant
independent of the F.. In the case of buoyancy dominated fire
(F¢ < 1), the entrainment is dominated by buoyancy, and hence
the L/D ratio is very dependent on the Froude number. In the
region of interest for LNG fires in the open the momentum and
buoyancy are some what in balance (with the former higher than
the latter in smaller fires) and hence the exponent on the Froude
number in the L/D correlation is between 0.4 and 0.7, the latter
value more applicable to larger diameter fires.

Hightower et al. [25] postulate the occurrence of LNG fire
diameters of 330 and 512 m due to releases from ships. For these
diameters, the estimated Froude numbers (F) are, respectively,
1.98 x 1073 and 1.59 x 1073, In these Froude number regions
the Cox and Chitty correlation (with p=1) is clearly not appli-
cable. The values for the flame height-to-diameter ratios (L/D)
used by Hightower et al. [25], based on Moorhouse correlation,
for the above ranges of Froude numbers would therefore be,>
1.21 and 1.28, respectively. These are considerably higher than
those predicted by Thomas’ correlation (L/D=0.87 and 0.75,
respectively). All other things being equal the radiation hazard
distances predicted by Hightower et al. are therefore, higher than
what should be the case based on Thomas’ correlation for flame
heights, which is based on physical principles and experimental
measurements.

3.1.2.1.3. Surface emissive power (E or SEP). Experimen-
tal values for the mean emissive power of LNG pool fires
calculated on the basis of Thomas’ correlation for the height
of the visible (and, hence, assumed emitting surface) are pre-
sented in Table 1 and in Fig. 5. In using the emissive power
values in models from these results the following issues need to
be noted:

(1) The emissive power based on the actual fire surface area
“seen” by an outside object is increasing as the diame-
ter increases up to 35m (see Fig. 5). However, the mean
emissive power based on the idealized flame plume length
(Thomas’ correlation) seems to have decreased from the
15m China Lake tests to the 35 m Montoir test. This is
undoubtedly due to the effect of smoke obscuration in the
latter tests.

(2) Recent assessment of the 35 m Montoir test spectral data
indicates that the visible part of the fire is radiating at equiva-
lent blackbody temperature of 1516—1525 K (corresponding
emissive power 300-310 kW/m?) and this fire is more or less
optically thick (Malvos and Raj [14]). On the basis of analy-
sis of fire spectral data the optical path length for a LNG pool
fire is postulated to be 13.81 m (i.e., the extinction coeffi-

2 The Sandia [25] report does not state, explicitly, the values used for the fire
L/D ratios.
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cient k =0.0725 m™!). Therefore, the gray body equivalent
emissive power of those parts of the LNG fire that are not
obscured by smoke can be represented by the equation

—kD
Eyisible burning regions = Eg[l —e¢ “ ] &)

where, extinction coefficient k=0.0725m~! and
Ep =325kW/m? (corresponding to 1547 K)

3.1.2.1.4. Multi-zone models. The models to calculate the
fire radiation hazard should also consider the different regions
of combustion within the height of the visible flame. Current
generation models do not take these into consideration. It has
been recognized in the fire literature that as the fire diameter
increases the burning region is no longer represented by a colum-
nar, cylindrical plume but consists of distinct zones. McCaffrey
[39] proposed a three-zone model for a turbulent diffusion fire.
The first zone consists of a fuel rich core region. In the sec-
ond zone the flame is still anchored to the base but pulsates in
size both radially and axially due to the effects of large scale
eddies in the entrained air. The third zone, termed “‘the intermit-
tency region” is where peeled off blobs of fuel burn in irregular
clumps. While no specific calculation procedures are available
to determine the heights of each zone, it is known that the first
zone generally extends to about 10% of the visible flame height,
the second zone varying between 10% and 40% of the flame
height. It is obvious that the “top” of the burning flame (“flame
height”) is not a unique position in space but changes with time.
Heskestad’s [37] data indicates a correlation for the length of
the intermittent zone (L) with the combustion Froude number
F. (for 7.5 x 1074 < F<2.5 x 10~ ") as follows:

L
=L = 0.167 — log,o(F/*) (10)
Lg

In the intermittent fire region, the flame is not coherent and,
therefore, cannot be considered as a continuous emitter of radi-
ation over the entire length of the intermittency region. New
generation of LNG fire models must consider the effect of this
phenomenon. It is appropriate to consider different values for
the surface emissive power for the three regions. McGrattan et
al. [26] have used a variation of this theme based on assumptions
of the percent of combustion energy released, where all of the
energy released is assigned to the first zone (and from which an
effective height of uniform emissive power fire is determined).
The application of this approach to LNG fire radiation assess-
ment is questionable. This is because: (i) the percent of energy
released is not a characteristic that is known a priori as a func-
tion of the burning rate, fuel properties, fire size, etc., (ii) the
McGrattan et al., model divides the fire into two zones. The
dimensions of the lower and upper zones are not specified nor
or they related to any of the characteristics of the fire, such as its
size, burn rate, etc., and (iii) all energy emanating from the fire
is assigned to the bottom zone and none to the upper zone. This
description of a fire cannot lead to correct estimation of hazard
distances, especially in the case of an LNG fire in a dike where
the bottom part of the fire may be masked by the dike wall.

Considine [29] presents a two-zone model, which consists
of a region of visible flame extending from the base up to a
fraction of the overall flame height with only slight obscuration
by smoke. A second region above this region is postulated in
which the hot flame gases periodically “bloom.” By assuming a
sinusoidal visualization of the hot inner region of the fire in the
second region, it is shown that the average emissive power of
the smoke obscured region is 0.3 times that in the un-obscured
regions. The problem with this model is that there are many
parameters in the sinusoidal representation (including a constant
frequency). Also the relationship of the height of the “bottom”
region with other fire parameters is undefined. Similar splitting
of a fire into multiple zones for calculating the emission from
fires based on smoke obscuration has been discussed by Rew
and Hulbert [40].

3.1.2.1.5. Consideration of effect of smoke production and
shielding. Large diameter LNG fires produce significant
amount of smoke as seen in the Montoir experiments. This is
similar to those observed in the burning of other higher hydro-
carbon liquids (propane, butane, heavier oils, etc.) Two physical
phenomena contribute to the production of smoke, even in “clean
burning” fuels, such as LNG. The first is the lack of enough oxy-
gen in the core of large diameter fires to burn the carbon produced
by the pyrolysis of fuel vapor. This not only produces soot (car-
bon particles) but also lowers the overall heat release —and hence
the temperature — resulting in the promotion of additional smoke
production. The second phenomenon may be due to the lower-
ing of the effective concentration of fuel and vapor in the core
from the recirculation of burnt gases by the toroidal vortex that
is prevalent in all large fires. The effect of smoke is to form a
shield on the outer layers of the fire thereby reducing the effec-
tive emission of radiant heat flux from the fire. This has the effect
of reducing, significantly, the thermal radiation hazard distance
around large LNG (or other) fires. In addition, the formation (and
recirculation) of smoke could result in less efficient combustion
of the fuel and result in the lowering of the effective flame tem-
perature. However, the reduction in the radiant emission out of
the fire tends to increase the temperature of the gases. Which one
of the two effects dominates depends on the chemical properties
of the fuel, chemistry of combustion, the physical dimensions
and the hydrodynamics of gas flow within the fire. Needless to
state that consideration of all these phenomena makes a model
very complex and not amenable to simple solutions; attempts are
being made, however, to model these in CFD codes simulating
large turbulent diffusion fires, with mixed results to date.

Soot is carbon particles (with diameters in the 3-30nm) in
a fire that are being oxidized and are “glowing”; in fact, the
visibility of a fire is caused by the emission of radiation in the
visible spectrum by the burning soot. When the carbon produced
by pyrolysis is either partially oxidized or is not oxidized at all
because of lower local temperature, carbon particles agglomer-
ate to form long chain molecules of carbon or “smoke.” Soot
formation studies are extensively reported in the literature (for a
listing of the relevant literature see Raj [41]). However, there is
very little work on the measurement of smoke production rates
in large turbulent diffusion fires. Notarianni et al. [42] measured
the smoke production in crude oil fires of diameters from 0.085
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to 17.2m and found that smoke yield (mass fraction of burnt
fuel that is emitted as smoke) increases as the diameter of the
fire increases. The data for the mass fraction smoke yield (Yin %)
versus fire diameter (D in meters) presented by these researchers
can be correlated for crude oil fires as,

Y = 9.412 4 2.758 log,o(D) (11)

Itis anticipated that the constants in the equation will depend
very critically on the fuel chemical composition and pyroly-
sis properties. Unfortunately, such data do not exist for LNG
fires. Considine [29] has discussed one approach to determin-
ing the effect of smoke in reducing the radiation by assuming
an effective emissivity of the fire (in the regions of smoke pro-
duction) to be about 0.3. This would typically make the LNG
fire surface emissive power in the smoke regions to be about
65 kW/m?. Delichatsios and Orloff [43] are able to correlate
measured radiation from optically thin flames with burner size
and fuel flow rate by postulating the soot concentration to be
proportional to a fuel residence time scale (which depends upon
the intensity of turbulence) and the reciprocal of the chemical
formation time scale. This method is not applicable to large
fires, which are optically thick and radiate in the H,O and
CO; bands. McCaffrey and Harkleroad [44] have presented soot
data from small-scale experiments for a number of hydrocar-
bon fires in the form of specific extinction area (SEA) for soot.
Experimental SEA values are, 124 m?/kg for propane fires and
1000 m?/kg for crude oil fires. No direct data for the smoke yield,
as a function of fire diameter exists for large fires of different
fuels.

3.1.2.1.6. Modeling smoke effects on radiation. Raj [35]
has developed a semi-empirical LNG fire model (applicable to
windless conditions or conditions in which the effect of wind
is small compared to the phenomena that occur in very large
diameter fires), which takes into consideration the various phe-
nomena observed in large LNG (and other hydrocarbon) fires.
The phenomena considered include: (i) the bottom part of the
fire being very radiative, (ii) the dependency of the height of
the “bottom region” upon fire size and liquid burning rate, (iii)
the intermittent view of the inner burning “hot” regions of the
fire in the region above the first region, (iv) the decrease of the
frequency of “sighting” of the burning regions with height, (v)
the effects of shielding by the smoke, (vi) emission from the
hot smoke, etc. This fire model incorporates the results of corre-
lations similar to those of Notarianni et al. [42] and McCaffrey
and Harkleroad [44]. The result is a model in which the effective
emissive power of the fire varies continuously from the top of the
“bottom region” to the mean visible height up to which combus-
tion of gases continue (within the fire). Equations to determine
the relative heights of each zone and the variation of surface
emissive power with height are presented. The model has been
calibrated with the 35 m diameter Montoir test data and predicts
the measured mean emissive power values from other tests con-
ducted to date. It is calculated that for very large fires the smoke
obscuration averaged SEP over the height of the fire (calculated
using Thomas’ correlation) is about 50% of the SEP values for
fires sizes used in field experiments to date.

The effective emissive power in the smoke obscured regions
is represented by,

Eer = Egtg (12)
and
T, = transmissivity of smoke = ¢~ mCsLv) (13)

Using the above model calculations have been made to “pre-
dict” the mean surface emissive power (SEP) of different size
LNG pool fires, with the fire plume length being determined by
Thomas’ correlation (Eq. (6)). These results are presented in the
paper by Raj [35]. It is seen that the model predicts reasonably
well (within 15% for 15 m diameter and 2% for 35 m diame-
ter fires) of the measured SEP’s presented in Fig. 5 (or Table 1).
Extrapolation to very large diameter fires (300 m diameter) indi-
cates that the mean SEP will be about 60% of the values for the
smaller diameter (15-35m) fires. These calculated results are
indicated in Table 3.

3.2. Vapor fire models

The procedure for calculating the thermal radiation hazard
distances outside the fire spread zone of a deflagration vapor fire
is similar to that used in pool fire hazard estimations, with one
singular exception. The vapor fire is generally a fast moving fire
and, therefore, the thermal heat flux at any one location changes
with time both due to the changing distance from the fire as
well as due to changing fire-to-object orientations. Daish et al.
[22] have reviewed the available models in the literature. These
models calculate the flame speed based on correlations similar to
those shown in Fig. 8. The height of the “flash fire” is generally
related to the width of burning (in the direction of fire travel)
and the emissive power of the fire is close to 220-280 kW/m?
as has been measured in the Coyote tests (Rodean et al.
[22]).
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Fig. 8. Turbulent flame speed (relative to unburnt gas) in a LNG vapor cloud vs.
average wind speed.



Table 3

Comparison experimental SEP data and predictions from the LNG pool fire model with smoke effects

Remarks

Mean SEP over the visible

Soot

Fractional length of
the “Clean burning

zone” ()

Soot concentration
(Cs) (kg/m?)

Soot mass

Substrate on

Fire diameter

(m)

fire plume height® (Eyyg)

transmissivity

(ts)

yield (V)" (%)

which LNG boils

From field tests (kW/m?2)

Current model result (kW/m?2)

China Lake tests Raj et

al. [7]

185-224

172

6.64 x 1071

12.7 3.328 x 1074 0.255

Water

15

Montoir tests [13]

175£30

177

113

3.57 x 107!

13.7 3.595 x 1074 0.15

Land

35
100

Potential size of future

pool fire tests

4.00 x 1072

0.093

14.9 3.926 x 1074

Land
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Estimated pool size

16.2 4272 x 1074 0.033 277 x 1073 90

Water

300

from one tank content
spill from LNG ship

Source: Raj [35].

Ueh = [(i" / pa)gD)'>.

4 Visible flame height determined using Thomas’ equation: L/D = 55[ri” / p, gD]z/3 [Uw/ Uan]7%2

3.3. Atmospheric transmissivity

Raj [45] has calculated the absorption of thermal radia-
tion from a black body at 1150K for different path lengths
through the atmosphere and different relative humidity values.
The results are correlated by the dimensional equation:

=1.389 —1 RH sat . 14
T=1 010 100 Py (T2)S (14)

P*(T,) = saturated water vapor pressure (N/ m?)at 7,
— e[25.810547(5328,1/7"a)]

Other correlations available in the literature for the atmo-
spheric transmissivity of thermal radiation from a LNG fire are
reviewed by Lees [46]. Several correlations are based on fire
being assumed as a blackbody and account for absorption in the
H;0 and CO; bands. Other correlations include the effect of
scattering in the atmosphere. The following are some of these
correlations from Lees [46].

RH ps(T.) 100
Pw (To) S] (15)

(1)TNO correlation : 1 =2.02 | — ————
100 p,

(i1) major hazards assessment unit/HSE : t = 1 — 0.058 In(S)
(16)

(i) T = 1.006 — 0.1171 log;((Xn,0) — 0.02368[log,o(Xn,0)1*
—0.03188 1og,((Xco,) + 0.001164[log,o(Xco,)]*

17)
where
Xco, = (2;3) S (18)
a
and
Xino = (288.651> ( 760 ) [RHpift(Ta)] s (19)
T, 101325 100

Other parameters have the same definitions as indicated under
Eq. (14).

4. Hazard prediction challenges

The above review of the literature indicates the complexity
in evaluating properly the radiant heat emission from a LNG
fire and assessing its hazard extent. The modeling difficulties
arise in describing accurately: (i) the physical size of the fire
for different circumstances of release (especially for unconfined
LNG releases on water), (ii) the physical characteristics, such
as the visible height, production of smoke, fraction of the fire
area shielded by smoke, fire temperature in different regions,
emissive power, etc. Added to this is the complexity of describ-
ing the damage that a particular level of thermal radiation (and
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its intensity in various wavelengths) can cause in objects and
human beings (a subject not discussed in this review). All current
models are simplistic in their evaluation of the potential hazard
zones, even though varying levels of complexity are considered
in describing the emission from the fire and the absorption in the
atmosphere. They all assume, in hazard distance calculations, an
“open” field of view and do not take into account details of the
effects of intervening objects (buildings, tress and other shel-
ters) between the fire and the target object. Fire radiation, like
ordinary light, is a line-of-sight phenomenon; any interruption
of the “heat rays” results in shorter hazard distance. The con-
sideration of such intervening objects is particularly important
in establishing hazard zones in urban, industrial and residential
areas.

The second important issue, not specified or considered in
most of the models, is the characteristics of the receptor object.
The thermal (and structural) response of an object exposed to
radiant heat depends upon the intensity of radiant heat, the dura-
tion of exposure, radiative properties of the receptor surface
(reflective, absorptive) and the thermal inertia of the body. In
the case of human beings, the level of injury (damage) depends
upon the percent of body (skin) exposed, the physiological reac-
tion (sweating), effect of clothing protection, cooling by wind
and above all the ability of the person to take shelter in a short
period. In the US, the radiant heat flux criterion for evaluating
people exposure hazard distance from LNG fires is 5 kW/m?
for outdoor assembly of by groups of 50 or more persons and
9 kW/m? for exposure of buildings used for purposes of assem-
bly, education, health care, residential or penal housing. No other
criteria for hazards are specified (even though it is known that
the extent of hazards/damages is dependent on the duration, area
of exposure and the orientation of the body). The effects of any
mitigating circumstances are not allowed to be considered. In the
European Regulations, the people exposure hazard criterion is
based on a modified total dosage unit (tdu) [tdu = I*3¢, where I is
the intensity of heat flux incident on the object and ¢ is the dura-
tion of exposure]. The value of tdu to be used in hazard distance
calculations depends upon the type of population being exposed
(children, elderly, physically challenged, hospital patients, etc).
For structural objects, the heat flux value is specified for the
exposure criterion in both US and European regulations. Obvi-
ously, this will not suffice to determine the structural integrity
of an object subject to radiant heat from a fire.

There are a number of shortcomings in most models that
are used in facility siting assessments. These shortcomings are
due to the omission of real phenomena in the models and the
high degree of simplification (in the name of being conservative)
to the extent that the hazard distance results are, perhaps, over
estimated® by factors of 2 or 3. These results arise from the use

3 Sandia report [25] lists, for an intentional breach scenario with release of
12,500 m3of LNG, the maximum pool size to be 405 m diameter, and the hazard
distance to 5 kW/m? level to be 1579 m from the pool center. This calculation is
based on the assumption of a fire height given by Moorehouse correlation; mean
emissive power of the fire of 220 kW/m? and an atmospheric transmissivity of
0.8. If the more realistic values for a large LNG smoky fire are used [fire emissive
power = 100 kW/m? (see Table 3), L/D ratio of 0.83 given by Thomas’ equation]

of extremely conservative values for all parameters including: (i)
the use of 300 kW/m? for the emissive power from the entire fire
surface area in fires of diameters, which are at least one order of
magnitude larger than the largest test fires, (ii) not considering
properly the real phenomena, such as the production of smoke
in large fires, atmospheric absorption of radiant heat, sensitivity
of radiant heat absorption characteristics of the receptor to the
spectral distribution of incident energy, effects of obstructions,
etc.

5. Conclusions

The following conclusions are made from the review of the
literature discussed in this paper:

(1) Large LNG pool fires burn with significant production of
smoke, which masks the burning interior parts thereby
reducing the overall radiant emission from the fire. The
mean emissive power of large fires could be substantially
smaller (by over a factor of 2) than observed in the 20 and
35 m diameter field fire tests.

(2) Itis possible that very large LNG fires (of sizes 100 m and
above in diameter) will look, both physically and radiatively,
similar to other higher hydrocarbon (propane, butane, gaso-
line, etc.) fires with production of copious amount of black
smoke and consequent reduction in radiative emission to
out-of-fire environments.

(3) Large LNG spills on water in a relatively short period of
time may result in substantial formation initially of high
concentration vapor. If this vapor is ignited there exists a
distinct possibility of generating a fireball type of burning.
However, it is not certain whether this will constitute any
greater hazard than if all of the spilled liquid spreads out
and sustains a pool fire. This is because a significant part of
the gas entrained in the fireball may not burn and secondly
the lesser the amount of remaining LNG in the spreading
pool the smaller will be the diameter of the pool fire (and
hence the hazard distance).

(4) None of the vapor ignition tests in the open have produced
anything other than a deflagration type flash fire burning
to the source. Depending upon the location of ignition in
the cloud some downwind movement of the fire has been
seen. However, no flame acceleration (or the corresponding
pressure increase in the vicinity) has been observed.

(5) It is uncertain whether a LNG vapor cloud, including a
cloud containing higher concentrations of higher hydrocar-
bon vapors generated in the later stages of evaporation of
a LNG pool, dispersed among obstructions, such as pipe
racks, buildings, trees, houses, etc., and ignited by normal
ignition sources will form an accelerating flame. Even if
acceleration due to obstructions occurs, it is not certain that
the magnitude of the acceleration will be sufficient to form a
shock wave or even a wave of sufficient strength to increase

and with an atmospheric transmissivity of 0.5, the hazard distance reduces to
630 m, a reduction by a factor of 2.5!
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the local pressure by appreciable amount (fractions of an
atmospheric pressure). There are no field experimental data
to make definitive statements.

(6) Thermal radiation hazard distance calculations must be bal-
anced in the treatment of real physical effects. That is, not
only should they consider the smokiness of large LNG fires
but also: (i) consider the line of sight interruption effects
by buildings, trees and other objects between the fire and
the receptor, (ii) take into account the mitigation effects of
clothing, physiological details of skin (reflectivity, absorp-
tivity, cooling by sweat, etc) and (iii) include the realistic
spectral description of the thermal radiation that reaches
a person (after a part of the radiation, in H,O and CO,
bands, is almost completely absorbed by the intervening
atmosphere).

(7) There is a need to revise the current criteria in the regula-
tions for exposure to radiant heat for both structures and
people. The revised criteria should: (i) take into account the
duration of exposure or thermal dosage and (ii) consider spe-
cific spectral radiation absorption properties of the receptor
surface as well as the physical, thermal and physiological
properties of the receptor.
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Glossary

AGA: American Gas Association

LNG: Liquefied natural gas

LFL: Lower flammable limit

RPT: Rapid phase transition

SEP: Surface emissive power. Also used for spot emissive power
tdu: Total dose unit [in units (kW/m?)*3 5]

UFL: Upper flammable limit
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