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Executive Summary

The Pipeline and Hazardous Materials Safety Administration (“PHMSA”), amodal agency
of the US DOT, has the principal safety oversight and inspection responsibilities under the
pipeline safety laws (49 U.S.C. 60101 et seq.). Oversight of the design and safe operation of on-
shore liquefied natural gas (LNG) facilitiesis within the purview of this agency. PHMSA’s
mission is to ensure continued safety in all aspectsrelated to LNG facilities, in the current rapid
expansion of the industry. The design, operation and maintenance requirements for LNG
facilities are stipulated in 49CFR, Part 193. These regulations have gone a long way to ensure
that no LNG leaks/releases occur from material defects, natural phenomena and machinery
attrition; if one should occur there are enough safeguards to minimize the effects on plants and
the surroundings. However, since 9/11/2001 a new threat poses significant concerns. Many of the
potential release scenarios that would have not been a cause of concern (based on assessments of
mechanical failures of structures, piping and equipment due to usage or fatigue, age, natural
forces and acts of God) need to be reexamined from the perspective of sabotage caused failures.

The primary concerns of hazards to both people and infrastructure are those caused by fires
of different sizes resulting from different scenarios of LNG releases either at storage terminals or
from transportation vessels. Understanding, modeling and devel oping appropriate consegquence
assessment tools (for example, computer programs to calcul ate the hazard zones) for a spectrum
of fire scenarios are essential before proper and additional safeguards can be employed. Also,
these analytical or computer based tools will aid in assessing the system-wide risks, especially
those caused by fires.

E-1 Purpose of the study

PHMSA's stated goal is to perform relevant research in partnership with industry. In
keeping with this goal and in response to an identified need to develop research applicable to
LNG industry, PHMSA and Distrigas of Massachusetts Corporation. LLC, (representing the
industry participation) jointly sponsored and funded the project reported in this report.

The project discussed in this report was undertaken to,

1 Identify the various types of firesthat may occur in a LNG facility either from accidents or
caused by intentional acts of terror and evaluate the state of knowledge related to
determining the hazards posed by each type and size of fire.

2  Develop mathematical models and to improve existing models taking into account data
from field experiments involving 35 m diameter LNG fires on land that became available
since the original models were developed. These data indicated a fire characteristic that
were not known before and which indicated a considerable reduction in radiant heat hazard
extent of larger fires (compared to the current model predictions).



E-2 The Scope of work

The scope of the work performed in this project includes the following:

1 Developing, in consultation with the industry, a set of credible scenarios of LNG release in
afacility

2  Reviewing the state of the art in modeling and calculating the hazards from fires identified
in the release scenarios

3 Developing or improving mathematical models, based on experimental data, describing
these fires and facilitating the evaluation of potential hazard areas, and

4  ldentifying an approach (“protocol”) to use the models in an assessment of the risks posed
to the public from these fires.

E-3 Project achievements & findings

The current regulatory requirements in 49 CFR, part 193 and the specificationsin the
NFPA 59A Standard for assessing the potential hazard zones around “design spills’ in LNG
facilities have been reviewed in this report. Also, the specificationsin arisk-based regulation in
Europe (EN 1473) for LNG facilities have been reviewed.

Discussions with industry representatives and participation in several LNG forums resulted
in the compilation of several “credible” scenarios of firesin on-shore LNG facilities. These
include (i) the jet fires due to small or medium leaks of gas or liquid from transfer piping, (ii)
pool fires due to the spill of LNG on to ground, contained in impoundments (required by code
and regulations), (iii) vapor fires arising from the ignition of a dispersed vapor cloud ignited at
some downwind distancefrom the source and after the cloud has dispersed for a considerable,
(iv) fireball type burning which occurs when a vapor cloud of high vapor concentration (which
occurs at the early stages of dispersion of vapor generated by LNG spill) isignited. In addition,
the expanding pool fire, arising from spill of LNG on water, from either the unloading arm or
from the tank through hull puncture of aLNG ship, and itsimmediate ignition is also identified.

The review of the data and findings from past LNG fire experiments discussed in Chapter
2 of this report indicate that the hazard from smaller firesiswell understood (and current models
represent the hazard realistically). However, it is seen that there is a size dependent phenomenon,
namely production of large quantity of black smoke that occursin LNG fires above certain
diameter, which tends to reduce the severity of the thermal radiation hazard. The formation of
smoke in large LNG fires acts as a shield around the fire (obscures the inner burning core) and
consequently reduces the radiant heat output from the fire to the surroundings. M athematical
models for calculating the fire radiant heat hazards that are currently used by both the
government and the LNG industry do not take the effect of smoke shielding into account when
determining the hazard zones around large LNG pool fires. Another phenomenon that has not
been considered and which has been found in more recent experiments is the burning of a
dispersed vapor cloud in the form of afireball. This phenomenon has been observed when a



LNG vapor cloud is ignited during its early dispersion when much of the cloud has higher vapor
concentration (significantly higher than the upper flammability limit).

The experimental data on pool fires up to 35 m diameter fire indicate that the mean
emissive surface power (MSEP) of LNG fire increases initialy as the fire diameter increases, up
to about 20 m diameter, and subsequently begins to decrease, perhaps due to the above described
smoke production phenomenon. The mean emissive power is defined on the basis of a specific
geometrical description of the fire asaright circular cylinder whose height is set equal to the
visible height of the fire and which is given by a correlation (Thomas' correlation). On this basis,
the maximum value of the fire geometry average emissive power is 225 kW/n? (recorded in the
15 m diameter LNG fire tests on water). The mean emissive power for a 35 m diameter LNG fire
on land is reported to be 165 kW/m?  Figure E-1 shows the summary of these mean emissive
power results.
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Figure E-1: Experimental data on mean surface emissive power (MSEP)
variation with fire size

In addition, the experimental data from the 35 m diameter tests of LNG fire on land
(conducted in Montoir France in 1987) indicate that the surface emissive power (SEP) of alarge
fire varies significantly between the bottom parts of the fire and the top part of the fire. In fact, a
variation of SEP by afactor of about 5 between the bottom and top of fire has been observed.
The statistical distribution of the data gathered in these test series by a movable narrow angle
radiometer is shown in Figure E-2. It is clearly seen that the emissive power in the bottom parts
of the fireis more “concentrated” and in the top parts there is more data scatter (due to
intermittency in smoke shielding effect). It is also seen from spectral measurements taken at

E-3



about 4 m above the ground surface that the fire emission is similar to that of ablack body
except for absorption in the water vapor and CO, bands. In addition, it is aso seen from areview
of the films of the test that the fire has a base height over which the burning seems to be very
intense and bright and it is only on top of this “base zone” is there any smoke production. Based
on the spectral measurements in the Montoir tests and from the spectral data obtained in the
China Lake LNG fires-on-water-tests it is determined that the optical path length for aLNG fire
is 13.5 m and that the effective blackbody temperature inthe fire is 1547 K (corresponding to a
blackbody emissive power of 325 kW/n). The uncertainty in the above temperature estimation
is calculated to be 0% to-2.5 % (i.e., the estimated temperature can be in the range of 1547 K to
1512 K). A fire of diameter equal to the optical path length (or its inverse the extinction
coefficient) in the brightest part of the fire will have an effective emissivity (ration of actual
emissive power to that of the blackbody emissive power) of ¢ = { 1-e'} = 0.6321. (A fire of

diameter equal to about 3.5 times the optical path length could be considered as a black radiator).
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Current generation models that are being used to calculate the radiant heat flux levels at
different distances from the fire are found to be overly conservative in that they do not take into
account the radiant emission reduction observed in large LNG fires. Therefore, alarge LNG pool
fire model has been developed which takes into account the production rate of smoke, the
variation of emissive power from bottom to the top of the “visible” fire and the presence of and

the given SEP was mesured



variation with size of the bottom “bright burning” zone. This model, termed the Pool Fire Model
Including Smoke Effects (“PoFMISE”) is described in Chapter 4. The model uses correlations
developed from tests with crude oil fires of up to 17 m diameter for the fraction of the fuel that
gets converted to smoke. It also utilizes other correlations for the smoke optical properties
(extinction coefficient, extinction cross section, etc.) obtained from relatively small scale,
laboratory experiments. Using the model the fire-geometry-based mean surface emissive power
(MSEP) for LNG fires of various diameters has been calculated. These results are presented in
Table E-1.

It is seen that the POFMISE model results agree very closely with the mean values obtained
in the experiments to date. In addition, the model results indicate that as the fire diameter is of
the size 100 m and larger the mean emissive power reduces significantly compared to those that
are used in current models such as LNGFIRE 3 model (190 kW/m?). This implies that the hazard
distances predicted for a specified flux level would be smaller when the PoFMISE model is used
compared to those from other models such as LNGFIRE 3. The results shown in Table E-1 also
indicate that the bottom “ clean burning” zone length is about 25% of the visible length for a 15
m diameter fire whereas for a 300 m diameter fireit is less than 9%. The latter isin keeping
observations from very large oil fires on water where only avery small part of the fireisvisible
(because of the “clean burning” zone).

Asapart of the overall goal of calculating the risks to the population from a LNG facility a
methodology of evaluating the risks from potentially large LNG pool firesisillustrated in
Appendix C of this report. This methodology describes the various phases in the performance of
arisk assessment, the identification of fire scenarios and their organization in the order of
primary and secondary events, and the development of the various probabilities of occurrence of
the scenarios. Also, illustrated is the calculation of the consequence areas and people exposure
to hazardous radiant heat flux after considering the mitigating and shadow effects of buildings
and structures, and the atmospheric absorption of radiant heat. Determination of the risk by
considering different categories of population (the elderly, the physically challenged, the
children and normal adults), population density, density of buildings and other shelter providing
structures, etc. are illustrated. No numerical values, of either the probabilities of occurrence of
fire events or the consequence areas for different size firesin different wind and weather
conditions have been determined. Also not performed in this report are any site-specific
calculations.

The study results are expected to lead to a better understanding of the types of fires that
may occur in aLNG facility. In addition, the POFMISE model developed in this project will lead
to a more accurate description of large LNG fires. The utility of thismodel liesin the fact that it
provides a better description of the real conditions that occur in large LNG and other
hydrocarbon fires and therefore can provide better estimates of the real hazard distances from the
fires without compromising public safety. The results of this study may contribute to the
scientific debate to better understand the hazards of large fires instead of using the current
models that were developed using small fire data and extrapolation. Finally, the results of this
study may lead to modifications in industry consensus standards or US DOT regulations related
to the calculation of LNG fire hazard areas since the model developed in thisreport is easy to
use, captures the fire behavior characteristics of large LNG fires and has been validated by data
currently available from experiments.



Table E-1

Comparison of model predicted MSEP with experimental data

Soot Fraction M SEP over thevisiblefire
© al length Soot plume height
Fire Substrate | mass Soot of the L (Eavo)
: onwhich |yield | Concentration | «cjegn | |'aNSMissvity cl
Diameter * ¢ ] Remarks
(m) LNG | (¥) (Cs) burning (s POFMISE | From field
boils . zone” =102 x model result tests
(%) (kg/m®) (b) (KW/m?) (KW/m?)
15 Water | 127 | 3328x10* | 0.196 66.40 172 185-224 | ChinalaketestsRy, et
al [1979]
20 Land 13.0 3.419 x 10* 0.180 57.12 183 140-180 Mizner & Eyre [1983]
35 Land | 137 | 3595x10* | 0.150 35.70 177 17530 ['\qggg‘]’” tests GDF
100 Land | 149 | 3926x10* | 0093 4.00 113 | - Potential size of future
pool fire tests
Estimated pool size from
300 Water 16.2 | 4.272x10* 0.033 0.00277 | - one tank content spill
from LNG ship
Assumed parameter values, r =17.17for CH,; B=0.06; Ky =130m?Kg; Enu=325kW/m?; T,=293K

* Notarianni correlation for smokeyield;

Optical path scale length at bottom of LNG fire=13.5m




E-4 Uncertainty Analysis

An uncertainty analysis was undertaken to determine the sensitivity of the model results
to changes in values of parameters used in the model. The model contains three significant
parameters whose values are not known completely, especially for methane diffusion fires. These
parameters include (i) the fraction of the fuel that gets converted in to smoke, (ii) the size of the
smoke particles represented by the soot specific extinction coefficient (k) and the “profile’ of
the curve of variation of the local mean surface emissive power with height above the base of the
fire (represented by the index “n” of the visibility probability distribution with height). For the
fraction of fuel converted to smoke as afunction of the size of thefire, experimental values
obtained from 17 m diameter crude oil fires has been used. This value represents the best fit to
the measured NAR datafrom the 35 m diameter LNG fire tests in Montoir. The extinction
coefficient values (km) were perturbed from 100 m7kg to 1000 m?/kg (130 m%kg is the value for
laboratory size propane diffusion fire). Theindex (n) on thefire core visibility probability (p)
distribution was varied from 1 to 4. The results, in terms of the overall mean surface emissive
power (M SEP), obtained from the model for these parameter variations were compared with the
35 m diameter experimental data for the same M SEP. Based on this comparison it is concluded
that a combination of n=3 and k;,, = 130, n=2, k,,=200 best represent the values of the
parameters. These combinations of parameter values not only track the measured vertical
distribution of the SEP but also predict very closely the measured overall MSEP (165 kW/n¥).
However, it is noticed that the k,, = 200 is higher than the value for laboratory scale propane fire
(and one expectskm to be less for methanefire). It is entirely possible that in alarge diffusion
fire the size of the smoke particles are bigger thereby leading to a higher km value. The correct
values of these parameters can only be determined from additional laboratory and field scale
experiments.

E-5 Conclusions from the study

The major conclusions from this study are:

1 A semi empirical model to predict the thermal radiation output from large
hydrocarbon liquid fuel pool fires has been devel oped, which takes into consideration
the formation of smoke, its effect (by shrouding the inner burning region) in reducing
the thermal output into the surroundings.

2 The model assumes a constant emissive power zone at the bottom of thefire. The
height of this zone varies with the properties of the fuel, the size of the fire and the
evaporation rate. The variation of the emissive power with height above this zone has
been modeled by assuming a probability distribution for the fraction of the time the
inner core of burning fire is visible through the smoke shroud.

3 The results of the model have been compared with the only available (narrow angle
radiometer) data for the measured variation of the emissive power with height. The
model results track this variation reasonably well, given the uncertaintiesin the model
assumptions and in the data.



The model aso predicts the measured mean emissive power from 15 m and 35 m
LNG fire tests within the accuracy that can be ascribed to the model.

The model is more realistic in its treatment of the actual dynamics and phenomena
observed in all large hydrocarbon fuel fires, including the very important one relating
to smoke production and obscuration of the burning regions of thefire. In this regard
it is, perhaps, superior to any of the existing single-mean-emissive-power models.

The use of the model and other fire modelsin arisk analysis has been illustrated with
aprotocol for risk calculations.

The use of the model developed has significant implications for the calculation of realistic

hazard distances as opposed to the significantly large hazard distance predictions of the currently
used LNG fire models.

E-6

Recommendations from the study

Based on the assessments performed in this project and the large fire model devel oped, the
following recommendations are put forth.

1

Laboratory studies should be performed to obtain certain key parameter values for LNG
vapor burning in air. These include the fraction of the fuel mass that gets converted to
smoke particles as a function of combustion temperature and fuel-air (or oxygen)
concentration ratio. Similarly, laboratory studies should be performed to obtain the optical
properties of smoke produced in diffusion fires of methanein air.

Additional field tests with LNG fires of sizes larger than 35 m diameter should be
conducted to determine the large diameter effects and to verify whether large fires have
reduced heat emission compared to smaller size (< 35 m) LNG fires. Dike fires on land and
unconfined spill fires on water should be conducted.

The PoFMISE model developed in this project should be included in any revisions to the
49 CFR, part 193 regulations, since the model represents the best data available for large
LNG fires and includes many of the phenomena seen in large fires. Current model
recommended for use in the regulations does not include these important phenomena.

Effects of passive and active mitigation techniques (such as dike walls, sub surface sumps,
water curtains, water application directly to the fire plume to reduce temperature and affect
combustion processes) in reducing fire thermal hazard effects should be evaluated both
theoretically and experimentally. This effort should be initiated with adetailed review of
the available techniques, their effects and their incorporation into afire radiant heat flux
model.

An integrated fire hazard model should be developed which includes the characteristics of

large LNG fires (and radiant heat from such fires with due consideration to the variation of
emissive power with height), the spectral characteristics of emission from various parts of
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the fire, the absorption in the atmosphere of the intensity of fire emission in different
wavelengths, the characteristics of the intervening objects between the fire and the heat
receiving object, the thermal characteristics of the receiver and the proper consideration of
the hazard to the object based on its susceptibility to heat input and duration of exposure.

A database of probabilities of different types of releases of LNG from both fixed plant
equipment and from shipping and transportation incident should be devel oped.

A redlistic risk assessment procedure that considers the probabilities of occurrence of
different types and sizes of LNG fires, many of the phenomena, parameters and models
identified in this report and other considerations (such as the effects of mitigation
technology) should be developed. The application to a generic plant or transportation
condition should be demonstrated with an example calculation.

A set of criteria should be developed for the acceptability of risk resultsin evaluating the
safety of aLNG plant or LNG transportation, relative to public safety.



Chapter 1
Introduction

1.1 Backaground

The liguefied natural gas (LNG) industry in the U.S. has been providing services safely for
over 30 years without any incidents that have affected the public. At present only four marine
import (base load) and land-based storage terminals are operating in the US, the ones in Everett,
MA, Cove Point, MD, Elba ls., GA and Lake Charles, LA. In addition, an LNG export terminal
has also been operating in Kenai, AL for over two decades. More recently, an off shore marine
terminal has been commissioned in the Gulf of Mexico and operated by Excelerate Inc. Because
of the projected shortfall in supply of domestic natural gas to service the increasing demand for
natural gas fuel in the US, several marine LNG import facilities are proposed for construction in
the US and applications are pending before the Federal Energy Regulatory Commission (FERC)
and the US Maritime Administration (MARAD), respectively, for on-shore and off-shore
facilities.

The Pipeline and Hazardous Materials Safety Administration (PHMSA) of the US
Department of Transportation (US DOT) has the principal safety oversight and inspection
responsibilities for on-shore LNG terminals under the pipeline safety laws (49 U.S.C. 60101 et
seg.). PHMSA wants to ensure continued safety in all aspects of design and operation of LNG
facilities in the current expansion of the industry. The requirements for design, operations and
maintenance stipulated in 49CFR, Part 193 for LNG facilities have gone a long way to ensure
that no LNG leaks/releases occur from material defects, natural phenomena and machinery
attrition. If one should occur there are sufficient safeguards to minimize the effects on plants and
the surrounding populations. However, since 9/11/2001 a new threat poses significant concerns.
Many of the potential release scenarios that would have not been a cause of concern (based on
assessments of mechanical failures of structures, piping and equipment due to usage or fatigue,
age, natural forces and acts of God) need to be reexamined from the perspective of sabotage and
terrorist action caused failures.

The primary concern is of safety from LNG fires to the general public and the
infrastructure (both inside the facility as well as out of the facility property). Large fires may
have impact outside the plant boundary, whereas smaller fires could have adverse effects on
machinery and process equipment within the LNG facility. While large fires may have off-site
effects, their occurrence is extremely rate'. Therefore, the level of potential fire hazards to the
neighbors (both people and infrastructure) of a LNG plant can be gauged only by the scientific
methods of risk assessment. A similar argument can also be made for LNG transportation (in
ships, highway trucks or other modes). LNG fire risk assessments involve considerations of both
the probabilities of events (that can lead to fires) as well as the considerations of different sizes
of fires and their effects (consequences) on objects and people within and outside the plant

1 World-wide, several tens of LNG facilities have been operating for over 3 decades. Not asingle large fire has
occurred, anywhere in the world, in any LNG terminal/storage faci lity. This enviable record cannot be matched
by other fuel storage or import or production facilities.
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boundary. Understanding, modeling and developing appropriate consequence assessment tools
(ex, computer programs to calculate the hazard zones) for a spectrum of fire scenarios are
therefore essential for not only understanding the risks such fires pose but also to evaluate the
effectiveness, in terms of risk reduction, of mitigation and safeguarding measures. These
analytical or computer based tools will aid in assessing the system-wide risks, especialy those
caused by fires.

PHMSA has readlized that assessment of risks to the public from LNG releases from either
land based terminals or during transportation requires the knowledge of the type of fires that
could occur, their characteristics and the extent of hazard that each type of fire would pose.
Assessment of the magnitude of the hazards requires mathematical modeling of the various
realistic phenomena that influence the fire characteristics and radiant heat output from such fires.
It is with this intent of cataloging and characterizing various types and sizes of LNG fires that
may occur in aLNG facility and in LNG transportation that PHM SA initiated the work described
in this report.

Technology & Management Systems, Inc (TMS), was awarded a joint Government and
Industry, cost-share type of contract to conduct the research described in this report under. The
project was funded 50% by US DOT, Pipeline and Hazardous Materials Safety Administration
(PHMSA), Washington, DC under the contract number DTRS56-04-T-0005 and the other 50%
by Distrigas of Massachusetts Corporation, LLC., Everett, MA. Dr. Phani K. Rg was the project
manager and principal analyst for the project at TMS.

1.2 Objectives of the project

The objectives of the research discussed in this report were to:

B |dentify various scenarios of LNG fires that may occur in LNG import/storage terminals
(and from ships).

B Develop additional models for such fires as may occur and which the current models do
not address completely or properly.

B Develop protocols for and approaches to using the fire models in conducting an
assessment of the risks from fires in either LNG import/storage terminals or LNG in
transportation.

1.3 Scopeof work

To achieve the above objectives, the project was conducted under the following four tasks.

Task 1: Discussion with the LNG industry, and the development of alist of credible and
potential LNG release scenarios resulting in LNG fires.

Task 22 Review of theliterature on modeling LNG firesidentified in task 1.
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:

Improvement/development of the mathematical models describing the fire
characteristics and the extent of hazard from different types of fires. Also,
computerizing any new models devel oped.

Task 4  Development of protocols for using the fire models in performing risk assessment of
LNG release from storage terminals or transport ships.

1.4 Credible and potential LNG fire scenarios in LNG terminals and in
LNG transportation

Informal discussions were undertaken with several knowledgeable members of the LNG
industry, both during personal meetings and over the telephone regarding past historical
accidents involving LNG releases and potential release scenarios that could lead to the
occurrence of afire. The discussions involved potential release scenarios covering both on-shore
terminals and shipping operations (near receiving terminals and in docks). In one case, a site visit
was undertaken to an operating, large, on-shore LNG import and storage terminal for discussion
with operators and a review of potential scenarios of LNG fires due to accidents as well by the
intentional acts of terrorists.

Table 1-1 illustrates the potential LNG release and fire scenarios that were identified during
the discussions with LNG terminal operators. The causes of LNG release and the types of fires
that may potentially occur and the hazards that these fires may pose are also indicated in this
Table. Figure 1-1 shows the spectrum of different types of potential fires from LNG releasesin
on-shore storage facilities, and LNG ships. The generic types of fires that can occur inaLNG
facility include (i) the jet fires (due to liquid releases in the form of ajet from a pipeline or the
tank), (ii) liquid pool fires which form when the released LNG pools on land or water and is
ignited while the liquid pool persists, (iii) concentrated vapor burning in the form of a short lived
fireball and, (iv) vapor flash fire - deflagration type burning of a dispersed vapor cloud; a vapor
cloud isformed by the release of liquid on to land (or water) and is dispersed by the wind when
the vapor cloud is unignited at the source of vapor. In a particular scenario of LNG release, one
or more of these generic types of fires can result depending upon the time of ignition relative to
the time of release and the local environmental conditions. Pool fires can be of the high aspect
ratio type (if the liquid isin atrench and is ignited) or of the constant size (diameter) type asin
the case of LNG contained within an impoundment (sump or dike), or of the temporally
expanding type as would be the case for an expanding LNG pool on water. When dispersed LNG
vapor clouds are ignited in the open, in general, an upwind moving flash fire results (for leading
edge ignition) with a deflagration type burning, which has a turbulent flame speed of the order of
several meters per second, the flame speed being dependent on the wind conditions. It is
anticipated that the flame speed for vapor burning can increase (accelerate) in the presence of
obstructions, the acceleration in normal outdoor obstructions may not be sufficient to cause high
over pressures and their concomitant hazard.

In Chapter 2 the literature related to modeling the above different spectrum of fires is
reviewed. Specific attention is directed at the ability of the models to consider the realistic
situations that arise in LNG facilities and shipping and calculate the extent of hazards from each
type of fire. Past experimental findings are also discussed.
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Table 1-1

Fire Scenarios due to releases from on-shore LNG terminals and ships

Cause of LNG release

Types of fires

Potential hazards

Transfer piping, valve or gasket leak

Principally aliquid jet fire. Very likely to be a
very small diameter jet fire with limited
distance of fire plume

Leak from a hole on the side of
transfer pipe caused by an accidental
collision of avehicle or debriswith
the pipeline.

Jet fire which whose size (diameter and flame
distance) will depend upon the size of hole
and the back- pressurein the pipe.

Jet fire impinging on an object will have the torch effect of
heating the object to high temperature, locally. Whether the
object fails or not depends on the duration of exposure and the
thermal properties of the object. A person exposed (with
flame contact) to a jet fire will suffer severe burns. Radiant
heat effectswill be relatively small.

Puncture in vaporizer piping

Pool fireif enough liquid pools under the
release location or is directed to a sump and
ignites. Vapor fire, if the vapors are dispersed
and meet an ignition source. Depending upon
confinement by pipes and other structures
vapor cloud explosion may occur under
certain circumstances

Pool fires pose radiant heat hazards outside the fire. Distance
to hazard depends upon the size of fire and its location
relative to other objects and the dike.

Vapor cloud hazard can occur within the property line or
outside the properly line. In general only atransient flash fire
will result with no over pressures. Objects within the path of
the propagating fire may suffer thermal damage. People
within the fire path will experience severe burns. People
outside the path of the flash fire will experience transient
radiant heat. In general, persons outside the vapor cloud will
not suffer seriousinjuries.

Release from the ship-to-shore
transfer piping within the facility
during LNG transfer operations or
during withdrawal from the storage
tank (released LNG directed into an
impoundment or sump)

Jet fire from the rupture in the pipeline, if the
rupture is small.

Channel firein the liquid channel to the
impoundment area.

Pool firein the impoundment (sump) into
which the liquid spill is channeled, if the
releaseislarge and not all released liquid is
consumed in the jet or channel fire

Potential hazards from pool fire radiant heat to structures
within and outside the facility. Also, potential burn hazards to
people within and outside the facility. Jet fire and channel fire
hazards are expected to be confined to within the facility.
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Release due to a missile penetration
of the side of a LNG storage tank

Pool firein the impoundment. Possible pool

fire outside the facility.

Vapor cloud fire if no immediate ignition, of
the vapor cloud formed, but itsignition at a

later time or at a distance from the source of
vapor.

Pool fire radiant heat hazards.

Deflagration vapor fire hazards.

Potential vapor cloud fire acceleration (and corresponding
overpressure) in areas where the vapor cloud has spread to
and then ignited in the presence of obstructions or structures.

Liquid exposure to the atmosphere
and its subsequent ignition due to
the collapse of the storage tank roof
(impact by a very heavy and high
momentum object such as a small
plane)

Pool fire on top of the storage tank

Pool fire radiant heat hazard

Release at the jetty from the
improper connection between the
connecting arm (Chiksan arm) and
the ship’stransfer piping. The
improper coupling may be due to
misalignment, a bad gasket, or a
human error cause

Vapor fire from spill evaporating on water
without ignition.

Pool fire on water if the spill islargeand is
ignited.

Pool fire on dock ground if spill occurs on
land and isignited

Vapor cloud fire radiant heat hazard
Poal fire radiant heat hazard
Radiant heat effects on local structures, next to the jetty.

Large releases on or under water
from a LNG ship due to a ship-to-
ship collision incident or due to acts
of terror on the LNG ship

Fireball type burning of the large vapor cloud
formed (and ignited) immediately after the
release of LNG on to and into water
Expanding pool fire of LNG on water
Dispersed vapor cloud fireif ignition occurs
after significant time of cloud dispersion

Radiant heat hazards from both the fire ball and pool fire

Radiant heat hazard from the deflagration type burning of the
vapor cloud.

Hose rupture at an LNG loading
(truck) station

If ignition occurs immediately a jet fire from
the hose end will occur. Thisfirewill last until
the supply of LNG is terminated by the shut
off valve. In the absence of immediate
ignition, part of the the LNG released will
flash to vapor which will get dispersed by the
wind and the remainder liquid will flow into
sump and will further evaporate or if ignition
occurs form a pool fire. The dispersing vapor,
if ignited by a down wind ignition source will
result in aflash vapor fire of very short
duration.

Vapor cloud fire radiant heat hazard

Poal fire radiant heat hazard

Radiant heat effects on local structures, next to the truck
loading sttion.
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10

Overfilling storage tank or

In general provisions are made in storage
tanks to channel overflow of LNG into sumps.
The types of fires that can be casued by such
overflow are (i) pool fire in sump, (ii) vapor
emanation, dispersion within the dike and, if
the vapor cloud isignited, vapor fire.

Sump pooal fire radiant heat hazard
Vapor cloud fire radiant heat hazard

11

LNG roll over in the tank

LNG rollover could lead to the rel ease of
vapors through the relief valve over an
extended period of time. These vapors may
partially disperse from the top of the tank. In
the event ov very low wind speeds, the vapors
can descend due to higher-than-air density,
disperse within the dike and outside the dike.
If the vapor cloud isignited at ground level, a
flash vapor fire will result.

Vapor cloud fire radiant heat hazard

12

Extended release of vapor from
process equipment

Either liquid from the vaporizer equipment or
high pressure gas in the sendoff pipeline may
be released. If aliquid release occurs without
immediate ignition, then there will be flash
vaporization of afraction of the liquid, a
continuous vopr cloud formation (for the
duration of release). Should this vapor cloud
get ignited at a down wind distance , aflash
vapor fire can form. If the jet of LNG liquid is
still issuing at the time the fire flashes back to
the source, aliquid jet fire will result.

In the case of high pressure gas release and its
ignition, a high pressure gas jet fire will result.
Otherwise, the high pressure gasjet mixes
with air and disperses. Again, depending upon
the time of ignition, either avapor fire will
result followed by ajet fire or passive
dispersion of vaporsif no ignition occurs

Liquid jet fire
Flash vapor fire
High pressure gas jet fire
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15 LNG fireeffects assessment in LNG Requlations, Codes and Standards

In the US the requirements related to the design, location, safety exclusion distances,
operations and maintenance of an LNG facility are stipulated in the Federal Regulations 49CFR,
Part 193 and in NFPA 59A, “Standard for the Production, Storage, and Handling of Liquefied
Natural Gas (LNG).” Both these documents stipulate the requirements for on-shore LNG
facilities only. Specifically, the requirements include evaluation of the hazard distances for
different size LNG fires, however, the fires to be considered are the pool fires in the
impoundments.

151 US DOT regulationsin 49 CFR, Part 193

Section 193.2051 of 49 CFR stipulates that each LNG container and LNG transfer system
must have a thermal exclusion zone in accordance with section 2.2.3.2 of NFPA 59A (2001
edition). Three exceptions to the specifications in NFPA 59A are indicated. These relate to the
required use of (i) LNGFIRE3 model? to calculate the exclusion distances, (ii) 95™ percentile
wind speed, and (iii) ambient temperature and relative humidity that produce the maximum
exclusion distances, except for values that occur less than 5 % of the time based on recorded
data.

The Federal Regulation does not specifically identify the types of fires to be considered in
the evaluation of the exclusion distances. It is implied that the “Thermal radiation protection”
under 8§ 193.2057 is for spillsin the facility that are directed to impounding areas and pool fires
that may occur on these impoundments.

The Regulation also requires, in § 193.2059, the assessment of “Flammable vapor-gas
dispersion protection” and the calculation of the dispersion exclusion zone. Implicit in this
requirement is the consideration of the vapor cloud fire arising from the dispersion of the
flammable vapor; however, no specific “hazard area’ calculation is specified for the thermal
radiation hazard zone next to a propagating vapor cloud fire that may result if the vapor cloud is
ignited.

15.2 NFPA 59A Standard®for the production, storage, and handling of L NG

NFPA 59A Standard requires that the “ Thermal radiation flux from a fire shall not exceed
the limits” specified in Table 1-2, under atmospheric conditions of 21 °C (70 °F) and 50 %
relative humidity. In addition, the Standard stipulates that the thermal radiation distances are to
be calculated using any one of the specified models, namely, (i) The LNGFIRE3 model, (ii) An
aternative model that takes into account the same physical factors as the LNGFIRE3 and which
has been validated by experimental data, and (iii) A point source model specified in the Standard
which is based only on the base size of the fire.

Thismodel is reviewed in detail in Chapter 2 on literature review
Refers to the 2006 edition. However the calculation requirements for thermal radiation exclusion distances are
the same in both 2003 and 2006 editions.

3
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Table 1-2

Thermal hazard criteriain NFPA 59A Standard

Table5.2.3.2: Thermal Radiation Flux Limitsto Property Linesand Occupancies

Ther mal Radiation Flux

Btu/hr ft2 | KW/m? Exposure
1,600 5 A property line that can be built upon for ignition of a design spill?
The nearest point located outside the owner's property line that, at the time of
1,600 5 plant siting, is used for outdoor assembly by groups of 50 or more personsfor a
firein an impounding area”
The nearest point of the building or structure outside the owner's property line
3.000 9 that isin existence at the time of plant siting and used for assembly, educational,
’ health care, detention and correction, or residential occupanciesfor afirein an
impounding area®*
10,000 30 A property line that can be built upon for afire over an impounding area®

of occupancies.

4 See5.2.3.5for design spill.
The requirements for impounding areas are located in 5.2.2.1.
¢ See NFPA 101, Life Safety Code, or NFPA 5000, Building Construction and Safety Code, for definitions

Note: The above tableis extracted from the 2006 Edition of NFPA 59A.

A formula is specified in the point source model indicated in NFPA 59A Standard for
calculating the distance to radiative thermal hazard to the different heat flux criteria. The hazard
distance from the edge of the impoundment is specified by the formula:

where:

o

A

d=FJA

distance from the edge of impounded LNG [m or ft]

flux correlation factor equal to the following:

3.0 for thermal radiation heat flux = 5 kW/m? or 1,600 Btu/hr ft2
2.0 for thermal radiation heat flux = 9 kW/m? or 3,000 Btu/hr ftz
0.8 for thermal radiation heat flux = 30 kW/m? or 10,000 Btu/hr ft

surface area of impounded LNG [m?or ft}]

Equation 1.1a can be written as,

where:
S
Req

S 14z F

Ry
distance from the center of impounded LNG [m or ft]
Radius of acircle of areaequal to A [m or ft]

(1.19)

(1.1b)

While NFPA 59A requires the calculation of the hazard distance to indicated thermal
hazard heat flux values specified in Table 1-2, the Standard does not explicitly indicate the type
of LNG fire that isto be considered. However, it isimplicit from the descriptions that the hazard
distances from impoundment pool fires are to be evaluated. There is no specification of other
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types of fires that could occur within a LNG facility or the criteria for assessing the hazards and
hazard distances from such fire.

NFPA 59A also requires the calculation of the vapor dispersion hazard distances based on
specified scenarios of LNG releases from “design spill.” The quantity of LNG released and its
rate of release in these design spills depend upon the details of design of the storage tank,
location of the fill and withdrawal piping, and the fill and withdrawal rates. The spacing of an
LNG tank impoundment to the property line that can be built upon is to be such that the mean
concentration of the dispersing vapors generated by the “design spills’ will not be greaer than
50 percent of the lower flammability limit (LFL) at the property line. Again, NFPA 59A does
not require the consideration of the potential vapor fire propagation due to the ignition of a
dispersed vapor cloud or the thermal radiation hazard distances next to such (traveling) flash fire
or associated phenomena (vapor fire acceleration).

Both the 49 CFR, Part 193 Regulations and the NFPA 59A specify only a set of thermal
heat flux criteria for the hazard. The true hazard will depend not only on the heat flux, but also
on the duration of exposure, the properties of the irradiated object (or the person), the spectra
characteristics of the incident radiation (after its alteration due to significant absorption of the
energy in the water vapor and CO; bands). Neither the Federal Regulation nor the NFPA 59A
Standard consider or alow credits to be taken for the effects of any mitigating phenomena or
conditions that may affect the thermal radiation hazard distances.. Potentially beneficial items
such as clothing worn by people or the movement of people into shelters or buildings (which
reduce the thermal flux to people), effects of obstructions (structures, trees, buildings, etc) in the
line of propagation or path of thermal radiation, the thermal inertia of objects and structures,
cooling effects by windy conditions, and the anatomical characteristics of human skin, which
reflects heat energy and absorbs heat only in certain specific wavelength bands are mitigating
factors that reduce the potential radiant heat hazard to people and structures. These “natural”
mitigating factors have not been considered in the regulations or the NFPA standard. Other
approaches include active, engineered techniques (that absorb radiant heat) such as water
curtains and water addition to the fire plume to reduce combustion efficiency (thereby increasing
smoke production and reducing the radiant thermal emission from the fire). It should be noted,
however, that unless maintained properly and are ready to perform their functions in an
emergency, the usefulness of active engineered mitigation systems may be questionable, because
they generally degrade with time.

153 LNG firehazard assessment in European regulations, EN 1473

The European regulations, EN 1473 [2005], stipulate the requirements for the design,
construction and operation of on-shore LNG facilities. Unlike the US Regulations and Standards,
which are prescriptive, the European EN 1473 Regulations are based on a different philosophy,
namely, arisk based evaluation of safety. These regulations require that “LNG installations shall
be designed to provide generally accepted levels of risk (refer to annex L) for life and property
outside and inside the plant boundaries.” Furthermore these regulations stipulate that, in order to
ensure this high level of safety in the LNG facilities and its surroundings, safety should be
considered throughout the development phases of a LNG facility construction and startup.
Hazard assessment is required to be performed. One key feature of these regulations, as opposed
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to those in the US, is the alowance and required considerations of mitigation strategies
(engineering and/or procedures based) to reduce the magnitude of potential hazards and the
implementation of the required saf ety measures to ensure acceptable risk levels.

The assessment of hazards requires the development of credible LNG release scenarios and
consideration of both the probability of a selected scenario (and its sub—effects) occurrence and
the evaluation of the magnitude of its consequences. In the case of LNG fires assessments
include the (i) Jet fire from both gas release and liquid release, (ii) Dispersion of vapors and
vapor fire, (iii) Liquid pool fire and, (iv) Explosions arising from the full or partial confinement
of LNG vapors during dispersion and subsequent ignition. Scenarios of potential LNG release to
be considered is not limited to storage facility spills but include releases from the LNG carrier
and highway trucks as well as in associated pipelines. Guidance for the probabilistic assessment
of minimum acceptance criteria of site location is presented in these regulations.

In the assessment of the hazards from LNG pool fires, the above regulation allows the
consideration of the topography, size and elevation of dike and its walls, other obstructions,
atmospheric absorption of thermal radiation, etc., in the calculation of the exclusion distance to
specified thermal flux levels. These specified levels are indicated in Table 1-3. While the EN
1473 Regulations stipulate the (specified) heat flux levels as the criteria for hazard assessment,
the regulations alow for the use of other “local” governmental criteria, which could be more
stringent than the onein EN-1473.

Table 1-3
Thermal hazard criteriain EN 1473 (European) standard
Maximum Allowable
Object Exposed to Radiation Thermal Radiation
Heat Flux (kW/m?)

Insidethe Boundary of the Facility
Concrete outer surface of adjacent storage tanks 32
Metal outer surface of adjacent storage tanks 15
The outer surfaces of adjacent pressure storage vessels and process facilities 15
Control rooms, Maintenance workshops, laboratories, warehouses, etc 8
Administrative buildings 5
Outsidethe Plant Boundary
Remote aread 8
Critical areab) 15
Other areas® 5

a)  Anarea infrequently occupied by small numbers of persons, e.g. moor land, farmland, and desert.

b) This is an unshielded area of critical importance where people without protective clothing can be required at all times including
during emergencies, or urban area (defined as an area with more than 20 persons per square kilometre) or a place difficult or
dangerous to evacuate at short notice (e.g. hospital, retirement house, sports stadium, school, outdoor theatre).

c) Other areas typically include industrial areas not under control of the operator/occupier of the LNG facilities.

Note: Allowable maximum radiation heat flux is exclusive of the local maximum solar flux. The heat flux level can
be reduced to the required limit by means of separation distance, water sprays, fire-proofing, radiation
screensor similar systems.
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The British Health and Safety Executive (HSE) has stipulated thermal radiation criteria
based on the consideration of modified dosage. The modified total dosage unit (MTDU) is the
product of the intensity of heat flux raised to (4/3) ™ power multiplied by the time of exposure
(MDU = | #3t). The HSE criteria are indicated in Table 1-4. It is seen that this requirement takes
into account the effect of both the intensity of radiant heat flux and the duration of exposure of a
person for causing burn injuries or fatalities. The HSE criteria also provide a means of
determining the average exposure duration by specifying the mean ambulation speeds for
different types of populations and indicating the average distance to travel before one can get
shelter (within buildings or from building shadows), in urban and rural settings.

Table 1-4
Criteriain British Health and Safety Executive (HSE) guidelinesfor fire
ther mal hazar d assessment

Hazard level*

Type of Hazard (mtdu)
Dangerous dose of thermal radiation for vulnerable people 500
Dangerous dose of thermal radiation for average members of society 1,000
Significant likelihood of death 1,800
Death from exposure to thermal radiation 3,000

Conditionsto be considered in ther mal exposure

The exposure period for fireballs Fireball duration
Ambulation spe(_ed of average members of the public to seek shelter 25m/s
from heat radiation
The ambulation (escape) speed for the old and very young 1.0m/s
The distance to shelter in suburban areas 50m
The distance in rural areas 75m
* mtdu = I4'3t, where | = heat flux intensity in kW/mz, and t = time in seconds

Source: HSE (2006)

There are disadvantages in the use of both the exposure type criterion for hazard
assessment as well as the risk-based assessment. The exposure type criteriafial to take into
account (at least, at present) the modifications of the “character” of radiant heat from the time it
leaves the fire to the time it impinges on the object, the details of the object, per se, in either
absorbing or reflecting the heat incident, the response of the object (including human beings) to
the absorbed radiant heat (that is, the damage to skin being a function of both the intensity,
spectral quality and the dosage over time). Last but not the least, the current criteria for exposure
are not based on redl life, large fire exposure data but on very small, laboratory size tests. Also,
the variation in the susceptibility of different populations (children, elderly, etc) have not been

considered.

In the case of risk based assessments the principal question awaysiswhat isa*“tolerable
risk?” Also, what should the criterion of risk be based on? That is, should burn injury, (and if so
what level of injury) or fatality be the criterion for the “consequence’ and what level of details of
the local topography, population density and diversity should be considered. In addition, since
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risk assessments are based on both consequence of LNG releases and the probability of
occurrence of different type of releases, quantity of releases and methods of release (liquid,
vapor, dispersed vapor, jet fire, etc), one needs to have reasonable value for the occurrence
probability of each possible scenario of events. For example, a simple question as to the
probability of ignition of areleased LNG (either immediately or over aduration of time) is not
known, let alone its dependence on the release conditions, release phase, location of release or
other environmental and release initiating factors. However, not withstanding all of the handicap
that arisk based assessment has it, perhaps, will provide amore rational basis on which to make
informed decisions rather than based on single large event scenarios, as are now in regulations
and standards.

Chapter 2 provides areview of the technical literature on LNG fire experiments conducted
to date and their results. Chapter 3 discusses the various modeling approaches to characterize the
different types of fires and calculating thermal radiation heat flux variation with distance from
different types of fires.
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1.6 De€finitions and Acronyms

AGA
ALARP
CFR
DOT
EN
HAZOP

HSE
IR
IRR
LFL
LNG
MDU
MSEP

MIT
NAR
NFPA
PHMSA
RPT
SEP
STP

SpEP

TMS
UFL
WAR

American Gas association

As Low As Reasonably Practicable (for risks)

Code of Federal Regulations

Department of Transportation

European National

Hazard Operability (study) - A systematic study identifying potential hazards and
operability problems arising from the failure of one or more process elements.
Health and Safety Executive

Infra Red

Infra Red Radiation

Lower Flammability Limit

Liquefied Natural Gas

Modified Dosage Unit [(KW/m?)®*? {]

Mean Surface Emissive Power over the entire fire, when it is described by a
specific geometrical shape (say, acircular cylinder)

Massachusetts I nstitute of Technology

Narrow-Angle Radiometer

National Fire Protection Association

Pipeline and Hazardous Materials Safety Administration

Rapid phase transition

Surface Emissive Power (Average) at a specified height within the fire plume
Standard Temperature and Pressure (20 °C and 1 bar pressure)

Spot (Surface) Emissive Power (such as the one inferred from aNAR
measurement) — Emission per unit area from a particular location on the fire
Technology & Management Systems, Inc.

Upper Flammability Limit

Wide-Angle Radiometer
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Chapter 2
LNG Fires

Review of Experiments and Findings

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
[Ra), 1982;]. Broadly, two types of fire tests have been conducted, namely, pool fires and vapor
fires. Tests included LNG spills on land and on water with ignition of the spill. Spills on land
were into dikes; hence, the fire base size was constant in time. In water spills, expanding pool
fires resulted. Vapor firesinvolved ignition of vapor clouds both on land and on water. Table 2-1
lists some of the important fire tests of the past 3 decades. Significantly more tests have been
conducted with dike fires on land than with LNG-on-water pool fires. 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. A summary of the sizes of fires used in different
experiments and the values of important parameters measured in these tests are indicated in
Table 2-1.

A workshop was held in 1982 at the Massachusetts Institute of Technology (MIT) to
discuss the state of LNG fire research (up to that time) and debate the knowledge available for
LNG fire hazard predictions [Raj, 1982]. LNG Spill experiments to date have been reviewed in a
recent paper by LuketaHanlin [2006]. Some of the issues related to LNG fire models are
presented in a recent paper [Ra, 2005]. A detailed review of the LNG fire experiments and
associated models is in the process of being published [Raj, 2006]. Additional information on
models applicable to evaluating the LNG fire hazards are also available in the TNO publications
[TNO-1, 1992 and TNO-2, 1997] and in Loss Prevention Handbook [Lees, 1996]. Only salient
issues related to and principal findings from the tests with LNG pool fires and vapor cloud fires
are reviewed in this chapter. The various fire models and their applicability, difficulties and
shortcomings (if any) in using in LNG fire hazard evaluations are then discussed

2.1 LNG pool firetestson land

In the late 1960’s and early 1970’ s several test series of LNG fires on land were conducted,
involving primarily the spill of LNG into a dike formed on virgin soil and its ignition forming
pool fires on land. These tests and their findings have been reported by Burgess and Zabetakis
[1962], May & McQueen [1973], AGA [1974], and Rg & Atalah [1974]. In these tests the
diameters of LNG pool fires ranged from 1.8 m to 6 m. Results of field tests involving 20 m
diameter pool fires of LNG, LPG and kerosene have been reported by Mizner and Eyre [1982] of
Shell oil company. The largest size LNG pool fire conducted to date has been in a 35 m
diameter, insulated concrete dike. The details of the tests and their results have been reported by
Nedelka [1989] and Malvos & Raj [2006).

The principal results from the tests with LNG fires on land with diameters less than or
equal to 20 m are summarized below:
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Table 2-1

Summary of LNG fire experiments

Details of Field Tests Principal Results
# \é\laﬁeor?n e%(l; Fraction of
# Type of Tests of Fire Dimensions Liquid based. M combustion Technical Reference(s)
Y ear Sponsored by Conducted in Tests Regression E ), Méan energy
missive ;
Rate (m/s) Power (1 radiated
0,
(kW/m?) 0
Id_il:(lgdf;:;rzt?;a;%. 70 mlong x 25 m widest x
1 | 1969 Esso Libya Continuous LNG ' 6 5 m depth (avg). Eq diam 16x 10 92 12-16 May and McQueen [1973]
=18m
feed
> | 1062 US Bureau of Lake Charles, LNG spill onground | B _ Burgess, and Zabetakis
Mines LA surrounded by a dike [1974]
3 | 1973 AGA San Clemente, LNG spill on ground 7 | Diameter=18m 15x10* 100 20 AGA[5]
CA surrounded by adike 8 | Diameter=6.1m 22x10% 160+ 17 25 R4 & Atallah [1974]
} Unconfined pool on P 4 994D 12t032
4 %274 USCG ChinaLake, CA | water: Continuous 5 ?ﬁyiﬁs{eﬂe diameters 42 100_}0 1282% +24274(2) (depending | Raj, et al. [1979]
spill : x1 * on spill rate)
5 | 1976 | JGA Japan ;J’\rlg%gdogyg;o;ﬂ 3 | 2mx2msquare NA 58 13 JGA [1976]
. Square and rectangular
6 | 1980 | British Gas ;J'jgjﬁégdog g;"é;ﬂ‘i 29 | (25:1) dikes Equivalent NA NA NA Moorhouse [1982]
y diameters 6.9 mt0 15.4 m
Thornton LNG spill into
R ch Cir insulated concrete 1 Diameter =20 m 2.37x10* 153+ 16 NA Mizner and Eyre [1982]
7 | 1980 | Shell Research dike Vosly vepor Tres
Maplin Sands, Unconfined pool on » : .
? resulting from delayed NA 203+ 35 NA Mizner and Eyre [1983]
England water ignition
8 | 1981 | TokyoGas Japan Diked pool on land 8 S%“f:e poolsof 25mx NA NA NA Kataoka [1982]
ChinaLake Spill on water ina
9 | 1984 USCG “Coyote Test pond and ignition of 6 NA NA NA NA Rodean, et al [1984]
Series’ vapor cloud on land
LNG spill into )
] ; 35 m diameter shallow 2 257 —273® Nedelka, Moorhouse &
10 | 1987 Gaz de France Montoir, France | insulated concrete 3 dikes 3.11x 10 165 + 109 NA Tucker [1989]

dike

(1) Based on the average of Narrow-angle radiometer data (corrected for atmospheric transmissivity) from 7 tests
(2) Based on the data from a single working Wide-angle radiometer in only one test (# 12)
(3) Surface emissive power based on actual radiating surfaces from the fire as measured from video films
(4) Mean surface emissive power based on the assumption of flame surface being that of atilted circular cylinder of length given by Thomas' correlation.
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The pool fires (of less than 20 m diameter) burn with a bright yellow flame. However, as
methane in LNG is consumed and other higher hydrocarbon fractions such as ethane,
propane, etc., start to burn the fire becomes more and more red and begins to produce black
smoke. In these tests (with fire size < 20 m) no data are available that correlates the “color
of thefire” with LNG hydrocarbon fraction that is burning.

The fire plumes show relatively steady sizes (except for pulsation in the height of the
burning zone — or visible fire plume, due to turbulence effects) in the form of columnar
fires. No significant puffing type of burning* has been reported.

Only mean surface emissive power (MSEP) values have been reported for these fires. The
MSEP values were obtained from wide-angle radiometer data and are based on the
assumption that the fire can be represented by a “solid cylinder” of height and tilt given by
Thomas correlations (see discussions in section 3.2.2.1) and accounting for the
atmospheric absorption of radiant heat. The MSEP values calculated vary from 100 kW/m?
for the 1.8 m fires, to about 153 kW/m? for the 20 m fires. These are indicated in Table 2-1.
Graphical representation of the M SEP variation with fire diameter is shown in Figure 2-1.

The liquid regression rates were measured indirectly by noting the duration of burn and the
volume of LNG spilled. The steady state liquid burning rate increases with increase in fire
diameter; it varies from about 1.5 x 10* m/s for 1.8 m diameter fire to 2.37 x 10* my/s for
the 20 m diameter fire.

Mean Surface Emissive Fower (MSEF)

300 1
+ I China Lake (1979) #
200 —
o
g S " % Shell {1982)
R LEGEND
100 %  Using WAR data, cylindrical fire shape
% and flame height from Thomas® equation
B Average spot emissive power {SpEP)
- calculated from WAR data and visible
emission spots from video films
0 I i | ; i i
0 10 20 30 40 50

Pool Fire Base Diameter (m)

Source: Nedelka, et al. {1089) China Lake data from Raj, et al {1979}

Figure 2-1:  Experimental data on mean surface emissive power (MSEP)
variation with fire size

Large fires burn by releasing balls of fire (combustion eddies) at regular frequencies, which are dependent upon
the fire base diameter and properties of the flammable vapor. This frequent releases of burning fire ballsis
termed “ puffing” type of burning.
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The tests conducted in Montoir, France in 1987 with 35 m diameter LNG pool fires
[Nedelka, et a., 1989; Malvos & Rgj, 2006] indicate considerable differences in both the
physical characteristics of and magnitude and distribution of radiant heat emission from this size
fires compared to those measured in the smaller diameter fire tests discussed above. Therefore,
the results from these tests (which form the basis of a large fire turbulent model discussed in
Chapter 3) are discussed in greater detail below.

Gaz de France: [Nedelka, et al., 1989]. In 1987 a consortium of companies including Gaz
de France conducted a series of 35 m diameter LNG pool fire tests 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 size of fire used in this series of three tests remains the largest fire test to
date. 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, six narrow-angle radiometers, two spectrometers, gages to
measure the liquid depth in the dike for obtaining the liquid 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, quantity of LNG in the pool at the time of ignition, wind and wegather data and a
discussion on the measured data have been published [Nedelka, et al., 1989; Malvos and R,
2006]. The quantity of LNG in the pool was measured to be, respectively, 80 m®, 90 m® and 110
T intests 1, 2 and 3, before ignition. As was found in the 20 m diameter Shell tests, the burning
rate was quite steady (at a mean burning rate of 0.146, 142 and 134 kg/m? s, respectively in the
three tests) and methane preferentially burned for over one half of the duration of the fire. The
mean duration of burning of the fires in the 3 tests was about 450 s. Also noticed was the copious
amount of black smoke produced by the burning of the LNG even during the period when only
methane was burning. Significant (black) smoke in the higher elevations of the fire plume and
the “reddening” of the firein the lower portions were also seen.

The variation in the SEP from the base of the fire to the top of the visible fire was
considerable. Figure 2-2 shows the data from a narrow-angle radiometer (NAR) located 155 m
from the edge of the dike, in test 1. The data presented have not been corrected for atmospheric
absorption of radiant heat between the fire “surface” and the NAR. Figure 2-3 shows the data
from two spectrometers that were located 20 m from the edge of the dike. One spectrometer was

sensitive in the 0.5 pm — 1.2 pm and the other was sensitive to the 2 pm — 7.8 pm wavelength
ranges. The findings from the 35 m diameter LNG fire tests can be summarized as follows:

1  Themean liquid evaporation rate due entirely to the heat feed back from the fireis 0.14
kg/m? s. This value obtained from the measurement of the actual liquid depth variation with
timeis considerably lower (by about afactor of 2.5) than the value that can be calcul ated
using the data on the heat flux (from thefire) 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
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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®.

The NAR readi ngs at the bottom of the fires, time averaged over 5 s, are generally in the
range 180 KW/m” - 200 KW/m?. The maximum values recorded differed in the different
tests but were in the range 201 kW/m? - 210 kW/m?. Using the calcul ated atmospheric
transmissivity values (0.65 to 0.665), consistent with the atmospheric conditions and the
location distance to the NAR, the maximum spot emissive power (SpEP) was found to be
in the range 308 kW/m? - 316 kW/m?. Nedelka, et al., [1989] report that occasionally, over
a5 sto 10 saveraging period, a SpEP value (after correcting for atmospheric absorption) of
350 W/m? was obtained. It should be noted that because of the “narrow view” of the NARs
these SpEP values are for a very small region of the fire and do not represent the overall
SpEPs even in the lower regions of thefire.

The fire burned as a puffing fire, releasing connected fireballs through the fire column with
afireball release period varying between 3 sand 3.5 s. The estimated upward velocity of
upward motion of the fireballs through the fire column is about 20 m/s.

The fires exhibited a bright, intense burning region close to the bottom of the fire followed
(upwards) by aregion in which the interior of the fire was exposed intermittently by
otherwise smoke blanketed regions. The fraction of the “surface area” of the fire that
contained exposed burning, and therefore heat radiating, regions decreased continuously
and substantially with the height of the flame. The axial length of the bottom intense fire
region seems to increase in awindy condition.

Thefiresin all three tests were very smoky, beyond a certain height (or length along the
tilted axis). The narrow angle radiometer readings confirm that the time averaged apparent
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 circular cylinder with axial length given by Thomas' correlation), is
reported to be 165 KW/

5

In the three tests conducted in Montoir, durations of pre-cooling of the dike were, (1) 4 hoursin test #1, (2) 2
hoursin test #2 and (3) 1 hour in test #3, before the pool wasignited in each test. It is calculated that even in the
last test, the duration of cooling is sufficient as to reduce the heat transfer from the ground to be negligible. The

fire characteristicsin all three tests are, therefore, not affected by the heat transfer from the ground. Hence, the

evaluation of the thermal radiative characteristics of large LNG firesison a consistent basis.
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6  The spectral data (shown in Figure 2-3) obtained from the lower parts of the fire indicate
that the 35 m LNG fireis aimost optically thick, with a mean emissivity of 0.93. The
equivalent blackbody temperature for radiation is estimated to be 1547 K. [Spectral data
were gathered only for a short duration during the steady burning period —no data were
gathered during later time periods when higher hydrocarbons were burning)]. This
emission applies only to those parts of the fire that are luminous. However, considerable
smoke at higher regions masks the high radiant heat emission associated with the above
temperature, thereby lowering the apparent emissive power, averaged over time and fire
size.

7  The absorption of the IR emission by water vapor in the atmosphere is significant. From
the data shown in Figure 2-3, ailmost 30% of the total energy emitted from the base of the
fireis absorbed in a distance of about 20 m. The relative humidity during the tests was 54%
and air temperature was 21 °C.

Experimental investigation of LNG pool firesin trenchesis reported by Croce, et al.,
[1984] who conducted a series of 13 field scale fire tests with trench sizes varying from 0.82 m
(W) x4.4m (L) to 3.9m (W) x 52.1 m (L), covering arange of length to width (aspect) ratios
from aminimum of 4.97 to a maximum of 30. The wind speeds during the different tests varied,
from aminimum of about 1 m/sto a high of 8.36 m/s. The principal findings from trench fire
tests are summarized as follows:

1 Inapreviously reported laboratory scale 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 dimensionless ratio of distance from fire center to the equivalent
diameter based on the trench area (S'Dg), in both the laboratory and field tests for values of
SW > 2.

3 Theflame 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 '= Yy Jupto Fr =0.25
2./gW

and then becomes essentially a constant at about 2.5 and independent of Fr’. Thisimplies
that at lower wind speeds, increase in wind speed resulted in adecrease in the burning fire
plume length; above a critical wind speed flame length is independent of the wind speed.

4 Theburning rate in asmall aspect ratio trench fire is much smaller than the fire induced
burning rate in acircular pool of equivalent diameter. The steady state burning rate measured
in the field tests ranged from 4.3 x 107 kg/m2 st08.0x 10° kg/m2 s. The burning rate does

¢ Croce, at al., [1984] define the trench Froude number (Fr’) asindicated in which, W= width of the trench, U, =
wind speed, and g = acceleration due to gravity.

Page 21 of 99



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 downwind direction (“flame drag”) was
noticed in the field tests. The flame drag ratio (1 + downwind extension from the trench
edge/trench width) was found to be dependent on both trench width and wind speed. For a
given wind speed, the flame drag ratio was higher for smaller trench widths. While the flame
drag increased with increased wind speed (zero at zero wind speed), it reached a constant
value for al wind speeds above a critical wind speed. This critical wind speed was found to
be dependent on the trench width. For trench widths equal to or greater than 1.8 m the flame
drag was almost linear with wind speed up to about 3 m/s and thereafter remained constant at
about avalue of 3 (Flamedrag = 1.21 at 1 m/swind). The flame drag ratio was higher (at a
value of 4) for smaller trench widths (0.8 m) and remained at this high value for wind speeds
greater than 2 m/s.n

6 The flame plumeistilted by the wind - the higher the wind speed the more the tilt from the
vertical.

7 Fire (mean) surface emissive power (M SEP) values, calculated using the radiometer data
from the field tests, measured mean flame lengths and tilts, range from 50 kW/m? 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 MSEP of 220 kW/n.

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 M SEP of 220 kW/nt and usi ng the flametilt correlations available in the literature by
using the trench width as the characteristic dimension of thefire

2.2 LNG pool firetests on water

Very limited data are available on the burni ng characteristics of and radiant heat emission
from LNG fires on water. The only series of tests to understand the pool burning of an
unconfined pool of LNG on alarge body of water was conducted in 1976-78 in China Lake, CA.
Details of the design of the tests, data measured and the findings are reported by Raj, et al.,
[1979].

China L ake tests were conducted by spilling LNG at rapid but controlled rates on to the
water surface in the middle of a50 m x 50 m x 1 m depth pond. A series of 8 poal fire tests was
conducted, with amajority of tests conducted under essentially calm conditions so that the fire
plume was vertical. The volumes of LNG released ranged from 3 nv* to 5 m°. In the “pool fire”
tests, an igniter was activated near the spill point as soon asthe LNG hit the water surface. This
produced an immediate ignition and resulted in an initially expanding, burning, pool of LNG

" 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 arelatively short-lived LNG
pool fire (Mizner and Eyre [1983]).
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with agenerally tall and columnar fire plume. The steady state pool fire diameter varied between
the tests and was a function of the spill rate. The steady state diameters ranged from 12 mto 15
m. The resulting fire was columnar, tall and yellow in color signifying high radiant emission.

The principal findings from China Lake pool fire tests on water are asfollows:

1  Theapparent burning rate increases with an increase in spill rate. This phenomenon is
attributed to the deeper penetration of the spilled LNG into water, its break up and
vaporization over alarge number of LNG droplet surface areathat is considerably larger
than is presented by the horizontal (water — LNG) contact area defined by the mean pool
diameter.

2  Theburn rate increases with an increase in the spill rate. Thisresult is correlated by a
dimensional, linear least square fit equation:

Apparent burn rate y(m/s) = 10 x [2.73 + 58 x Spill rate (m¥/s)]  (2.1)

The above correlation contains the heat flux contributions from water and fire. It islikely
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.

3 Thetime averaged height to diameter ratio of the visible flame is slightly less than that
predicted by Thomas's correlation in the range of the measured burn rates. The height to
diameter ratio datais correlated by the following least square linear fit equation on the log

—log plot.
2
L ooy [?
—E =465t ——= (2.2
D {pa JgD}

4  Theenergy emitted by the fire as radiant heat, expressed as a fraction of combustion energy
generated by burning, decreases with increase in spill rate. Thisimplies that in high rates of
release a part of the released vapor does not burn at al; that is, the faster the vapors are
generated, the less the chance for combustion. In much smaller scale tests (0.38 m
diameter) involving the spill of LNG on to awarm tray, Burgess and Zabetakis [1962] also
found that about 70% of the vapor generated initially did not participate in combustion.

5  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 kW/m?+ 47 kW/m>.
However, if the NAR datafrom all tests are considered (see Figure 3 in Rg [2006b]), the
mean and standard deviation of the NAR data are represented by 205 kW/m?®+ 20 kW/m?.
The scatter in the WAR data is about twice the scatter in the NAR data. The large variation
in the computed emissive power from the WAR datais due to the fact that in reality the fire
isnot acylindrical columnar fire of constant height but tends to pul sate both in diameter (as

Page 23 of 99



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 thefire at every instant been used to calculate the mean emissive power, the data
scatter would have been much less.

6  Thefire emissivity, temperature and the optical depth were obtained from a single set of
spectral data that were taken at 236 m from the fire. The data showed the fire to be a band
emitter (rather than a blackbody emitter) consisting primarily of band emissions from water
vapor and CO, and a continuous emission due to luminous soot. The emissivities of
luminous soot, water vapor and CO, were found to be, respectively, 0.14, 0.19 and 0.35.
Also, the flame temperature for the China Lake fire (13 m diameter) was calculated to be
close to 1500 K.

As described in the sections above, the experiments with LNG pool fires have consisted of
fires of diameters varying from 1.8 m to 35 m. Not all fires are considered to be optically thick
(for adiscussion of optical thickness see section 3.2.2.2). The reported values for the extinction
coefficient (and the corresponding optical thickness values) are indicated in Table 2-2.

Table 2-2
Experiments results on LNG fire extinction coefficient

Nominal fire | Extinction Optical
Experiment diameter coefficient depth Literature Reference
(m) (m™ (m)

. 1.8 0.492 2.03 Raj & Atalah [1974]
AGA Test series 6.1 0.18 554 | AGA [1974]
Chinalake LNG 15 0.072 1389 | Raj, et al. [1979]
fires on water
Montoir tests 35 0.05 20.0 Malvos & Raj [2006]

2.3 Vapor firetests

Vapor fire testsinvolving the ignition of dispersed LNG vapor clouds have been performed
both on land and on water. During the China Lake series of LNG fire tests afew vapor fire tests
were a so conducted. These tests involved the ignition on land, with aflareigniter, at the
downwind edge of adispersing cloud. The cloud burned back to the source of the vapor, with a
deflagration fire. No pressure increases in the atmosphere were noticed. Rgj and Emmons (1976)
have reviewed the results of these tests and have developed a model for the burning of a vapor

cloud in the form of a deflagration fire in the absence of obstructions. This model is discussed in
Chapter 3.

Another series of tests, called the “Coyote Series’ was conducted, also in ChinaLake, in
early 1980s [Rodean, et al., 1984]. A further objective of these series of tests was to determine if
norenergetic ignition of the vapor cloud would result in explosive burning of the vapor cloud
when the cloud isignited at the downwind edge or at the center of the cloud.
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The tests involved the spill of LNG on to the water surface in the middle of apond 58 min
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 (LCH,) are reported. The spill quantities varied from 14.6 n? to 28.6 m® (LNG) and 26
m° (LCH,) and the spill rates from 13.5 m*/min to 17.1 m*min. Mean wind speeds varied
between 4.6 m/sto 9.7 m/s over the series and wind speeds were variable both in speed and
direction within the duration of atest. This series of test forms a set of well instrumented vapor
firetests; instruments measured such items as the heat flux to objects within the “burn zone,”
radiant heat flux at several 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”). Ignition of the vapor cloud was initiated only after the cloud had
been fully established so that the lower flammability limit (LFL) distance downwind was a
maximum, as measured by the concentration sensors.

Important findings from the Coyote series related to the ignition within the center of the
cloud are:

1 Thefireson the lower concentration cloud burning regions were very blue in color

2 The cloud burning phenomenon and the production of hot combustion gases, seem to result
ina “pushing” and expansion of the area enclosed within the pre-ignition 5% (LFL) contour
at the time of cloud ignition. The maximum downwind burn distances were 85 % - 90 % of
the non-ignition, dispersion model based estimates.

3 Burn areas were not in the same location as the pre-burn 5% contour areas but considerable
movement in cross wind and down wind direction (relative to the 5% contour area before
ignition) was noticed. However, the propagating flames did not go beyond the 5% gas
concentration locations.

4 Therelationship of the total burn areato the pre-ignition 5% contour areais 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, and flammable area. However, in the one
test there was arapid phase transition (RPT) explosion. In addition, there was significant
instantaneous generation of gas, which then moved downwind as a unit. The burn areain this
test was almost 2 times the measured pre-ignition flammable area.

5 Flameswere 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.
Thisis attributed to higher concentration (and higher hydrocarbon content) of vapor in the
cloud. Ratio of visible flame height to pre-ignition visible cloud height wasinthe 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. Theinitial velocities, immediately in the
vicinity of the igniter were greater than at farther distances. Upwind flame propagation
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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 accel eration 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 m/s - 50 m/sin the
jet ignition test. However, the flame speeds rapidly decreased to essentially constant speeds
of 10 m/s -15 m/s within about 50 m

8 Pressureincrease measured in the atmosphere due to the propagation of fire wasin millibars
and hence inconsequential.

9 The heat fluxes measured inside the fire were in the 150 kW/m? to 340 kW/n¥ 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 kW/m? - 280 kW/m? range.

A series of tests performed by Shell Research Ltd., UK in1980 involving the spill of LNG
(and LPG) on to the sea and ignition on water of the vapor cloud dispersing on water is reported
by Mizner and Eyre [1983]. A total of 7 LNG spill tests and 4 LPG tests were conducted. The
objective of the tests was to understand the thermal radiation from a vapor cloud fire formed by
the ignition of acloud generated by spill of acryogenic 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 firein all
cases flashed back to the source in the form of a deflagration fire. Radiometers were provided
(on anumber of pontoons stationed on water over several concentric semi circles 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 m to 20 m range and the
flame height-to-width ratios during he cloud fires stages were in the 0.2 to 0.5 with wide scatter.
The mean surface emissive power (MSEP) of the vapor fires ranged between 138 kW/m? and
226 kW/m? with standard deviations in the 7 % to 15% range. It should be noted that in this 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.

Summary: Vapor firetest findings: The principal findings 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 isignited at downwind locations, a turbulent fire propagates to the
vapor source (against the wind). No downwind propagation of the fire was observed in any
tests involving the ignition of the cloud at the leading edge. Downwind propagation was,
however, seen when a cloud was ignited at the center (of the dispersed cloud). This indicates
that propagation downwind will occur when the vapor concentrations downwind of the
ignition point is still above the lower flammable limit (LFL) and that vapor cloud with
concentrations below LFL will not sustain a propagating fire.
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Flames were hardly visible in the lean (5% to 15%) concentration parts of the cloud. The
flame in the regions of higher vapor concentrations (closer to the source) burned with a
yellow plume. This can be attributed to a change in the “mode of burning” from a premixed
fireto adiffusion fire at higher concentrations. In addition, closer to the source of vapor the
vapor contains higher concentrations of higher hydrocarbons (ethane, propane, €etc).

The velocity of the flame front (moving into the unburnt vapor) with respect to the unburnt
gases (“flame speed” Ur) was more or less constant in a given test. Considerable turbulence
is noticed in the movement of the flame front. The experimental data can be correlated by a
linear square fit equation of the type Ug = 0.8 + 1.6 X Uying. It is noted that the laminar
burning velocity of the stoichiometric concentration of methanein 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 stoichiometric mixture of methane and air will be higher than the laminar
burning velocity. It should aso be noted that the above correlation represents a mean burning
velocity over all concentrations in the vapor cloud (and not just the stoichiometric
concentration), especially, the higher than upper flammability limit (UFL) concentrations.

No flame acceleration was noticed; on the contrary all fires seem to have higher flame
velocities (relative to the ground) near the ignition sources.

A burning zone supporting afire plume follows the flame front. The height of the fire plume
is dependent on the concentration of the unburnt gas. The higher the concentration, the
greater isthe 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). In high vapor concentration regions the ratio of
visible flame height to pre-ignition visible cloud height was in the 5— 10 range.

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

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.

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 concentrations of higher hydrocarbons (ethane
and propane) in the LNG.

Pressure increase measured in the atmosphere due to the propagation of fire was in millibars
and hence inconsequential. All of these tests were conducted in the open atmosphere (out
door) with the propagation of flames not impeded by any natural or man-made obstructions.
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It iswell known that flame shape gets wrinkled due to obstructions in the flame front path
and conseguently the flame speed increases. No systematic assessment of this phenomenon has
been investigated in any of the field experiments.

2.4 Fireball typevapor burning

There have been some concerns in the literature on the potential burning of a LNG vapor
cloud in the form of afireball. The concern is whether such a burning would lead to higher heat
release rates and the consequent larger 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 characteristics of the fireball had not been investigated. Tests conducted in
2000 by Gaz de France and reported by Daish, et al. [2001] provide the first experimental data
on such fires.

In the above a series medium-scal e 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 apit (1.8 m diameter and 1.7 m deep) consisting 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 concentration 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 kg/sto 5.6 kg/s. The estimated UFL and LFL radial distances were 5 m—
7.5 mand 15 m— 30 m, respectively. That is, the ignition was within the cloud concentrations of
LFL and UFL. The mass of LNG vapor within the LFL zonewas estimated to be in the range 8.2
kg—19.2 kg.

The fire produced varied between the trials. The fire was characterized by a 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 afireball.
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 acloud with alarge vapor-
rich volume led to strong combustion and heat generation over a sufficiently localized areathat 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 B type of characteristic that
distinguished it from other burning modes. The diameter of the observed fireballs ranged from 5
m to 30 m and the height to which the fireballs rose ranged from 17 m to 26 m. Measurements at
20 m distance indicated a very rapidly varying heat flux with a duration corresponding to the
lifetime of thefireball and reaching, in onetest, as high as 50 KW/m’ lasting only for afew

8 A “starting thermal” occurs when a buoyant fluid is released over a short duration. The released fluid together
with entrained air has the shape of a mushroom while rising in the atmosphere.
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seconds. The temperatures measured within the fire ranged from 928 K 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 by Brown, et a., [1990] that a fireball
type of fire was observed due to an accidental ignition of a high concentration LNG vapor cloud
in the Falcon series of tests (conducted by Lawrence Livermore National Laboratories-LLNL).
In Falcon test # 5 a RPT occurred and high concentration cloud of vapor formed was ignited by
an unknown ignition source (speculated to be a piece of pipe insulation saturated with oxygen
condensed from the air). No quantitative data on thisfireball are available.

In summary, it can be stated that the Gaz de France' s vapor fire ball tests do not provide
any definitive set of criteria by which one can postulate the conditions under which a fireball will
occur in adispersed, flammable vapor cloud. The qualitative conclusion seemsto be that if a
LNG vapor cloud isignited at alocation between the LFL and UFL concentrations, and a
substantial mass of the cloud is till in regions above UFL concentration, then vapor burningin a
fireball 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 afireball type
burning. It is aso not clear from the data whether the fireball would result in alarger total
thermal burn hazard area compared to that from a dispersed cloud which when ignited resultsin
aflash 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 dispersed
cloud). Therefore, the question of the comparative extent of potential hazards from vapor
burning in afireball and from the flash fire burning of a LNG vapor cloud is at present not
completely answered.
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Chapter 3
LNG Fire Models — A Review

3.1 Jetfires

A LNG jet fire results when the liquid is released from under pressure through an orifice
(or asmall opening or crack) and it isignited. Jet fires of thistype are diffusion fires since, the
oxygen/air for combustion is ingested into the jet by turbulent entrainment. Many models used
for assessing the thermal radiative field surrounding jet fires are based on or are extensions of the
models devel oped for single-phase gas flares. Lees [1996] has reviewed experimental data on
flares and jet fires and discusses a number of mathematical models. In this section, only those
models that are applicable to describing the physical size of ajet flame and those used for
evaluating the general safety of liquefied gas releases are indicated.

The model due to Cook, Bahrami and Whitehouse [Ref §16.19.9, Lees, 1990], improves
the flare model indicated in API-RP 521 Jet Flame Model. The modified model describes the jet
flame by its length and the radius of the flame as a function of the distance from the origin as

follows
0.478

L = 0.00326[rn AH] (3.1
and
R)? 2
n =0.037(x/L) Kn(L/x) (3.2
where,
L = Lengthof thejet flame (m)
m = Massflow rate of thefuel at the base of thejet  (kg/s)
R = Radiusof thejet fire at any axial location x (m)
X = Distance adong the axis/centerline of thejet fire (m)
AHc = Lower heat of combustion of fuel (Jkg)

It is noted from equation 3.2 that at x/L =e™° = 0.607, the value of R is a maximum with
Rmax/L = 0.082.

The model dueto Clay, et a., [1988] referenced by Lees[Ref 816.19.13, 1996] is indicated
by the Health and Safety Executive (HSE) to be applicable for jet fire thermal radiation hazard
assessment, and in particular, for LPG fires. It is assumed that the same model is applicable to
LNG fires also, provided that certain parameters are adjusted (see below). The Clay, et al., model
gives the following correlations:

-| 0.444

L =0.006[m AH, (3.3)

The flame is modeled as a point source radiator with heat radiated from a point located 4/5
of the flame length from the origin
mAH_ 7 (s)

o (3.49)

q'(9) = xr
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where,

4"(s) = Radiant heat flux (kw/m?)
to an object at distance “s’ from the fire

X = Fraction of combustion energy that is radiated
(0.19 < Xr < 0.23, for natural gas fires[Lees, 1996])

s = Distance from the jet fire to the object (m)

©(s) = Atmospheric transmissivity over distance s

with,
©(s) = 1-0.0565In(s) (3.5

The rate of heat transfer to an object by an impinging jet fire depends on the jet fire
temperature (which itself is afunction of the fuel burning), location of the object with respect to
the length of the jet, size of the object relative to the jet fire diameter at the location of the object
and, the thermal characteristics of the object. No simple formula can be indicated for the transfer
rate; each situation has to be evaluated considering all of the above parameters and using
standard heat transfer equations. For methane/natural gas jet fires the peak radiative temperature
inside the fire can be as high as 1525 K [Ref § 16.20.2, Lees (1996)], with an equivalent
blackbody emissive power of 307 kW/n.

Under normal conditions of potential jet fires that may occur in aLNG facility the use of
the point source model (equation 3.4) together with the jet physical description given in equation
3.3 (or 3.1) may suffice to determine the radiative hazard distance because the diameter of the
LNG jet is expected to be small (afew centimetersto at most a meter); similarly, the jet length
will be smaller than 50 m. On the other hand, if in a LNG plant, a critical component isfound to
be impacted by ajet fire scenario (identified by a“HAZOP’ study), then more detailed heat
transfer calculations need to be undertaken to determine the time-temperature profile of the
equipment subject to the jet fire heat. Such an analysisis very specific and is beyond the scope of
this study.

3.2 Pool fires

A diffusion fire sustained on a boiling/evaporating liquid fuel is termed a “poal fire.” Two
types of mathematical models are reported in the literature to assess the effective (radiant heat)
hazard distance from a LNG pool fire, namely, (i) point source model and (ii) the solid flame
model. The mathematical representations of these two models and their hazard distance
prediction accuracies are discussed below.

In the solid flame model the visible and radiative part of the fire plume is represented by an
enclosing cylinder of base diameter equal to that of the firebase and of axial length equal to the
mean visible plume length of the fire. Furthermore, in the solid flame model there are certain
geometrical variations depending upon the wind and other conditions. The details of each of
these two models, the values of the parameters used and the modifications/enhancements needed
in the models, in the light of datafrom large-scale LNG fire experiments, are discussed below.
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3.2.1 Point source L NG fire model

The essential features of this model are indicated, schematically, in Figure 3-1. Thefireis
considered to be point source of heat emission and the heat flux at any radial distance follows the
“inverse square law” and is represented by®

(7/4) D* m" AH, ()

q"(9) = x= o (3.4b)
where,
D = Firebasediameter (m)
m" = Massevaporation rate of fuel (kg/m? s)

Other parameters have been defined following equation 3.4a. Implicit in the above
equation are the following assumptions.

1 Theground isa perfect absorber of heat (i.e., thereis no reflection of heat at
ground level).

The observer is oriented normal to the ground.

The observer isfar from thefire (i.e,, /D >> 1, at least 5 or larger).

All of the fuel injected (by evaporation of the liquid fuel) into the fire is burned.
The fraction of combustion energy released as radiant heat is independent of the
size of thefire.

A~ wWN

Based on radiation measurements (discussed in Chapter 2) in alimited number of field
experiments with LNG fires of diameters less than 15 m, the fraction of combustion energy

radiated (Xr) is shown to vary between 0.12 and 0.32 (see Table 2-1) and does not show any
systematic variation with the fire size. It can be argued that for larger diameter fires the fraction
radiated will decrease due to smoke obscuration effects and simple geometry effects (see
discussions below, in the section on “ Solid Flame Model”). McGrattan, et a (2000) present the
data from heavier hydrocarbon fuel fires (other than LNG), and show a correlation for the
fraction radiated with fire diameter as

Xr :0.35e_*Dl20) . D =firediameter in meters

Applying the above correlation to a 35 m diameter fire used in the Montoir LNG fire tests

discussed in Chapter 2 yields Xr = 0.06, which is not supported by the measured radiant heat flux

values at different distances from the fire. Application to a 100 m diameter fire resultsinXg =
2.36 x 10°, which would make such size LNG pool fire almost non-radiative. Such aresult is
highly questionable. Hence, the above correlation for the fraction of combustion energy radiated
cannot be correct for LNG fires of all diameters of interest to the US DOT. Also presented in
Appendix A is an assessment of the LNG fire point source model allowed in NFPA 59A
Standard and the difficulties associated with its results. Therefore, it is recommended that the

®  Inthe point source model the atmospheric absorption is not strictly used. The version indicated above should

therefore be considered as a modified point source model.
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point source model not be used for calculating the hazard distances to people exposure from
large LNG fires. Also, in large LNG fires the actual hazard distance can be significant (tensto
hundreds of meters); over this distance the absorption of radiant heat by the water vapor in the
atmosphere becomes significant, a phenomenon not considered in the point source model.

The “point source” model provides reasonably good estimate of the human exposure
hazard distance provided the radiant heat emission characteristics of the fire (in terms of the
fraction of combustion energy emitted as radiant heat) is known a priori, and the magnitude of
the hazard heat flux of interest islow (of the order of 1-5 kW/nr) and the fire size is small (less
than 5 min diameter). However, calculation of the fraction of combustion energy released using
only the properties of the fuel, the dimensions of the fire and the laws of physics cannot be
performed with information available. at present. Because of this difficulty and the fact that
experimental results have not provided reasonable correlation of thisfactor to the experimental
variables, this model is not generally used (or recommended for use) where relatively accurate
determination of the hazard distance is needed.

Imaginary shell filled

/ with radiation
»

LNG Fire

Radiant heat

L]
s . );{/ receiving ohject
\ Perfect absorber ground

Figure 3-1:. Schematic representation of the point source model

3.2.2 Solid flame model

This model is based on semi empirical correlations and represents 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 irradiance (also termed “ Surface
Emissive Power” — MSEP), and includes the transmissivity of radiant heat in the atmosphere,
and the relative distance and orientation of the radiant heat-receiving object. The mathematical
representation of the model is given by:

N
q° =Z SN JA(ELi dA) 7, ga (3.6)

y)
where,

g" = Radiant heat flux received by an object located at a specified distance
from and orientated in a specified angle to the fire
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X = Wavelength of radiation

E.i = Wavelength dependent spectral radiance (Emissive power per unit
wavelength) at an elemental surface on thefire (represented by position

“i") at wavelength X

FdA_> Ay = Contribution to the overall geometric view factor from the elemental

areaon thefire (at position “i”) calculated by methods published in the
literature, for example by Hottel & Sarofim [1967]

Ty Wavelength dependent spectral transmissivity of the atmosphere

between the elemental surface on the fire and the object, A isthe
wavelength of the radiation.

The schematic representation of the various phenomenaimplied in the above model is
shown in Figure 3-2. Simplified versions of the above model are used in most circumstances
(including for regulatory purposes) by assuming a constant, and wavel ength independent,
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 diameter equal to
that of the burning liquid pool. The descriptions of the simplified model are described in
previous publications (Rg [1974], Rg [1982], Moorhouse and Prichard [1982], Considine
[1984], SFPE [1995]).

Wind /
— Turbulent
e ff_:_” - / diffusion fire
7
i E
{9—‘-’1 = Amospheric
g Y v — absorption of
,"L)__ L .ﬁ: " radiant heat

STk f
L .l:_"'- L (F ._’

\<f) i ol "
= I %A q

: Equivalent cylindrica
-

mé;:) ) V_-;,f_-_ fi.re_- - ) mﬁ

Figure 3-2: Schematic representation of the solid fire

The simplified “ Solid Flame” model is represented by
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g =EF~r (3.7)
where,
E = Average emissive power over the entire surface of the selected shape of
the equivalent fire,

F = Mean view factor between the geometry that represents the fire and the
heat receiving object located at a specified distance from and orientated
in aspecified angle to thefire.

T = Wavelength independent radiant heat transmissivity of the atmosphere
between the object and thefire.

The determination of the distance to a specified level of hazard radiant heat flux (q,_,)

requires the specification of both the “solid shape” of the fire and the corresponding average
emissive power (E). The known correlations for the relevant parameters for use in equation 3.7
are discussed below.

3.2.2.1 FEireshape

In most “solid flame” models the shape of the fire is chosen to be acircular cylinder of
diameter equal to the base diameter of the fire and axial length representing the visible plume of
thefire. The axis of this cylinder is assumed to be vertical in low wind speeds (wind velocity
below acritical value) and tilted in the wind-direction by an angle with the vertical, which
depends on the wind speed, the diameter of the fire and the burning rate. In some models, the
drag of the base of the fire at ground level due to the wind is also considered. Other
modifications include considering the horizontal cross section of the tilted cylinder to be
elliptical rather than circular.

Fire plumelength (L): In general, the length of the solid shape representation of thefire
is set equal to the time-averaged fire plume length (or height) of the visible fire. Correlations of
the following type due originally to Thomas (1963, 1965) have been used in the models to
calculate the visible fire plume length (L) for afire of diameter D.

L

L= ARZUY (38)

with A, p and q being correlation constants determined empirically from test data and

Fr —=—— " _ Froude Number = Dimensionlessburni ngrate (3.9)
P9 D

U*= —und__— = Dimensionlesswind speed (3.10)

o 3
o)
Pa
Thomas (1963) proposed avalue A = 42, p = 0.61 and q = 0, which was modified in alater

report (Thomas 1965) to A =55, p=2/3and g= - 0.21. The same p = 2/3 correlation has also
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been indicated in a book by Murgai (1976) based on analysis of forest fire data. Moorhouse
(1982) has proposed a correlation with p = 0.254 and q = -0.044 for cylindrical shape
representation. Many models, including the models required by regulations such as LNGFIRE3
[2004] use the following values for the parameters. A =42, p = 0.61, g = 0, with awind induced
tilt angle that depends upon U*, but the plume length being independent of the wind speed.

It is not correct to use asingle value for the exponent on the Froude number (Fr) to
determine the fire plume length over all values of F that is normally associated with liquid pool
diffusion fires. For large LNG fires (D>30 m) the correlation used in such models as LNGFIRE3
tends to over predict the length of flame and, hence, the radiation hazard distance. In fact,
Thomas (1963) has provided data that indicate different values for the exponent (p) in different
value ranges of Fr; p= 0.4 for Fr>10%; p = 0.61 for 10<Fr<10* and p = 2/3 for Fr<102
Heskestad (1983) shows data for alarge span of Fr (10 %Fr<10°) indicating varying values for
the exponent (p). The experimental results of Cox and Chitty (1985) indicatethat p=1 for
10™<Fr<102and p = 2 for 10°<Fr<10™.

Appendix B contains the derivation of the equation for the visible plume height of a
turbulent diffusion fire (under calm conditions). The model presented in Appendix B is based on
the assumption that the visible fire height/length is the location at which all fuel injected into the
fire plume at its base is consumed. In addition a simple analysis of air entrainment and
combustion of fuel in the fire are assumed. It is seen from this model (presented in Appendix B)
that, in fact, the value of the exponent on the Froude number (Fr) is 2/3.

Figure 3-3 shows the plot of measured visible flame length to diameter ratios from a
number of LNG experiments. The Moorhouse correlation is unacceptabl e because, (i) the
physical and scientific basis for the correlation is unknown and has not been published (ii) the
correlation seems to be based on only one size LNG test data and therefore cannot provide a
trend for different diameter fires, and (iii) does not predict the measured L/D rations in other
tests both LNG and other fuels. The size of atypical low earthen dike surrounding single tank
LNG storage in on-shore facilities can be as large as 100 m equivalent diameter; hence, afull
dike fire can be aslarge as 100 m diameter. Other impoundment sizes can vary from 10 to 30 m
in size. Postulated spills from ships and the formation of pool fires range in size from about 330
m to 512 m diameter [Sandia, 2004] with Froude number (Fr) in the range 1.98 x 10" and 1.59 x
10°. The values for the flame height-to-diameter ratios (L/D) used by Sandia, based on
Moorhouse correlation, for the above range of Froude numbers are 1.21 and 1.28, respectively.
These are considerably higher than L/D = 0.71 and L/D = 0.822, which are predicted by Thomas’
correlation, respectively, for the above Froude numbers. All other things being equal the
radiation hazard distances from large LNG fires predicted by using Moorhouse correlation will
be significantly higher than that obtained by using Thomas' correlation for flame heights.
Thomas' correlation is based on physical principles and experimental measurements and is
therefore used for large LNG fire scenarios. The Cox & Chitty correlation is not applicable in the
range of Froude numbers encountered in large LNG spill fires.

Flame drag on ground due to wind: In many experiments with shallow dikes and liquid

pool levels coinciding with the top of dikes, it has been observed that a wind-induced downwind
dragging of thefire plume very close to the ground occurs. The downwind distance in acircular
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cylindrical fire to which the flame sheets at ground level are dragged has been correlated by
Moorhouse (1982) as follows.
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Figure 3-3: Fire height to diameter ratio data from LNG fire experiments

_ 0.069
D" 15 F, (3.11)
where,
D = Diameter of the circular basefire
D’ = Elongated dimension of the fire base in downwind direction
Frio = Froude number based on wind speed at 10 m elevation

It is however, uncertain whether the above correlation holds good for the case when the
liquid level relative to the dike wall is very low. Also uncertain isthe application of the above
correlation for LNG pool fires on water where the effect of wind will be to move the pool, en
masse, in the downwind direction. However, the above correlation will be useful in determining
the downwind hazard distance, which can still be calculated on the basis of assumption of a
cylindrical fire of diameter D, but that the center of thefire is moved downwind from the actua
center by adistance of (D’-D)/2.
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Flame plume bending due to wind: The bending of the fire plume in the case of a poal fire
on land has been found to correlate (Rg) and Atallah [1974], Nedelka, et al.[1989]) by a
correlation of the type,

cos(f) =1 for U*<1 (3.12a)
cos(d) = 1/JU* for U*>1 (3.12b)
where,
® = Angleof fire plumetilt with the vertical (mean value)
U* = Dimensionlesswind speed defined in equation 3.10

On the basis of small size pool studies of liquid fuels, Welker & Sliepcevich [1966]
proposed the following correlation for flame bending in awind.

-06
cos(6) Pa
where,
Fr = Froude number defined in equation 3.9
Re = Reynolds number of flow over the fire = Yuing D
vair

pv = Density of vapor generated by the liquid pool evaporation
pa = Density of air at ambient conditions

It is however seen that the differences in the actual value of the angle of tilt (6) given by
the correlations in equation 3.12 and 3.13 are small and therefore either correlation can be used
to predict the plume tilt angle.

3.2.2.2 gurface emissive power

Mean values for the surface emissive power (E) measured in different experiments were
indicated in Table 2-1 and in Figure 2-1. It is seen that the mean value of E depends upon the fire
Size and seems to increase with diameter up to a diameter of about 20 m and then decrease. It can
be argued that, in general, the internal temperaturein al hydrocarbon fires are about the same
resulting in the black body emissive power of al firesto be the same (within the errors of
measurement). However, what causes the effective emissive power (i.e., the energy emitted from
the nominal fire surface per unit area) is the optical thickness of the fire. The optical thickness of
the fire depends upon both the base diameter of the fire, the fuel properties (especially the carbon
to hydrogen ratio in the molecule) and the combustion characteristics.

The effective emissive power (E) of an idealized fireis related to the fire temperature by
the equation
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E=E;, 1-¢e*P) (3.13)

Eg=ocT/ (3.14)
where,
E = Effective emissive power of thefire (KW/m?)
Es = Blackbody emissive power at fire temperature Te  (KW/m?)
Kk = Extinction coefficient (mh
6 = Stefan-Boltzmann constant = 56.697 x 10™2 (KW/m? K*)
Te = Radiative temperature of the fire (K)

It should be noted that MSEP is a derived quantity and its value depends upon the
geometry of the fire used (especially the value used for the “height” of fire plume), assumptions
made in cal culating the atmospheric transmissivity and the general experimental errors. In fact,
Nedelka, et al. (1989) have pointed out that in the Montoir tests (35 m diameter fire) when the
photographically observed visible flame radl ating areas and the wide angle radiometer data are
used the vaI ue of E calculated is 275 kW/m”, whereas the same radiometer data give avaue of
175 KW/m® for MSEP when the Thomas' flame hei ght correlation (equation 3.8 with A =55 and
p=2/3) is used for the radiating surface calculation. Therefore, the value of E and the flame
geometry that should be used in equation 3.7 for calculating the hazard distances should be the
same as those used in reporting the value of E from experimentally measured radiometer data.

The inverse of the extinction coefficient (k) is defined as the “optical depth” (L.). The
values for k deduced from radiant heat measurement data from various experiments are indicated
in Table 2-2. It is seen that the extinction coefficient value varies considerably from test to test.
This may bedue to size effects, and the generation of high concentration of luminous soot as the
size of thefire increases, and experimental errors. However, for very large fires (35 m diameter)
the spectral data (Figure 2-3) clearly indicates that the fire is radiating nearly as a blackbody
whereas similar spectral data from the 13 - 15 m diameter China Lake tests indicated that the fire
of that size was far from being a blackbody emitter. In the latter fire the mean emissivity was
estimated to be 0.61 for a13 m dameter fire ([Raj, 2006b]. From this China Lake fire data it can
belconcl uded that for LNG fires, burning in the open, the optical depth is 13.81 m (or k = 0.0725
m-).

3.2.2.3 Atmospheric transmissivity of radiant heat

The atmosphere absorbs IR energy in specific bands due to the absorption characteristics of
water vapor (principally) and carbon dioxide in the atmosphere. Based on the spectral absorption
characteristics of water vapor and the relative amounts of water vapor in different relative
humidity conditions, the transmissivity of the atmosphere as afunction of the path length
through the atmosphere for LNG fire radiation have been published by Raj [1977]. The
calculated values are indicated in Figure 3-4 and are correlated by the equation,

7 =1.3989- 0.0565 /n{s p3 (T,) RH /10C} (3.15)

where,
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Atmospheric transmissivity

S = Distance through atmosphere (m)
p=(T,) = Saturated water vapor pressure (N/m?)
(11.5261+14.4114 — %8-1)
P (Ta)= e a (3.16)
Ta = Air temperature T, (K)
RH = Reative humidity (%)

The above correlation is applicable to water vapor partial pressure over the temperature
range of 240 K to 373 K (at the latter temperature the partial pressure of water vapor is exactly
equal to one atmosphere or 101325 N/nf). Lees [1996] has reviewed other correlations available
in the literature for atmospheric transmissivity (including the one indicated in equation 3.5).
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Figure 3-4: Atmospheric transmissivity as a function of distance and
relative humidity

3.2.3 LNGFIRE3 model assessment
LNGFIRE3 model described in the GRI report GRI-89/0176 [Atallah & Shah, 1989] is

incorporated by referencein 49CFR, §193.2057. This regulation allows the use of LNGFIRE3 to
determine the thermal radiation distances from LNG pool firesin on-shore facilities. Because of
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the importance of this model and its use in most LNG related fire analysisit is reviewed in
greater detail below. The principal features of this model and its limitations are discussed below.

The LNGFIRE3 model features as described by Atallah & Shah [1989] are:

1 Description of acircular pool fire by a cylindrical equivalent base diameter fire of constant
emissive power over its surface of 190 kW/m?

2 Thelength of the fire plume is assumed to be independent of the wind speed and is given by
Thomas' equation (of the type indicated in equation 3.8, with A =42, p=0.61, g =0).

3 Wind induced base size increase in the windward direction due to flame drag and flame tilt
with respect to vertical are assumed. (The model uses equations similar to those of equations
3.11 and 3.12, respectively).

4 The mass-burning rate for large fires (larger than 7 m in diameter) is assumed to be 0.11
kg/m?s.

5 Themodel aso usessimilar correlations for high aspect ratio trench fires.

6 Elevated base fires (such as fires on top of LNG storage tanks) are also considered, but no
flame drag is used.

There are anumber of limitations and shortcomings of the LNGFIRE3 model when
compared with data from experiments involving large LNG pool fires on land. One of the serious
shortcomings of the model isits use of a constant emissive power for the entire surface of an
equivalent “idealized” fire and its application to sizes of fires of concernin aLNG plant. It is
known that as the size of LNG fire increases, its characteristics, both physical and radiative,
change significantly. Some of the limitations of the LNGFIRE3 model areindicated below.

1 Thelength of the visible (radiative) fire plume is dependent on both the wind speed and the
vapor mass flux at the base. LNGFIRE3 uses 0.11 kg/m? s for the heat flux even though in
the 35 m diameter Montoir test the value obtained for the LNG evaporation rate was, on the
average, 0.14 kg/m? s. Atallah & Shah [1989] were aware of the Montoir data and actually
had reviewed parts of the datain the GRI report. Also, while the effect of wind on the base
drag and the tilt are considered, the more important effect on the length of the fire plumeis
not. The effect of increased wind speed is to reduce the effective fire plume length.
LNGFIRE3 is more conservative in its calculation of fire plume length but isless
conservative on the burning rate. Whether the two opposite effects cancel out for all
diameters and wind speeds has not been investigated.

2 Thismodel does not consider the fact that at the base of the fire the emissive power is
significantly higher than the average over the entire fire plume. For example, the Montoir and
other tests have indicated that the emissive power close to the base of the fire can be as high
as 310 kW/m? whereas, LNGFIRE3 uses a constant value of 190 kW/m? Considering that
for objects close to the ground, more than 50% of the heat flux received is from the bottom
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portions of the fire, the hazard distances calculated using LNGFIRE3 will not be correct (i..e,
LNGFIRE3 will calculate non conservative distances to objects on the ground, especially, for
objects with higher heat flux damage criteria).

It iswell known from Montoir experiments that the emissive power varies, almost by afactor
of 5 from the base of the fire to the top of the fire. Also, other observations from accidental
firesinvolving very large oil releases indicate that the ratio of the height of intense burning
region near the base of the fire to the diameter deceases significantly asthefire size
increases. Therest of the fire is obscured significantly by black smoke production, which
reduces the radiant emission from layers above this “bottom” region. LNGFIRE3 model does
not take any of these into consideration and therefore its application to fire sizes
representative of large dike or sump firesin a LNG facility may be incorrect.

It is unclear how the calculated drag distance on the ground is used in LNGFIRES3
calculations. It isvery likely that the entire size of the fire (i.e, the diameter) isincreased by
the extent of the drag. If thisisthe case, the model will overpredict the hazard distances
because of the increased fire size. Also, such an assumption (that the entire size of thefireis
increased by the ground level drag) is not supported by experimental observations.
Experiments indicate that while the flame size close to the ground increases by about 10 % to
15%, the upward velocity of the gasesis such that at very low heights this effect is amost
absent and the fire shape resembles that of a no-drag case. That is, the effect of wind drag on
the ground isto present a“boot” to the fire on the downwind side. This “boot” exists only for
about 1 of 2 m above the ground surface and does not represent a general increase in the
downwind dimension of the fire over its entire plume.

LNGFIRES3 literature indicates that the model is also applicable to determining the hazard
distances from fires on top of storage tanks. However, the burning characteristics of LNG on
top of atank are considerably different from those on the ground because of several

important phenomena, namely, (i) The steady state burning rate reduces considerably
compared to that on the ground for liquid levels substantially lower than the lip top rim of the
tank due to the radiation absorption effects of the intervening gas, (ii) The decrease in
burning rate will be even more pronounced in awindy condition when the plume will be bent
over and the view factor between the fire and the liquid inside the tank will be reduced
compared to that in zero wind condition, (iii) The combustion of gasesin the tank from
above the liquid to the level of the tank rim will be anything but complete due to lack of air
penetration (with the buoyant gases rising through the column below the tank rim), and

lastly, (iv) The effect of wind in bringing down the fuel vapors on the lee side of the tank
may result in a situation similar to the drag on the ground but with completely different
relationship with wind speed, tank diameter and tank height. None of these have been
considered in the LNGFIRE3 model.
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3.3 Vapor fires

The principal hazard from the deflagration type burning (“ vapor fire”) of adispersed LNG
vapor cloud™ is the physical impingement of the fast moving flames on objects and people who
may be enveloped by the vapor cloud, before its ignition. The secondary hazard from the moving
flame front is due to the radiant heat from the fire to objects and peopl e outside the path of the
propagating fire. The procedure for calculating the thermal radiation hazard distances outside the
zone of avapor fireissimilar to that used in pool fire hazard estimation, with one singular
exception. The vapor fireis generally afast moving fire and, therefore, the radiant heat flux at
any specific location changes with time both due to the changing distance from the fire aswell as
due to changing fire-to-object orientations. Rgj & Emmons [1975] presented a model that
describes the speed of the “burn back” flash fire under different wind conditions, the width
(along the burn direction) of the burning zone and the height of the fire above the ground. The
vapor fire experimental results were discussed in section 2.3. Also, Daish, et a., [2001] have
reviewed the available experimental data and models applicable to characterizing vapor fires and
concluded that the only model available isthe Rgj & Emmons model. This model is therefore
described in greater detail below.

The principal elements of the Rgj & Emmons’ two-dimensional vapor fire model are
shown, schematically, in Figure 3-5. A dispersed cloud of depth He with uniform concentration
of vapor ¢ isignited at the right hand edge (downwind edge) of the cloud. A propagating flame
front FF moves (from right to left in Figure 3-5) into the unburned vapor cloud at a speed S,
relative to the unburnt gas Sis termed the turbulent flame speed. A burning region of width W
trails the propagating flame front. Also, avisible fire plume is established on top of the burning
region of width W. The height of thisvisible flameisH.

—_—
Wind direction VAN
! L}
Air entrainment
I Visible fire ! H
j |
plume
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-'IF T P, % T 1
3
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' Ll
F '-;i..'

Figure 3-5: Schematic representation of the details of the model for the
vapor fire propagating in a dispersed LNG vapor cloud

10 cCalculation of the extent of dispersion of LNG vapors under different weather and local topographical
conditions are outside the scope of thisinvestigation.
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The model is applicable only if the mean vapor concentration in the cloud (¢) is above the
stoichiometric value™. This condition is expressed mathematically as follows.

molesof fuel in unit volume

= A7
¢ molesof fuel inunit volume+molesof air inunit volume (317
1
> 3.18
¢ 1+R (3.18)
1) (1+3n
R=| — 19
(o.zlJ{ 2 } (319)
0.79) [1+3n
P={1+2 — |y — 2
and {1+ 2n} +E0-21j{ > } (3.20)
where,
CiH@n+2) = Chemical formulafor the saturated hydrocarbon fuel in the vapor cloud
R = Stoichiometric air to fuel molar ratio (for complete combustion of fuel)

P Number of moles of products of combustion produced by the

stoichiometric burning of a unit mole of pure fuel.
The model defines a parameter o as follows:

Volume flowrateof entrained air at a specified section

o= 321
[Volume flowrateof gasesatthesection —Volume flowrateof gasesat base] (3:21)

It is shown by Rg & Emmons [1975] that the value of w is related to the physical
conditions of cloud and air entrainment as follows.

1
0=-=

p— (3.22)
L P-1 Mo Nl _To_
_(r TR J{Hna e dﬁ)} n e aﬁ)}

where,
No = number of moles of (premixed) fuel “burning”
Na = number of moles of air burning with ng moles of the premixed fuel for
stoi chiometric combustion [Note: na =0 when ¢ = /(1+R)]
D Damkohler number = AHc/(Ca Ta)

=

Air to fuel mass ratio for stoichiometric combustion of pure fuel

r=t R = 344048173

for saturated hydrocarbons (3.23)
Uy 1+7n

1 The stoichiometric vapor concentration in air for methane vapor is 9.52 % whereas, the lower flammable limit
(LFL) for methane vapor in air is 5%.
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For the burning of a pure methane cloud (a LNG cloud can be approximated to a pure
methane cloud) it can be shown from equations 3.19 and 3.20 that

(P-)R =1 (3.24)

with P =10.5238 and R=9.5238 for methane (CH,). Applying the above result in equation
3.22awe get,

Ocpig = L
14214 M1 g)
"' n

r a

(3.22b)

Where, wcnaisthe value of w (defined in equation 3.22a) for methane. It is noticed from the

above equation that wcn4 Varies with the number of moles of air (n,) entrained for complete
combustion. A value for mcms is defined below corresponding to a condition when the exact
amount of air entrained is such that the total (unburnt) mixture of fuel and air constitute a
stoichiometric value.

1

* S
O =05, = (3.25)
1+ 2I1+ (=9
r | ¢+R)-1
where,
o* = Vaueof o at stoichiometric conditions for methane vapor

The following result, for the steady state burning zone width, is obtained from the paper of
Raj & Emmons [1975].

27V
W a)*{r+ }
Se — 0| F, p?——L (3.26)
(l-o)
H
— = 2 3.2
W (3.27)
§ = ¢H. (3.28)
2
F=> (3.29)
g
UF = (S+Uwind) (330)

where,

Steady state (or asymptotic) width of the burning zone

Depth of an equivalent pure vapor cloud
for vapor at ambient temperature and pressure

v 2
I
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Flame Froude number

Turbulent flame speed (with respect to unburnt gas)

Ratio of pure vapor density at ambient temperature

and pressure to that of air at the same conditions.

Actual depth of the (uniform) concentration cloud

height of the visible fire above the equivalent pure vapor cloud depth (8)
Upwind speed of the propagating fire with respect to the ground

> 0T
o

I T
(@]
I

Experiments involving the ignition of vapor clouds at the downwind edge have indicated a
relationship between the turbulent flame speed and wind speed of the type (see discussionin
section 2.3: " Summary: Vapor Cloud Fire Test Findings’)

S = 08+16U,, (m/s) (3.31)

Using the set of equations 3.25 through 3.31 the velocity of upwind propagation of thefire,
the width of the burning zone, the total height of the visible fire and the depth of the equivalent
pure vapor cloud depth can be calculated. For a, equivalent pure methane cloud of depth (8) 1.8
m at 294 K (70 °F) the maximum wind-wise extent (width) of burning zone (W, ) is estimated
from the above equations to be 25 m.

For the purposes of calculating the radiant thermal hazard from such atraveling fire, it is
generally assumed that the emissive power of the flame is between 220 kW/m?to 275 kW/m?,
the former value being used when the fire isin the low vapor concentration regions and the
higher value for more concentrated parts of the cloud burning. It should be noted, however, that
in the experiments where the concentration was low (i.e., concentration in air in the 5 % to 15%
range within the vapor cloud) the fire was almost not visible due to the flames being thin wisps
of blue flames. Also, the height of the burning region was equal to the depth of the visible cloud
before ignition. The radiation from such afire is minimal because the fire occursin premixed
regions and is optically thin. The above emissive power values should be therefore used only in
regions where the vapor concentration in the cloud before ignition is above 15%.

3.4 Fireballs

The occurrence of large fireball type of fires, which pose thermal radiant hazard distances
larger than from the liquid pool firesis, perhaps, rarein LNG spill caused fires. The ignition of a
high concentration vapor cloud that formsinitially on top of aboiling liquid pooal, if ignited in its
concentrated state, will form afireball followed by a sustained liquid pool fire. Because of the
importance of the fireball phenomenon, the models available in the literature are indicated
below. Lees[8§16.15, 1996] has reviewed many fireball models available in the literature. Most
of these models are applicable to fireballs arising from the ignition of liquids flashing after being
released from pressurized containers. One phenomenon that results in the formation of large
fireballs is the sudden release of a pressurized, flammable liquid and its immediate ignition,. This
phenomenon is generally referred to in the literature as the Boiling Liquid Expanding V apor
Explosion (BLEVE). Very few fire models are applicable to the description of afireball type
burning of a dispersed and partially mixed with air vapor cloud of the type encountered in LNG

spills.
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The model dueto Fay and Lewis referenced in Lees[1996] gives the following correlations
for afireball from a*“ pure vapor” source.

and

where,

Ta
Tp

P T,
g'=9(—-D=9(=—-9 (3.32)
o Ta
z = (a/2)D (3.33)
3 %
(14 7 [3v
SRS a5
Vo )T r 3.35
v_f‘{f} 3%
_ Mmp+4.762(4n+ m)} (3.36)
L 4

Acceleration due to gravity

Buoyancy reduced gravitational acceleration

Air entrainment coefficient

Fireball volume at any instant of timet

Volume of the ambient pressure and ambient temperature, pure fuel vapor at
the source

Volume of the fireball when all combustion is complete

Time (during the rise of the fireball) when the fireball volumeisV
Location of the center of the rising fireball above ground at any t

Atoms of hydrogen and carbon, respectively, in ahydrocarbon molecule of
formula CoHm

Fuel to air equivalence ratio (volume of stoichiometric air/volume of actual
air entrained for complete combustion)

Ambient air temperature

Final temperature of the products of combustion

Based on laboratory scale experiments Fay & Lewis report avalue of oo = 0.285 and ¢ = 0.271.

To calculate the rise rate and the maximum rise before complete combustion it is necessary
to use the energy equation. Using the energy equation and the assumption that the gases are
perfect with the same mass specific heat the following result can be obtained.

=1+ —= (3.37)
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For the fireball type of combustion of a pure methane cloud at ambient temperature and
ambient pressure, using the above values for the entrainment coefficient and the equivalence
ratio we obtain the following dimensional results

t, = 302M° (3.383)
2z = 105M/ (3.38b)
D, = 7.37M} (3.380)

where, tpisthetime for complete combustion of the fireball in seconds, z, the height to which
the fireball risesin meters, D, the final fireball diameter in meters and M the mass in kilograms
of fuel from the cloud burning. Different investigators have obtained different values for the
constants indicated in equations 3.38a through 3.38c. These values are indicated in Table 3-1.

Table 3-1
LNG vapor fireball correlations* from different models

Parameter values for
Researcher Parameter Risetriime Rise%—ipeight diarapeter Remarks
(s) (m) (m)
Fay & Lewis B 3.02 1.05 7.37
(Theoretical) N 1/6 1/3 1/3
Fay & Lewis B 6.36 | variable=B (M)"
(Lab scale tests) N 1/3 “Variable” isany of tp,
Hardee, Lee & B 2.57 N/A 6.24 | Z,or D,.
Benedick N 1/6 13 13
Roberts B 0.45 N/A 5.8 The value of M;isin
N 1/3 N/A 173 | kg
Pictersen B 0.852 N/A 6.48
N 0.26 N/A 1/3
Major Hazards B 0.45 N/A N/A For M+ < 30,000 kg
N 1/3 N/A N/A
Assessment B 26 N/A N/A
Panel (MHAP) N 16 N/A N/A For M¢ > 30,000 kg
Moorhouse & B 1.089 N/A 5.33
Prichard [1982] N 0.327 N/A 0.327
*  Reported by Lees [1996]
The models for calculating the thermal radiation h istance from afireball include

both the “point source” model and the “solid flame” model. In the point source model, the rate of
hea emission (in W) is calculated by assuming (i) a value (15 % to 25%) for the fraction of
combustion energy that is released as radiation, and (i) constant rate of release of combustion
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energy over the duration of thefireball “life.” The latter value is determined by dividing the total
heat release (fuel mass x fuel heating value) by the duration of the fireball, t,. Inthe “solid
flame” model a specific constant value is assumed for the emissive power (E) of the fireball
(CCPS referenced by Lees [1966] assumes E= 350 kW/m?). The time-wise variations of the
diameter and rise height of the fireball are calculated using the equations presented earlier. The
view factor from the rising fireball to an object on the ground is calculated as a function of time
and thus the heat flux variation at the object as a function of time. Since these calculations are
straightforward and have been discussed in the section on “pool fire models’ no additional
equations are indicated.

In the next chapter, the current regulatory model for determining the LNG pooal fire hazard

distanceisreviewed in brief and its shortcomings are indicated. A more advanced model for
characterizing alarge LNG pool fire is developed and described.
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Chapter 4
Large Size LNG Pool Fire Model

4.1 Background

Findings from the experimental datafrom the largest LNG fire test to date, namely, the 1987
Montoir tests, were reviewed in Chapter 2, § 2.1. The technical papers Nedelka[1989] and
Malvos & Rgj [2006] provide additional details of this test, the instruments used, data recorded
and quantitative results from this series of tests. The principal findings that have a bearing on the
model described below are indicated below for the sake of continuity.

1  Thefireburned as a puffing fire, releasing connected fireballs through the fire column with
afireball release period varying between 3 sand 3.5 s. The estimated upward velocity of
upward motion of the fireballs through the fire column is about 20 m/s.

2  Thefiresexhibited a bright, intense burning region close to the bottom of the fire followed
(upwards) by aregion in which theinterior of the fire was exposed intermittently by
otherwise smoke blanketed regions. The fraction of the “surface area” of the fire that
contained exposed burning, and therefore heat radiating, regions decreased continuously
and substantially with the height of the flame. The bottom intense fire region seemed to
increase in awindy condition.

3 Thefiresin al three tests were very smoky, beyond a certain height (or length along the
tilted axis). The narrow angle radiometer readings confirm that the time averaged apparent
emissive power of the fire decreases with height (or length along the axis). The mean
emissive power, calculated from actual Izy 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 circular cylinder with axial length given by Thomas
correlation), is reported to be 165 kW/m?. The bottom regions of thefire exhibited mean
surface emissive powers as high as 310 KW/n.

There are relatively few fire modelsin the literature that have considered the formation of
black smoke in a hydrocarbon fire and its effects on the radiant heat output from fires. Thisis
due to lack of quantitative data from experiments or theoretical predictions on the fraction of the
carbon in the fuel that gets converted to “cold, ” black soot and the dependence of this quantity
on the combustion and turbulence processes in afire. It is known, however, that in the burning of
liquid fuels, the higher the number of atoms of carbon in the molecule, the greater is the
production of black soot in the fire and the lower is the overall radiant heat emission from the
fire. Considine [1984] in hisreview of pool fire radiation models alludes to amodel by Smith
(Reference number [11] in Considine’ s paper), which includes the effect of smoke obscuration in
the upper regions of afire. The radiation from the upper regions is modeled by defining amean
radiating edge together with an associated mean radiation temperature (Tr) for the upper parts of
afire. The temperature at the fire surface is assumed to vary as the square of the sine of time
with an effective period of about 1 sec. The amplitude of temperature variation in the smoky
region of thefireis assumed to be about a 30% of the “surface” temperature in the lower regions
of the fire (without smoke effects). It is concluded in this model that the upper regions of the fire
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(smoky regions) radiate with about 30% of the radiant heat flux emanating from the “lower
region.” Also, the lower region is assumed to extend to 30% of the average visible flame height.
McGrattan, et a., [2000] have proposed a similar “two-zone” model for large hydrocarbon fires.
The lower region, termed the “luminous region,” is the only radiating surface and the top (rest of
fire plume) is obscured by opague smoke. Based on data measurements for up to 20 m diameter
fires of gasoline, heptane, crude oil and kerosene fires, the authors conclude that the maximum
height of the luminous region is a constant beyond a 20 m diameter fire and this maximum
height being dependent only on the combustion heat release rate per unit area of the pool (for
crude oil fire of 20 m diameter with a2 MW/m?heat release rate the predicted height of bottom
luminous zone is 12.8 m). In addition, in this model, the maximum emissive power of the
“luminous’ part of the fire does not exceed 100 kKW/m?>.

The LNG fire thermal emission magnitude data and its variation with height obtained from
the 35 m diameter LNG fire tests at Montoir indicate that neither the Considine model nor the
McGrattan, et a., model predicts the fire physical characteristics and the radiation emission
properly. The data indicate that the extent along the plume of the lower, “ constant emissive
power” region is about 6 to 7 % of the overall mean visible plume length (75 m). That is, the
region is only about 5 m in height whereas the Considine model predicts this region to be 30% of
75 =22.5min axial length, and the McGrattan, et a., model predicts thisregion to be45min
height. The experimental data also indicate that the radiation emission varies considerably with
height, decreasing almost linearly with distance along the plume axis. Figure 2-2 presented in
chapter 2 shows this variation in the measured narrow angle radiometer data together with its
statistical variation (due to the effects of turbulence and intermittency of gas burning zone
visibility). The Considine model assumes a constant 30% of base emissive power for this region
whereas the McGrattan, et a. model assumes zero emission from this region. Obviously, there
are difficulties in applying these two models to predict the overall emissions (and their variation
with height) from large LNG fires and therefore the hazard distances calculated from such
models will be incorrect. In addition, neither model takes into account the chemistry and the
magnitude of soot production and their relationship with the properties of the fuel burning and
firesize. A semi empirical model that considers smoke production rate, variation of the emissive
power with height, dependence on fire size and the variation with size and fuel properties of the
height of the bottom “luminous’ zoneis presented in this chapter.

4.1.1 Smoke production in fires.

Large diameter LNG fires seem to produce a significant amount of smoke (Nedelka, et al.
[1989]). This smoke production phenomenon is similar to that observed in the burning of other
liquid fuels of higher hydrocarbon content (propane, butane, gasoline, kerosene, JP4, etc). Two
physical phenomena may contribute to the production of smoke, even in “clean burning” fuels
such as LNG. Thefirst is the lack of enough oxygen in the core of large diameter firesto burn
the carbon produced by the pyrolysis of fuel vapor. This not only produces soot (carbon
particles) but also lowers the overall heat release —and hence the temperature- resulting in the
promotion of smoke production. The second phenomenon may be due to the lowering 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 al large fires. The effect of smoke isto shield the emission of
thermal radiation from the fire thereby reducing, significantly, the thermal radiation hazard
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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 temperature. However, the reduction in the radiant emission out of the fire tendsto
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. No model existsthat considers all of these
phenomena.

Soot is an agglomeration of fluffy carbon particles (with diametersin the range 3 nm to
30 nm) in afirein which they are being oxidized and are “glowing”; in fact, the visibility of a
fireis caused by the emission of radiation in the visible spectrum by the burning soot. When the
carbon produced by the fuel vapor pyrolysisis either partially oxidized or is not oxidized at all
because of lower local temperature, carbon particles agglomerate to form long chain molecules
of carbon or “smoke.”

Soot formation studies from small, laboratory-scale tests are reported extensively in the
literature (Narasimhan & Foster [1965], Hura& Glassman [1988], Markstein [1988], Fowler
[1988]). However, there is very little work on the measurement of smoke production ratesin
large turbulent diffusion fires and singularly absent for LNG fires. McCaffrey & Harkleroad
[1988] have presented soot data from laboratory-scale experiments for a number of hydrocarbon
firesin the form of specific extinction area (SEA) for soot; for propane SEA isfound to be 124
mf/kg and for crude oil firesit is 1000 m7kg.

No direct data for the smoke yield, as afunction of fire diameter existsfor large fires of
different fuels. Notarianni, et a [1993] measured the smoke production in crude oil fires of
diameters from 0.085 m to 17.2 m and found that smoke yield (mass % of burnt fuel that is
emitted as smoke) increases as the diameter of the fire increases. Data on smoke yield from
methane (or LNG) firesis singularly unavailable in the literature either for small scale or large
scale turbulent diffusion fires! Also not available is the smoke extinction coefficient for soot
formed in methane fires.

4.2 Pool fire model including smoke effects (“ POEM | SE”

The model discussed this report is based on physical phenomenain a(circular geometry)
turbulent diffusion fire represented, schematically, in Figure 4-1. The buoyant plume entrains
ambient air and thisair is*conveyed” to different interior parts of the fire by the self-generated
turbulence augmented by wind turbulence. In the bottom region of thefire, below a height L,
combustion of the vapor is very efficient. The flame sheet visible in this region is the outer layer
of vapors burning and in alarge diameter fire this part of the fireis practically optically thick and
radiates at a high temperature. In the region designated as zone 2, the flame sheets are anchored
to the base, but represent the less efficient combustion zone in alarge fire because of the mixing
internally of the unburnt and partially burnt gases (due to deficiency of oxygen in the central core
region) from zone 1 and recirculation due to buoyant thermals. In this zone the intermittent
formation of black smoke is observed which begins to partially obscure the hot interior flame. In
the top region the gas burning is in clumps and generation/accumulation of significant amount of
smoke is seen. Substantial to complete shrouding of interior burning regions occurs. The result of
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such burning, noticed in al ‘large’ liquid hydrocarbon fuel firesis areduction of the thermal
radiative output to the surroundings. This does not, however, mean that the temperature inside
the fireis lower in large fires?. The diameter of the fire at which it can be considered to be
‘large’ depends upon the fuel chemical composition (especially on the carbon to hydrogen mass
ratio), burning rate (dictated by feed back energy from the fire as well as heat input from the
substrate) and environmental conditions (wind turbulence). The above physical description of
thefireis captured in the model elaborated below.
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Figure 4-1: Schematic representation of different regions of combustion
and intermittency in a buoyant diffusion fire

12 It isnoted that all liquid hydrocarbon fuels have about the same heating value per unit mass (within 10%).

Alsoin al turbulent diffusion fires, the total mass of air entrained by the time the combustion is completeis
about the same (about 10 to 15 times the stoichiometric mass value). If the radiative output to the outside is
reduced due to smoke shrouding, it stands to reason to expect that the fire temperature in al fuel firesto be
about the same, within about 10%.
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4.2.1 Assumptions

The following assumptions are made in the formulation of the model:

1  Thetime averaged mean geometry of the pulsating, turbulent diffusion fire can be
represented by an enveloping cylinder of circular cross section, tilted downwind, at winds
above a critical wind speed (dependent on the diameter and burning rate).

2 Theaxia fire plume length (or height) over which al vapors generated by the evaporating
liquid pool are burnt is represented by a“mean visible plume length” and is calculated
using the correlation by Thomas [1965]. This correlation results in the plume length to
diameter ratio varying as D%. In Appendix A it is shown that thisis the correct
representation (various fire height correlations in the literature and their incorrectness have
been discussed by Rgj[2005]).

3  Theair entrainment rate is independent of the wind speed and depends only on the internal
updraft velocity of gasesinside the fire. Also, only afraction of the mass of air entrained at
any section is burned with its corresponding stoichiometric mass of fuel at that section.

4  Thefireemitsuniformly in all directions at the same surface emissive power (SEP) at a
given axia length from the base. The SEP, however, varies axially.

5  Thermal radiation emission is uniform (i.e., the surface emissive power — SEP - is constant)
near the base of the fire, over an axia length of fire equal to the clean burning zone length
(Lc). Thislower zone SEP represents the maximum value for the fire SEP. In zone 2 and
zone 3 it is assumed that the inner core “hot flame” will be visible for afraction of the time
and for the other part of the time the flame core is shrouded by black smoke. However,
since the smoke transmissivity is dependent upon the smoke concentration a part of the
inner flame radiation will pass through the smoke layer. The fraction of the time the inner
flameisvisibleis represented by a probability and this probability value decreases with
increase in height (or axial distance from base). In the intermittency zones the overall
surface emissive power is alinear, weighted sum of the maximum SEP and the smoke
transmitted SEP. The weighting factor is the probability that at any time a given fraction of
the cylindrical surface areais*open” so that the inner burning core of the fire can be

4.2.2 Details of the model
4221 Eire plumel h(Le

The following correlation due to Thomas [1965] is used to calculate the average visible
plume length for afire of diameter D (see foot note below™).

13 That the L/D ratio is proportional to the 2/3 power of the Froude number (F), or proportional to (D) 2 in
windless condition is derived, in detail, in Appendix B. Other correlations have been published in the literature
based solely on curve fit to experimental data, with no basisin physics of entrainment or combustion.
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L 2

=E = 55 F® (U*) %% (4.1)
D
where,
F=—""_ _ Froude Nurber =Dimensionlessburn ng rate (4.2
P.N9D
U in N :
and, U*=—-— =Dimensionlesswind speed  (4.3)

11} 5
Pa
42272 Axial length of the lower clean burning zone (L ¢)

Heskestad [1983] indicates a correlation for the length of the intermittent zone (L) with
the Froude number Fr (for 7.5 x 10™<Fr<2.5 x 10%) asfollows:

L
[-=0167-02510g,,(F) (4.4)

=

We assume aform similar to the one in the above correlation for the intermittency zone
but with a slight modification to conform to the data from 35 m diameter Montoir LNG fire test
results (Nedelka, et al., [1989]). It is seen in Montoir tests that the height of the bottom, clean
burning zone (L¢), near the base of fireis very small and can be represented by the following
eguation.

1
L, L,

The above formulawill make the bottom clean burning zone length (L¢) to be zero for F
= 1.585 x 10 (which will represent aLNG fire on water of about 2,000 m in diameter!).

4223 Absor ption of radiation by smoke

The presence of smoke in afire results in the absorption of thermal radiation emission
and areduction in the effective emissive power. It is assumedthat in the inner regions the fuel is
burning at the same mean temperature, irrespective of the axial location within the visible plume.
That is, the radiation emission internally within the fire isthe same at all axial distances. Smoke
is generated in the interior sections of the fire from the incomplete combustion of fuel due to
reduced oxygen concentration. The smoke produced transmits only a fraction of the radiation
produced inside the fire body to the nominal flame surface. We define an effective emissive
power for smoke (i.e., the emission from the cylinder surface shrouded by smoke layer) as:
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E.=E,z, (4.6)

where,
Es = Effective surface emissive power in the smoke (KW/m?)
E, = Surface emissive power at the lower regions. (KW/m?)
Ts = Transmissivity of smoke

The transmissivity of smoke is related to the density of smoke and its optical characteristics by
the equation:

- L
where,
km = Specific soot extinction area (m2/kg)
Cs = Massconcentration of smoke in the flame gases (kg smoke/m?’)
Lo = Beamlength=0.63 D, for cylindrical fires (m)

In general, the extinction coefficient and the beam length are functions of the wavelength
and, hence, the transmissivity is also afunction of the wavelength. Because of the paucity of data

(for the wavelength dependent extinction coefficient and beam length) we use wavelength
independent representation in the above equation.

It can be shown that the soot concentration Cs (kg/m?) is related to the burning efficiency
of the fuel (3), the heat of combustion of the fuel (AHc), the stoichiometric air to fuel mass ratio
(r) and the soot mass yield per unit mass of fuel burned (Y) by the formula

1
C.= Yoo > 4.8
S pa r AH ( )
1+——+ =
ﬂ CaTa

Notarianni, et al. [1993] measured the smoke production in crude oil fires of diameters
from 0.085 mto 17.2 m and found that smokeyield, Y (mass fraction of burnt fuel that is emitted
as smoke) increases as the diameter of the fire increases. The datafor the mass fraction smoke
yield (Y in %) vs. fire diameter (D in meters) presented by these researchers can be correlated
(for crude ail fires) by the following equation:

Y = 9412+ 2758* log,,(D); [D inmeters| (4.9

There are no experimental datafor the soot yield in large methane (or LNG) fires.
However, aswill be shown later based on the test results of 35 m diameter Montoir LNG fire
tests, and the model proposed for the variation of the emissive power along the axis length of the
fire, it is seen that the above correlation may be appropriate for large methane fires also. Of
course, this assumption has to be verified experimentally.
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4224 Emissive power variation through thefire axial length

In the intermittency zone (zone 2 and zone 3 in Figure 4-1), the surface emissive power
varies because of smoke shrouding. We assume that the rate of intermittency varies between zero
(i.e., there is no smoke obscuration) just at the top of “clean burning zone” to 100% (i.e., full
smoke obscuration) at the top of the intermittency zone. In other words the probability of
realizing the maximum SEP (recorded at the bottom region of the fire) changes from 1 to zero,
respectively, from the bottom of the intermittency zone to the top of the intermittency zone. This
probability can also be interpreted as the fraction of the time that the outer layers of the
cylindrical fire show the “inner core” thus radiating at the maximum SEP; the remainder of the
time the emission is from the smoke layers. The above concept is mathematically expressed as
follows:

The probability of observing the maximum SEP value (Ey) at any axial position along the
flame plumeis p. In the intermittency region “p” is assumed to have the following cubic
parabolic variation with axial length:

3
pE) = {ﬂ} for w<E<L1 (4.10)
74

Z _ Length fromtheliquid surfacealong the fire axis
L. Visible fire plumelength

1 = Lc/Lr = Ratio of “clean burn zone” axial length to the (4.12
visible plume length

§= (4.11)

Also from the assumed correlation for 1 (from 35 m diameter firetest data) we have from
equation 4.5 above

I_||—

v =—=0.70+0.25log,,(F) (4.5)

E

For LNG fires on water of diametersin the 15 < D< 350 meters it can be shown that the value of
1y is in the range 0.3> >0.1, respectively.

The axial variation of the surface emissive power (SEP) over the entire visible plume
length of the fire can then be represented as follows:

EZ) = E  for O< Lisw (4.133)

F

E(Z) = PpE,+(@1-p)Es(2) for w < LAS 1 (4.13b)
F
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where,

Ep = Emissive power of the brightest part of the fire (near the base)
Es(Z) = Emissive power of the smoke layer (from equation 4.6)
p(Z) = Probability that at any give time theinner fireisvisible at height Z

(see equation 4.10).

The overall mean surface emissive power (M SEP) is then obtained by integrating E in
equation 4.13aand 4.13bfromZ =0to Z= L. Thatis,
&=1
E = j E()dé (4.14)
£=0

Substituting equations 4.13a and 4.13b in 4.14 and using the definition of p from equation
4.10 it can be shown that

E
E,

The fire base emissive power will depend on the size of the fire. This base emissive power
in the “clean burning region” of the fire can be represented by the equation

=y +(5+%7s) (1-y) (4.15)

D
D
E, = Ena (1-e ™) (4.16)

where,

Enax = Maximum emissive power of ablack body consistent with the

equivalent black body temperature of an LNG fire
D = Basediameter of thefire
Doyt = Optical depth

The China Lake experiments indicated that the 13 m diameter LNG fire on water was not
radiating like a blackbody at the hot gas temperature. Based on the analysis of the spectral data
from these tests the fire base emissivity was calculated to be 0.61 (Rg), et a [1979], Raj [2005]).
This leads to a calculated optical length™® for aLNG fire to be 13.81 m. Therefore, it can be
assumed that any fire of diameter less than the optical depth radiates at its bottom at an emissive
power lower than the maximum consistent with the gas temperature. The equivalent blackbody
temperature of the 35 m diameter fire was estimated by Malvos & Raj [2006] to be 1547 K with
an emissivity of 0.92 based on the measured spectrum (Figure 2-2) in the Montoir tests.

The emissivity of the 35 m diameter fire was calculated based on the optical path length
(13.81 m) obtained from the China Lake tests. The equivalent black body temperature was

14 The optical path length (L opd IS calculated using the following relationship between emissivity (&) and Loy
e = [1-exp(-D/Lopy)]
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obtained by assuming that the fire was a grey body with an emissivity of 0.92 and matching the
spectral radiance at 2.25 u wavelength (with the assumption that at that wavelength there was no
absorption in the atmosphere). However, the latter assumption may lead to some errors in the
estimated blackbody temperature of about 10 K. If the above value of optical depth (of 13.81 m)
obtained from the China Lake tests is used together with the measured value of 300 kW/n for
E, from the Montoir tests, it can be shown that the maximum base emissive power (Ey) IS
equal to 325 kW/nf. This maximum emissive power corresponds to an equivalent blackbody
temperature of 1547 K.

4.2.3 Results

Calculations are performed to evaluate the mean surface emissive power of different
diameter LNG pool fires. These results are presented in Table4-1. The values assumed for some
of the parameters are also indicated in the Table. Also shown in the table are the experimental
values for the mean emissive power as calculated from the wide-angle radiometer measured heat
flux values in field tests corrected for atmospheric absorption and the visible fire height
calculated using Thomas' correlation (equation 4.1).

The variation of the emissive power with axia distance through the length of the visible
plume of a 35 m diameter fire for the conditions of test # 2 in the Montoir seriesis shown in
Figure 4-2. The statistical distribution of the narrow angle radiometer (NAR) data from one fire
test, uncorrected for atmospheric absorption, was indicated in Figure 2-2. In Figure 4-2 the same
data are plotted after correcting for the atmospheric absorption of radiation over the distance to
the NAR. The atmospheric transmissivity factors for the test conditions are calculated to be 0.67
to the bottom of thefire, 0.668 to the mid height and 0.661 to the top (for a detailed discussion of
the various atmospheric transmissivity models and their accuracies see Lees [1996]). Also
plotted for comparison in Figure 4-2 are the model-predicted results for a35 m LNG fire on land.

Using the above model calculations have been made to obtain the values of the “mean”
emissive power over the entire visible fire plume, when the fire is described by a circular
enveloping cylinder of diameter equal to the base diameter of the fire and the fire plume length
being predicted by the Thomas' equation (4-1). These “mean” emissive power values deduced
from test data for various diameters of LNG fires was shown in Figure 2-1. The model indicated
in this chapter is used to extrapolate to potentially larger LNG fires on land and on water. The
results from such calculations are indicated in Table 4-1.

4.2.4 Uncertainty analysis

The results above indicate that the mean surface emissive power (M SEP) calculated by
the model using the assumption of an idealized cylindrical geometry for the fire corresponds
quite closely with the MSEP cal culated using the wide angle radiometer data of the Montoir tests
and the assumption of an idealized fire geometry. The current model results are dependant upon
several physical parameters for which no data exist for methane burning in air. The model uses
values for these parameters obtained with other fuels. These parameters include the soot

extinction specific area (), and the height of the lower “clean burning” zone. In addition, the
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model has another unknown, namely, the exponent (or index “n”) in the vertical distribution of
the core visibility probability (p). There exist no experimental data for thislatter parameter.
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Figure 4-2: Mean emissive power variation with height above firebase -
Comparison of the model result and 35 m Fire NAR data

An analysis was conducted to determine the uncertainty in the model -predicted M SEP
value with variation in the magnitudes of the soot extinction area and the probability distribution
exponent. No changes were made to the height of the lower burning zone since there are no
documented values of the size of this zone for field size fires of different diameters and fuels.

Nedelka, et a (1989) indicate that the MSEP calculated from the Montoir testsis 175 +
20 kW/m? with WAR data and the assumption of an idealized circular geometry for the fire (with
visible plume length given by Thomas' correlation). Table 4-2 shows the model calculated
MSEP for the 35m diameter land-based pool fire™. The value of the soot extinction area ([,) is
not known for methane fires, however, it could be argued that it should be lower than that for
propane (130 m?/kg). This parameter is varied from 100 n/kg to 1000 m?/kg (a value for crude
ail fires). The exponent (“n”) of the vertical distribution of the probability (or the fraction of the
time that the hot core is visible) is varied from 1 to 4. The distribution shown in Figure 4-2 is
with avalue of n=3.

5 Thisdiameter (35 m) is chosen for uncertainty analysis since field test data exist for this size fire.
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Table 4-1

Comparison of model predicted MSEP with experimental data

Soot Fractional MSEP over the visible fire
. Substrate | mass Soot length of Soot plume height
_Fire | onwhich | yidd | Concentration | the Clean | Transmissvity (Exg Remarks
m LNG | (Y)* (C9 burning (ts) PoFMISE | From field
boils , Z0ne =102x | model result tests
(%) (kg/m°) (¥) (kW/m?) (kW/m?)
15 Water | 127 | 3328x10% | 0.196 66.40 172 185-224 | ChinaleketesisRa, et
al [1979]
20 Land | 130 | 3419x10* | 0.180 57.12 183 140-180 | Mizner & Eyre[1983]
35 Land | 137 | 3595x10% | 0.150 35.70 177 17530 '[\igg‘]’” tests GDF
100 Land | 149 | 3926x10* | 0.093 4.00 113 | e Potential size of future
pool firetests
Estimated pool size from
300 Water 16.2 | 4.272x10* 0.033 0.00277 | - one tank content spill
from LNG ship
Assumed parameter values, r = 17.17for CHs; B=0.06; km =130m?Kg; Emax=325kW/m?; Ta=293K

* Notarianni correlation for smokeyield;

Optical path scale length at bottom of LNG fire=13.5m
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Table 4-2
Variability in model predicted MSEP with
uncertainty in the magnitude of model parameter values
(for a 35 m diameter LNG fire on insulated concrete)

i 1 | 15 ] 2 | 25 | 3 | 4
Soot specific
extinction

area M odel Predicted M ean Surface Emissive Power
(im) (kW/m?)

[P/kg]

4

100 229.6 215.7 206.4 199.7 194.8 187.8
130 2174 201.0 190.0 182.3 176.5 168.3
200 198.1 177.8 164.3 154.7 147.5 137.4
500 174.4 149.5 132.8 120.9 112.0 99.5
1000 172.0 146.6 129.7 117.5 108.5 95,7

Notes: (1) Diameter of the diked land based pool fire considered = 35 m (Montoir test)
(2) Length of bottom bright zone as afraction of fire length (y) = 0.15
(3) MSEP obtained with idealized flame shape = 165 kW/m? [Nedelka, et al (1989)]
(4) Experimental variation on MSEP = 10%, i.e., 157.5<M SEP<192.5 kW/m?

In Figure 4-3 are plotted the distribution of SEP with position along the fire plume axis.
Also shown are the experimentally measured SEP data from (atmospheric corrected) NAR
values. It is seen that the distribution for value of n=1 does not fit the experimental data at all.
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Figure 4-3: Mean emissive power variation with height above firebase -
Comparison of the model result and 35 m Fire NAR data

The best fit for the case with «,,, = 130 m?/kg is represented by n=3. However, it is noted
that at the top of the fire the model predicts much higher SEP than has been observed in the test
data. Thisis because of the assumption of a particular value for the soot extinction coefficient
(Km = 130 n/kg), which value was taken from propane data. A recalculation of the model with
km = 200 m7kg and n=2 shows a better fit to the data for most of the fire plume. The fact that the
model predicts lower than observed NAR value at the bottom can be attributed to the fact that the
NAR was looking at only one position whereas the model result at the bottom of thefireisthe
mean of all SEP around the bottom of the fire.

The results indicated in Table 4-2 show that only a certain combination of n and km result
in the prediction of M SEP within the experimental range of values obtained in the Montoir test
series (namely, 157.5< M SEP< 192.5). These parameter combinations that are acceptablein
comparison with test data are, n=2, km = 130 to 200, n=3, km = 100 to 130, and n=4, km = 100 to
130. The reasonablefit isn= 2 or 3 and km = 200 n¥/kg. It is again emphasized that we have only
one set of datafrom any fire experiment on the variation of the NAR measured SEP value with
height (or length along the plume axis) of afire. Unless more data of this type are obtained from
future tests, the distribution of “probability of visible fire” with height has to be guessed. Also,
the fact that the good fit for measured data occurs only when the value of k., is about 200 m2/kg
implies that may be in alarge diffusion fire the size of soot particles formed are larger therefore
presenting a higher cross sectional areafor IR attenuation by smoke within the fire than that
resulting from a propane diffusion fire of laboratory scale. This again needs to be determined
from carefully controlled laboratory and field scal e tests with methane and other fuels. However,
use of n=3 and k,, = 130 m?/kg results in a conservative estimate of the overall emissive power.

4.2.5 Discussions

This paper has attempted to describe a semi-empirical model for predicting the thermal
radiation output from large turbulent diffusion fires on flammable liquid pools. Observations
from large testswith LNG (at 35 m diameter), field tests with other higher hydrocarbon fuels
(JP-5 at 15 m diameter) and large oil spill fires on the ocean have indicated clearly that large
fires, irrespective of the fuel involved, burn with the production of copious amount of smoke.
The “density” of smoke generated seems to be afunction of the fuel characteristics and the fire
size. It istheorized that the production of smoke in large turbulent diffusion firesis the direct
effect of reduced oxygen concentration in the inner (radial) regions of the fire. Unfortunately,
there are no datafromfield experiments on the values of concentrations of oxygen, fuel vapor,
combustion product gases, smoke density and their variation axially andradially. The lack of
datais especialy true for large LNG fires.

The motion picture records from the largest LNG fire tests that have been conducted to
date (in Monotoir, France, 1987) clearly indicate that this fire burns with production of very
large amount of soot. Also observed is that the dynamics and visual characteristics of this (LNG)
fire are not much different from that of an oil fuel fire (see photographs comparing 35 m LNG
fire and apool fire of refined crude oil released from the rupture of a pipeline, Rgj [2005]). One
of the important observations from large fire behavior is that the burning is pulsed with rising
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thermals of burning gas (in the form of large eddies). In addition the smoke at heights greater
than acritical level envelops the entire inner burning region, thereby curtailing the radiant heat
output from those sections of thefire to the outside. Also noticeable both in the film of 35 m
LNG fire tests and in narrow-angle radiometer readings taken at three different heightsis that the
fraction of the time the “inner burning fire” is visible through the shrouding smoke layer
decreases with increasing height. Unfortunately, there are no published datain the literature on
the fraction of the time of the inner burning region is visible through the smoke layer
(intermittent visibility) and the variation of this fraction with the fire height and other
characteristics of the fireincluding its size (diameter), properties of the fuel, etc. The available
experimental observations, albeit from alimited number of tests, are included in the model, with
several simplifications.

The rate of smoke production, expressed as a constant mass fraction (Y) of the fuel
burned, used in the model is based on a dimensional data correlation from one set of tests with
crude ail fires of varying diameter up to a maximum of 17.2 m (Notarianni, et a [1993]). No
such data (i.e., fraction of the mass of fuel converted into unburnt smoke or carbon particles) are
available for methane, propane or any other fuel fires and certainly not for large liquid pool fires
in the open. Not available also are the black smoke extinction coefficients for the smoke
generated from amethanefire. It is, however, assumed that the IR spectral average extinction
coefficient value depends on the characteristics of the fire. In view of the above gapsin
knowledge, the model uses the best available value for each of the physical parameters such as
the smoke yield mass fraction (Y, as afunction of the diameter), the extinction coefficient for
absorption of thermal radiation by smoke particles (km), and the excess air entrained in large fires

(3). Itisnoteworthy that the correlation for the smoke yield does not explicitly indicate its

dependence on the burning rate. It is argued that the values used for the different parameters
(even though they were obtained from testsinvolving fires of other-than-methane hydrocarbon
fuels) are conservative. Thisis because, even though the smoke production rate used in the
model is obtained from crude oil fire (which is, in general, more smoky than an LNG fire, when
the diameter of the fireis small <20 m), the LNG-fire-measured radiant heat flux data can be
reconciled only if a high rate of production of smoke is assumed in LNG fires.

The second important parameter that has influence on the radiative emissive power at
different locations is the “soot extinction area,” (see equation 4.7). The value of extinction area
used was taken from premixed propane jet fire data. It is anticipated that the size of soot particles
(which contribute to radiant heat scattering and absorption) will be smaller than in a premixed
propane fire, thereby presenting a smaller extinction area. Therefore, the use of propane
extinction areafactor is conservative (in that in a LNG diffusion fire the particles will be bigger
and scatter/reflect IR radiation more; but we are accounting in the model aless absorption). It
should be noted that the only parameter in the model that is adjusted (to conform to the vertical
radiant emissive power data from the 35 m diameter tests) is the vertical distribution trend of the
probability of finding an “open” flame among the smoky layers. The observation that the
physical and radiative behavior of large LNG fires could be “ predicted” by the use of one
parameter obtained from the data indicates the model’ s robustness in including the essential
physics of LNG fires. The observation from the field experiments, the concurrence between the
model and the measured data from the tests even with the use of crude oil smoke production
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correlation, leads to the conclusion that the dominant effect in large diffusion firesis the anoxia
suffered by the fire rather than the carbon to hydrogen ratio in the fuel.

The diameter dependence of the fraction of fuel converted to smoke (see equation 4.9)
reveals that the diameter can be used as a proxy for air mixing inefficiencies and starvation in the
central parts of the fire of oxygen for combustion. It can be argued that for a given diameter, if
the rate of vapor flow into the fireisincreased, a higher percent of the fuel should be converted
to smoke. Thisis due to the reduced oxygen concentration and corresponding increased
concentration of fuel. Thus a higher vapor evolution rate should lead to further inefficient
combustion and, hence, the production of a greater fraction of the fuel mass into unburnt carbon
(smoke). Thisargument, if true, will lead to a more smoky LNG fire on water compared to afire
on land of the same diameter. Such afire behavior leads to the conclusion that hazard distance
from LNG fires on water will be less than that from aland fire of the same diameter. Therefore,
it will be necessary to evaluate, by experiments, the dependence of the values of “constants” in
equation 4.9 on burning rate and fuel type (and ensure that for large diameters that fuel type does
not have asignificant effect).

The parameter (3 represents the combustion efficiency at any layer of burning; that is,
efficiency (or probability) with which the air entrained at the particular layer burns with its
stoichiometric equivalent mass of fuel vapor. (The expression 1/3—1 represents the mass of

excess air required for the complete combustion of the fuel vapor emanating from the pool; for
more details of this see Raj [1981]).

The results presented in Figure 2-2 are the *as measured’ narrow-angle radiometer (NAR)
readings taken at the bottom, mid height and the top of a 35 m diameter LNG pool fire on
insulated concreted dike in test # 2 of the Montoir series. The x-axis represents the uncorrected
(for atmospheric absorption) emissive power of the fire measured by the NAR. The y-axis
indicates the fraction of the time during the measurement in which the particular value of the
emissive power was recorded. The data presented represent, for each location on thefire, a
recording duration of 5.8 sduring which atotal of 145 measurements were made. Two important
features are noticeable from the data presented. First, the mean value of the emissive power
varies drastically from the bottom of the fire to the top (by afactor of about 5). Second, the
statistical distribution of the measurements shows very narrow dispersion (low ratio of standard
deviation to mean) at the bottom of the fire and high dispersion at the top of the fire. This can be
interpreted as due to the fact that at the bottom of the fire radiant heat is being emitted un-
obscured by smoke layers. That is, the bottom layers burn “clean.” However, as one goes up in
height, the dispersion in NAR readings is higher with considerable scatter in the measured
emissive power, although the mean value is reduced significantly. Tha is, the higher one goes up
along the fire axis, the larger is the shrouding effect by the smoke of the inner burning regions
and the greater isthe variation in the smoke layer aperture that “opens’ and “closes.” One can
attribute this to a higher level of the intensity of turbulence in higher layers.

The experimental NAR data shown in Figure 4-2 are the same as in Figure 2-2 except
that the in the former plot the data in Figure 2-2 have been corrected for the IR radiation
absorption by the atmosphere at the conditions prevailing during the test (54 % relative humidity
and 21 °C, with the NAR being located 155 m from the edge of the dike). Only the corrected
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mean and standard deviation values as afunction of the height are plotted. Also plotted in Figure
4-2 isthe variation of the emissive power with height predicted by the model.

The model results are based on the assumption that the black body emissive power of the
“clean burning” region (at the base of thefire) is 325 KW/n” (equivalent blackbody temperature
of 1547 K). The actual emissive power at the base of the fire is calculated to be 299 kW/m?. This
value isin keeping with the mean value from other NAR data focusing on the bottom of the fire.
The model further assumes that the height of the lower clean burning zone is given by equation
4.12b in which the properties of methane and 35 m diameter values are used. The correlation
resultsin a height of the bottom, ” clean and bright burning” region to be 11.3 m. No data have
been published on the actual variation of the NAR readings close to the bottom of thefire;
however, based on known information (GDF [2005]) it appears that the bottom “bright region” is
about 10 m in test #2, which was conducted under 7 to 10 m/s wind speed conditions. The
correlation indicated in equation 4.5 was some what modified from that in the literature
(equation 4.4) to coincide with the Montoir LNG test #2. It should be noted however, that this
correlation predicts reasonably well the lower bright region of a 15 mdiameter LNG fire (on
water tested in China Lake) — thisregion is predicted as 25% of visible plume height (of 50 m).

The values of other parameters used in the model (3, km, r) areindicated in Table 4-1.

The results of the model agree reasonably well with the experimental NAR data. It should be
noted that the NAR data provides information on only a specific spot (of about 1.5 m diameter)
on the nominal surface of the fire, whereas the model predicted value should be considered as a
mean value over all radiating fire surfaces at a given height. There are uncertainties in specifying
which exact part of the fire the NARs were pointing to. Also, thereis uncertainty as to the exact
height at which the NARs were looking and because of slight wind the line of sight to the spot
“seen” by the NAR may not have intersected the fire axis; thus the NAR readings may, in fact,
represent a slightly off center value of the emissive power (with the effect of the cosine of the
angle of the spot area with respect to the line of sight being important). The model predicts
slightly lower values for the emissive power at the base compared to measured values. Again it is
emphasized that the model provides a“mean” value for the emissive power over a horizontal
section at any height where asthe NARs ‘look’ at a single spot. The model predicts higher values
with height than is indicated by the data, in spite of the fact that the crude oil values for smoke
yield and propane values for the smoke extinction coefficient were used (One expects that using
crude oil smoke yield correlation one would get alower emissive power at the top parts of the
fire). It is not certain why this slight discrepancy between the model and the LNG fire NAR data
occurs. It may be due to the recipe assumed for the distribution of the probability of “inner core
view” assumed in equation 4.10; may be afaster rate of decrease of this probability with height
is appropriate. However, any such assumption at this time will only be atheoretical exercise
without any other datato compare with.. There is, therefore an important need to obtain such
intermittency data from large, outdoor fires.

The distribution along the fire axis of the average value (over the visible plume length) of
the calculated emissive power has been obtained for four different size fires, both on land and on
water. These include hypothetical LNG fires of a 100m diameter on land and a 300 m diameter
fire on water. It is seen from the results in Table 4-1 that the model-predicted mean emissive
power for the 15 m fireis dightly lower than measured values, whereas for the 35 m diameter
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fireit is within the range of measured values. Considering the uncertainties in the values of
parameters used in the model and their applicability to a methane (or LNG) fire, the small
differences in the predicted and measured values are within the acceptable range. Table 4-1
resultsillustrate that as the fire diameter increases, the mean emissive power over the entire
visible fire plume length becomes smaller and smaller. As can be seen, the mean emissive power
for a300 mfireis only about 60% of that of a 15 m diameter fire!

The result of this model clearly indicates that as the fire size increases the mean emissive
power decreases. Also, as the fire diameter increases, the fire plume length to diameter ratio
decreases. Therefore, the hazard distance, as afraction of the fire diameter, for any specified
hazard heat flux decreases as the diameter increases. The current models specified in US
Government regulations and those in NFPA standard 59A for LNG do not consider the issue of
reduction in the total energy out put (as afraction of the fire size) due to smoke effects. The
result of using the current regulatory model for LNG or other large fire hazard evaluation is the
prediction of significantly larger distances for people hazards compared what they may be due a
real large LNG fire. Secondly, as seen from the above model and the results of large scale tests
with LNG the bottom part of the fire radiates at a much higher level than the parts at the top.
This phenomenon is extremely important to note in the calculation of hazard distances from dike
firesin LNG or other fuel storage facilities (surrounded by a high enough dike wall). The
presence of adike wall of even relatively small height (say, 10 m) cuts avery significant level of
radiation from the fire to the surrounding. The hazard distance calculated using the emission
from the parts of the fire visible above the dike wall islikely to be afactor of 1.5to 2 less than
that obtained from currently used models.

4.2.6 Summary of findings

The model development effort indicated in this report was initiated after areview of the
current fire radiant heat flux prediction models indicated that they did not takeinto account
severa effectsthat are seen in large LNG fire experiments. Specifically, these phenomena
observed in largefires, including in LNG fires, are the production of large quantity of black,
thermal radiation absorbing smoke, which reduces the effective fire emission intensity and the
fact that the magnitude of effective emission intensity varies from bottom to top of the fire. The
model indicated in this report utilizes some of the data from the 35 m diameter (“Montoir”) LNG
fire tests on land. However, the data from the Montoir tests alone are insufficient to describe, in a
mathematical model, the characteristics of the fire, For example, not only is the fraction of fuel
converted into black smoke is needed for calculating the effective screening by smoke but also
needed is the variation of this fraction with fuel burning rate and fuel characteristics. Such data
are not available in the literature for most fuelsincluding LNG.

The model presented in this report utilizes smoke production rate and smoke optical
property data, respectively, from crude oil and propane test. It is remarkable that even with these
data the fire emission characteristics for different size LNG fires are predicted by the model.
While the model has been some what calibrated using the radiant emission data from the Montoir
tests and is capable of providing the variation of emissive power along the fire axis, no such data
exitsfor other LNG or other hydrocarbon fires. Therefore, the model predictions are compared
with the only other available LNG fire data, namely, the fire mean emissive power. The
comparisons with other fire data indicates that the model predicts, within 10% error, not only the
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observed mean surface emissive power (measured in smaller than 35 m diameter LNG fire tests)
but also the size or axial extent of the lower part of the fire over which the emissive power is
considered to be constant. Since the model captures the essential physical characteristics of
observed large LNG (and other hydrocarbon fires), and predicts the measured radiation, fire
height and the bottom “high emissive power” region extent of smaller fires, it is considered to be
superior to currently used fire radiant heat prediction models such as LNGFIRE3.

The model presented has, however, a number of following limitations.

1 First, it isasemi-empirical model based the consideration of the overall fire dynamics
and radiation from afire using an “integral” type of approach. Therefore, the accurate description
of the internal variations of important fire properties, such as turbulence, distribution of
temperature, velocity and combustion rates, are sacrificed. These are, of course, the kinds of
parameters considered in detail in computational fluid dynamics based models. The currently
proposed model (POFMISE) does not “predict” the fire core temperature but assumes its value
based on the measured spectral data of the largest fire to date. This assumption may not be a
serious limitation of the model, considering that the spectral data from both smaller and larger
fires agree on fire temperature.

2 Second, the model assumes the characteristics of large fires and uses fire diameter
dependent correlations for smoke production rate and optical properties of smoke. There exist no
datafor methane (or LNG) even in small scalefireslet alone large fires. Until some laboratory
data are obtained for these parameters under controlled conditions which can then be confirmed
by actual measurements in field scale experiments, the applicability of smoke production
correlationsto LNG fires and to larger than 35 m firesis unproved.

3 The model assumes a similarity profile for the distribution, with scaled axial non
dimensional distance, of the probability or the fraction of the time that the inner hot burning
layer would be visible. This similarity profile is independent of the fire size and varies as the
cube of the non dimensional distance. Neither the hypothesis that this scaled distribution is
independent of thefire size or that it follows a cubic law has been confirmed with any data but is
based on engineering judgment. Data from large fire experiments conducted with specific
instruments to measure this parameter only can confirm or refute the assumption made in the
POMISE model.

The correctness of the model predictions for larger than 35 m diameter LNG diffusion fires can
be confirmed only with additional large scale tests (that the model predicts the published datafor
smaller scale fires has already been discussed). The data to be obtained from such large scale
tests should include all of the measurements made in the 35 m Montoir fire test series as well as
(i) smoke production rate data, (ii) variation of the height of the bottom “constant emissive
power” region, (iii) the distribution of the spot emissive power with distance along the fire axis,
(iv) Spectral emission characteristics from different parts of the fire plume, etc.

The PoFMISE model can be used in much the same way and with the same ease as has
been the case with LNGFIRES3. It can be easily executed with the computer model available as
an adjunct to this report.
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4.2.7 Conclusions

The following conclusions are drawn from the model reported in this chapter.

1 A semi empirica model to predict the thermal radiation output from large hydrocarbon
liquid fuel pool fires has been developed, which takes into consideration the formation of
smoke, its effect (by shrouding the inner burning region) in reducing the thermal output
into the surroundings.

2  Themodel assumes a constant emissive power zone at the bottom of the fire. The height of
this zone varies with the properties of the fuel, the size of the fire and the evaporation rate.
The variation of the emissive power with height above this zone has been modeled by
assuming a probability distribution for the fraction of the time the inner core of burning fire
is visible through the smoke shroud.

3 Theresults of the model have been compared with the only available (narrow angle
radiometer) data for the measured variation of the emissive power with height. The model
results track this variation reasonably well, given the uncertainties in the model
assumptions and in the data.

4  The model also predicts the measured mean emissive power from 15 m and 35 m LNG fire
tests within the accuracy that can be ascribed to the model.

5  Themode ismoreredlistic in its treatment of the actual dynamics and phenomena
observed in al large hydrocarbon fuel fires, including the very important one relating to
smoke production and obscuration of the burning regions of the fire. Inthisregard it is,
perhaps, superior to any of the existing single-mean-emissive-power models.

The use of the model developed has significant implications for the calculation of realistic
hazard distances as opposed to the significantly large hazard distance predictions of the currently
used LNG fire models.

4.3 Risk analysis protocol

The use of fire hazard evaluation modelsin arisk analysis to determine the risk pose by
different size fires with different probabilities of occurrence is discussedin Appendix C. The
protocol for developing the risk estimates is described. This involves first categorizing the
scenarios of events that can lead to aLNG firein afacility, determining the types of fires that
may occur, the sequence of different types of fires occurring if such a possibility exists, the
magnitude and duration of each fire event and the determination of the area of hazard using the
above described models. Also shown in Appendix C is the approach to classifying and recording
the various probabilities of fire events, including the primary event probability and the
subsequent sub-event occurrence probabilities. An example is provided (without numerical
values) illustrating the procedure by which the burn-injury risk to a population can be calculated
for the occurrence of pool fires of various sizes.
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Chapter 5
Recommendations

Based on the assessments performed in this project and the large fire model developed, the
following recommendations are put forth.

1  Laboratory studies should be performed to obtain certain key parameter values for LNG
vapor burning in air. These include the fraction of the fuel mass that gets converted to
smoke particles as afunction of combustion temperature and fuel-air (or oxygen)
concentration ratio. Similarly, laboratory studies should be performed to obtain the optical
properties of smoke produced in diffusion fires of methanein air.

2  Additional field testswith LNG fires of sizes larger than 35 m diameter should be
conducted to determine the large diameter effects and to verify whether large fires have

reduced heat emission compared to smaller size (< 35 m) LNG fires. Dike fires on land and

unconfined spill fires on water should be conducted.

3  The PoFMISE model developed in this project should be included in any revisions to the
49 CFR, part 193 regulations, since the model represents the best data available for large
LNG fires and includes many of the phenomena seen in large fires. Current model
recommended for use in the regulations does not include these important phenomena.

4  Effectsof passive and active mitigation techniques (such as dike walls, sub surface sumps,
water curtains, water application directly to the fire plume to reduce temperature and affect

combustion processes) in reducing fire thermal hazard effects should be evaluated both
theoretically and experimentally. This effort should be initiated with a detailed review of
the available techniques, their effects and their incorporation into afire radiant heat flux
model.

5 Anintegrated fire hazard model should be devel oped which includes the characteristics of

large LNG fires (and radiant heat from such fires with due consideration to the variation of

emissive power with height), the spectral characteristics of emission from various parts of
the fire, the absorption in the atmosphere of the intensity of fire emission in different
wavelengths, the characteristics of the intervening objects between the fire and the heat

receiving object, the thermal characteristics of the receiver and the proper consideration of

the hazard to the object based on its susceptibility to heat input and duration of exposure.

6 A database of probabilities of different types of releases of LNG from both fixed plant
equipment and from shipping and transportation incident should be devel oped.

7 A redlistic risk assessment procedure that considers the probabilities of occurrence of
different types and sizes of LNG fires, many of the phenomena, parameters and models
identified in this report and other considerations (such as the effects of mitigation
technology) should be developed. The application to a generic plant or transportation
condition should be demonstrated with an example calculation.
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8 A setof criteriashould be developed for the acceptability of risk resultsin evaluating the
safety of aLNG plant or LNG transportation, relative to public safety.
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List of Symbols

C = Specific heat of air (JkgK)
Cs = Concentration of smoke particlesin thefire (kg/m®)
D = Diameter of the base of the fire (or liquid pool diameter) (m)
Dopr = Optical path length consistent with the type of fuel burning (m)
) = Damkohler number = AHJ/(C, Ty
E(Z) = Emissive power of thefire nominal surface at axial position Z (Wm?)
E = Emissive power of the fire nominal surface near the base (W/m?)
Enx = Blackbody emissive power at the base flame temperature (W/m?)
Es = Emissive power of the fire nominal surface covered by smoke (WIm?)
E = Average emissive power over the entire length of the visible fire (W/m?)
E., = Waveength dependent spectral radiance (W/pm m?)
from the i™ elemental fire surface
F = View factor between fire and object
Fr = Froude Number = (me ; Also called Combustion Froude number
p.JaD
g = Acceleration due to gravity (m/s?)
Hec = Cloud depth (m)
AH: = Lower heat of combustion of the fuel (Jkg)
k = Extinction coefficient (m)
kn = Specific soot extinction area (mP/kg)
Lc = Length (height) of the bottom “clean burning zone (m)
Le = Mean length (height) of the visible fire plume (m)
L = Length (height) of the intermittency zone (m)
Lopw = Optical length (m)
m = Massflow rate of fuel at the jet exit or over the pool (ka/s)
m, = Massflux of fuel vapor at the base of fire (kg/s m?)
Mjs = Massof fuel burned (kg)
p = probability at height Z of finding, at any time, on the
surface of the nominal cylinder the emission from the inner
core flame on obscured by smoke
P (T,) = Saturated water vapor pressure (N/m?)
q = Radiant heat flux impinging an object (W/nm?)
r = Airtofuel massratio for stoichiometric combustion
R = Radius of flame (m)
Re = Reynoldsnumber of flow over the fire = “"i“" b
Regq = Radiusof acircle of areaequal to the pool or the impoundment (m)
RH = Atmospheric relative humidity (%)
S = distanceto an object from either the fire center or from firesurface  (m)
S = Also used to represent the turbulent flame velocity with respect to (m/s)
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unburnt gases

Air temperature (K)
Radiative temperature of the fire (K)
Wind speed (m/s)
Dimensionless wind speed

Volume of “pure” vapor at STP conditions before combustion (n)
Volume of products of combustion at the local gas temperature (m°)
Steady state (or asymptotic) width of the vapor fire burning zone (m)
Distance aong the axis of ajet fire (m)
Liquid regression or linear evaporation rate (steady state) (m/s)
Vertical distance or distance along the axis of atilted pool fire (m)

Mass fraction of air that is entrained up to any height Z that burns
stoichiometrically with fuel

Equivalent pure vapor thickness in avapor cloud before ignition (m)
Angle of tilt of the fire axis with respect to the vertical (rad)
Wavel ength (um)
Fraction of the combustion energy that is converted to radiant emission
Density of air (kg/m®)
Density of evaporating liquid (kg/m®)
Density of vapor just above the liquid surface before combustion (kg/m?)
Kinematic viscosity of air (m?/s)

Ratio of “clean burn zone” axial length to mean fire plume length = L/L¢

Stefan-Boltzmann constant = 56.697 x 102 (KW/m2K 4

Atmospheric transmissivity for radiant heat
Transmissivity of smoke
Inverse volumetric expansion ratio of combustion gases relative to unburnt gases
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Appendix A

Assessment of the
Point Source Thermal Radiation Hazard Model

A.1 Background

The requirements for cal culating the exclusion distance from potential LNG firesin an
impoundment are indicated in 8 5.2.5.3 in NFPA 59A (2006) edition. While the pamphlet
identifies three methods any one of which can be used to determine the safety distance (at the
discretion of the user), not al of the models give the same hazard distance for identical fire
conditions.

One of the modelsindicated in NFPA 59A pamphlet is the point source model for
calculating the hazard distance from LNG fires in an impoundment. In this Appendix the point
source model hazard distance results for people exposure and wood ignition are compared with
the results from traditional “ Solid Fire” models. The solid fire models are been based on
experimental data and represent the fire more realistically than in the point source model.

In this Appendix, first, the point source model as indicated in NFPA 59A is presented. It is
then compared to the DOT authorized LNGFIRE 3 model in equivalent terms. Results are also
obtained using the model discussed in Chapter 4 (“PoFMISE” model). Conclusions are provided
based on the comparison of the results.

A.2 Point source and solid fire models

A.21 NFPA model:

The NFPA model for exclusion distance to people exposure criterion (1600 Btu/hr ft? or 5
kW/m?) indicated in § 5.2.5.3 (1) of NFPA 59A is as follows.

St = 3sgrt(A)  for hazard flux = 5 kW/n# (A-1a)
S* = 0.8sgrt(A) for hazard flux = 31.5kW/n?  (A-1b)

or
*

S
(+D = 63174 for hazard flux =5 kW/m® (A-2a)

T|lwn

2418  for hazard flux = 3155 kW/m*  (A-2b)

|n
|

o+
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where,

S* = Sdfety distance for person exposure from the dikeedge  (m)
A = Areaof impoundment ()
S = Sdfety distance for person exposure from the dike center (m)
R = Radiusof anequivaent circle of area A (m)

A.2.2 LNGFIRE 3model

This model was developed under the GRI sponsorship and referenced for use in NFPA 59A
[8§5.2.5.3 (1)] uses asolid flame model in which the LNG fire in an impoundment is represented
by acylindrical fire with uniform emissive power'® (E) over the entire surface area of thefire.
The actual emission rate in this model is dependent on the fire diameter (and is again assumed
constant over the entire fire). This emissive power is given by,

E = E [Lexp(0.3* D)] ;D inmeters (A-3)

In LNG FIRE 11, the value of E is set to 190 kW/m?. (A-4)

For circular pools, the flame is assumed to be atilted cylinder with avisible flame length that is
calculated from the equation developed by Thomas:

L - 0.61
i 42{ } (A-5)
D Pa @

Where Ls = Famelength (m)
D = Pool diameter (m)
Mass burning rate

3.
non

0.11 kg/m? s [@ wind speed = 0 & rectangular or circular pool] (A-6)
pa = Ambient air density = 1.2 kg /m®

Experimental fire data: The datafrom the 15 m China Lake and 35 m Montoir LNG fire tests have
indicated that as the fire size increases the fire becomes more and more smoky and that the emissive
power varies from the bottom to the top. It is also noticed that the visible fire plume length is given
by Thomas modified fire length correlation (see below)

L[ e |
=E 55 (A7)
D | pax/gD}

and the measured value for m'= 0.14 kg/n?* s (A-8)

Calculations based on China Lake tests (R4, et a 1979), Montoir tests (Nedelka, 1989) and
recent calculations (Raj, 2006), based on a model developed with the Montoir test data, indicate

16 Emissive power is the radiant heat flux emanating from each unit surface area of the “equivalent cylindrical

fire” and is expressed in kW/m?.
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that the mean constant-over-the-fire cylindrical surface emissive power, defined on the basis of
fire length from equation A-7 are as follows:

E; =220kW/m?for 15 m diameter fires (A-9)
E; =165kW/m?for 35m diameter fires
E; =115kwW/m?for 100 m diameter fires
E; =107 kW/m?for 300 m diameter fires

It is noted that the mean emissive power decreases as fire size increases. The hazard distance
values to ground level targets calculated from three different models for different fire diameters,
with two hazard heat fluxes, no atmospheric absorption of radiant heat and zero wind (vertical fires
with bases on the ground) are indicated in Table A-1. Theresultsin Table A-1 are plotted in Figure
A-1 and Figure A-2, respectively for heat flux values of 5 kWm?and 31.5 kW/m?.

The three models used for comparison are (i) the NPFA 59A point source model as specified
in §5.25.3 (1), (ii) the LNGFIRE 3 model specified both in NFPA 59A and in US DOT
Regulations, 49 CFR part 193, and (iii) A recent LNG pool fire model (“Pool Fire Model
Including Smoke Effectss POFMISE). The NFPA model is, by the very construct of the model, is
inferred to be applicable to vertical plane elements on the ground, under no atmospheric
absorption and zero wind conditions. These conditions are imposed on the other two models also
so that the results can be compared on the same basis.

Figure A-1 shows the calculated hazard distances by the three models for the 5 kW/m? heat
flux criterion to a vertical element on the ground receiving heat when no heat is absorbed in the
atmosphere and the fire plume is vertical (no wind). Figure A-2 shows similar results for the case
of heat flux at 31.5 kw/n’".

It is noted from the results that the point source model does not give conservative results. In
fact, the distances predicted by the point source model are consistently less than that predicted by
LNGFIRE 3 model. If there is a wind, the down wind hazard distances calculated by LNGFIRE
3 will be even greater than that presented in Figures A-1 and Figure A-2 making, whereas there
will be no effect on the values calculated by the point source model. Under these conditions, the
difference between the two models will become even more pronounced.

The comparison between the resultsin Figure A-1 from the LNGFIRE 3 and POMISE
models indicates that except for very small fires (< 40 m diameter) the former model gives larger
hazard distances. In fact, for larger diameter fires LNG FIRE 3 predicts a hazard distance that is
higher, by almost 25%, compared to that predicted by POMISE. Thisis because, in the
LNGFIRE 3 model the overall surface emissive power remains the same irrespective of the fire
size, whereas, in the POMISE model the fire becomes sootier with increase in diameter, and
therefore the SEP over the fire surface decreases.
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Table A-1
Comparison of hazard distances predicted by
different models

Distance in meters from fire center to ground level vertical element
Ohaz = 5 KW/m? QHaz = 31.5 KW/m?

Fire NFPA 59A |LNGFIRE 3 |Smokey fire] NFPA 59A |LNGFIRE 3 |Smokey fire

Diameter [Point Source POMISE |Point Source PoOMISE
Model Model

(D) ) S S) ©) S S)

m m m m m m m

20 63.2 96.2 103.1 24.2 317 33.6

30 94.8 136.9 147.7 36.3 46.5 51.0

50 157.9 213.2 212.9 60.5 75.1 80.1

100 315.9 388.2 339.8 120.9 143.0 136.7

200 631.7 706.7 570.3 241.8 270.8 242.2

300 947.6 1003.0 785.2 362.7 392.8 339.8
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Figure A-1: Comparison of hazard distances to 5 kW/m? heat flux predicted
by point source and solid fire models

. Predicted distance to 31.5 kW{m.z heat flux
{Zero wind and no atmospheric absorption /
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3
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Distance to specified radiant heat flux (m)
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Figure A-2: Comparison of hazard distances to 31.5 kW/m? heat flux
predicted by point source and solid fire models
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Appendix B

Relationship between Visible Fire Plume Height, Diameter
and Burning Rate

B.1 Introduction

Observations from fire experiments as well as accidental fires over burning pools of
hydrocarbon liquid fuels indicate that the visible fire plume is very columnar, for fires up to
about 50 m diameter. That is, the visible fire looks very much like avertical (in low wind
conditions), burning and radiating plume. The visible plume height is not fixed in time but
pulsates up and down about a mean height. The pulsation rates change with the diameter. Also,
as the fire diameter becomes larger, the entire dynamics of burning in the upper layers change
due to the formation of atoroidal vortex. The puff type burning, with the toroidal vortex, results
in recirculation of the burnt gases, dilution of air and formation of smoke, which is brought out
to the surface by the toroidal circulation. The net effect of thisisto make the combustion less
efficient at the upper layers of larger fires. While the height up to which the combustible gases
burn inside the fire may not be affected (other than by the air entrainment dynamics), the thermal
radiation output from the upper layersis considerably reduced.

The observation that liquid pool fires burn in a long column of relatively same diameter
from the base to the tip of the observable flame sheet is used in formulating the physical problem

described below. Also used in the analysis below is the concept that only a fraction (3) of the
mass of air entrained up to a given height “burns’ with its stoichiometric equivalent fuel. This
“inefficiency in combustion” continues until there is no more fuel vapor left in the air-fuel
mixture to burn. The height at which all of the fuel isexhausted is considered to be the top of the
visible flame height. This concept has been successfully used (Rg [1981) in a mathematical
model to explain the experimentally measured centerline temperature and gas velocity variation
with height in a 15.2 m diameter JP-4 pool fire.

B.2 Analysis

A fire shown, schematically, in Figure B-1 is considered. The vertical extent of the visible
plume of the fire is represented by a flame height Lr. The “Control volume” for the analysis is
assumed to be a cylinder formed by the base diameter of the fire and the “visible” fire height

(Ls).

Air for combustion is entrained from the atmosphere along the sides of the visible plume
boundary. A part of the air entrained “burns’ in stoichiometric proportion with fuel vapor
flowing at that height. The remainder of the fuel vapor traveling up in the fire plume burns with
the same fraction of air entrained in the next layer. The top of the visible plume is represented by
the height at which all of the fuel mass emanating at the “pool surface” is stoichometrically
burned with air. That is, the gases that are in the updraft at the level of the top of the visible fire
plume consist of products of combustion and excess air only.
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Figure B-1: Schematic representation of the air entrainment into a circular base
fire for developing fire plume height correlation

In addition to the physical description above (and the assumptions that are part of the
description) the following additional phenomena are assumed.

1 The entrainment of air occurs at the periphery of the column fire

2 The air entrainment rate at any horizontal section (at height Z) is proportional to the
local mean vertical upward velocity of gases at that height. The local upward velocity

used for entrainment is the velocity of gases averaged over the horizontal section of
fire at height z.

Page 85 of 99



3 The mean upward velocity of gases at any height Z is proportional to the square root
of Z. (This is borne out of large field tests with other hydrocarbon fires where such
velocity measurements have been made, Rgj [1981]).

B.2.1 Model equations

Referring to Figure B-1, we write the mass flow rate of gases within the visible plume, at
any height Z above the base of the fire'’

m(Z) = m; + m,(2) (B-1)
Where

m(Z) = Massflow rateat section at height Z

m; = Massflow rate of fuel at fire base

m,(Z) = Massrateof air entrainment up to height Z

It can be shown from the assumption on the entrainment rate that

z=Z
m(2)=p,a [ U(Z)zDdZ =p,aU(Z)xDZ (B-2)
z=0
where,
a = Air entrainment coefficient (of the order of 0.1)
U(Z) = Mean upward velocity of gases at section Z
U(Z) = Mean velocity of gases over the height 0to Z

Thelast term on the RHS of equation B-2 represents the side area of the fire over which air is
entrained. It is known from the literature and analyses (Raj [1981]) that the mean upward
velocity of gases at any height is given by the expression

0(2)=2 g2 7 (B-3)
3 Pa
with
A_pzﬂ (B-4)
Pa  Pa

The term Ap/p, represents the fractional decrease in the density of gases due to combustion.

It is shown later that this term is a constant and does not vary (to the accuracy of our
assumptions) in the Z -direction within the fire. The constancy of this term is a result of the

17 Seethe section on “Nomenclature” for the definition of symbols.
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assumption that a mass fraction 3 of the mass of air entrained up to a height Z “burns’ with its
equivalent stoichiometric mass of fuel vapor.

The top of the visible flame represents the section by which al of the fuel generated at the
base of the fire is consumed by burning. That isat Z = Lr we have,

i, =By (Ly) (8-5)

where,

r

B

Stoichiometric air to fuel massratio (17.17 for CHy,)
Mass fraction of air entrained that burns with fuel, stoichiometrically

Substituting equation B-2 and equation B-3 in equation B-5 and setting Z=Lr, and
rearranging we get

ﬂapa(gj 2gA;’L (zDL; ) =r %DZ (B-6)

with m, representing the mass evaporation rate from the pool per unit area. Equation B-6 can be
written in amodified way as follows.

2
3

Li: 3r [ mf j3 (B-?)
D |8y2pa \/5 pa/aD
Pa

B.2.2 Evaluation of thefractional density deviation term (A—p)

a

Assuming that the gases are perfect with the same molecular weight.

AT
P § (B-8)
pa 1+ -

where, AT = (T — Ty temperature rise of the gases due to the heat generated by combustion.
Hence, in the L/D correlation in equation B-6 the fractional increase in the temperature of the
burnt gases and excess air mixture relative to the outside air temperature can be substituted (from

equation B-8) for the fractional density decrease( A—’0).

a
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Consider a horizontal plane at height Z above the base of the fire. Using the definition of
the parameters indicated earlier we show that

m, (Z) = /3% (B-9)

where,
m, (Z) = Mass rate of fuel burning up to height Z.

The total heat production rate by combustion up to height Z is therefore,
QZ) =1, (Z) AH = B = AH, (B-10)

Assuming that al gases have the same mass specific heat, we write the enthalpy equation for the
gases at a height Z plane,

Mo +m @)JC, T@)={m ,C, T, (+m (@) C,T,} +Q  (B-1Y)
where,
m, , = Massflow rate of fuel at the base of thefire

Assuming (without significant loss of generality) that C; Ti(0) = Cala using equation B-8,
substituting equation B-10 in equation B-11 and rearranging we show that

ﬁ AHC r‘rla ZT(Z)_Ta — £ (B_12)
r C,T, (mf'0+ma) T, T,

It is known that the mass of air entrained up to any height Z (for Z>0.1 D) is substantially
larger than the mass flow rate of vapors at the fire base (For example, the total mass of air
flowing through the top of the visible flame is estimated to be an order of magnitude higher than
the stoichiometric value of r =17.17; that is, the air entrainment is about 170 times the mass flow

rate of vapors at the surface of the pool). Hence, the ratio m, / (mf ot ma) can be considered to

be unity. In this case, equation B-12 indicates that the ratio of temperature rise of the gases and
air temperature is constant for all heights.

Equation B-6 is written in a non-dimensional form as follows'®:

18 |f the fire plume is assumed to be an inverted frustum of a cone with base diameter equal to the fire diameter and
the cone angle is a then it can be shown that the equation A13 changesto

(2/3)
Le 1+3[L—Fj = AF??
D" 2\D
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L
“E= AF (B-13)
D
where,
F Froude Numb m (B-14a)
= Froude Number = -144
Pa~/9D
:
3r
A = Constant Factor = —_— (B-14b)
82 pa /£
Pa
We now define,
AH
P = Damkohler number = C—T (B-15)

Substituting results of equation B-8, equation B-12 and equation B-15 in equation B-14b we get,

)
A:{—gz } " a2 By% (B-16)
128429 | B .

Equation B-13 shows that L¢/D ratio of the fire varies as the 2/3 power of the non-dimensional
burning rate or the combustion Froude number. This exactly the result indicated by Thomas
[1965]. Heskestad [1983] also has published the correlations for the L¢/D ratio for a wide range
of Froude number; his correlation, though has a different mathematical formula, follows the 2/3
law in the applicable values (for large fires) of the Froude number. The correlation of Thomas
indicates the following

A =55 (B-17)

The above value is based on wood crib fire experimental data. This value of A is used below to
estimate the value of the combustion efficiency factor (3.

B.2.3 Combustion efficiency factor (3)

The following values for the thermal and combustion properties of methane and other
parameters are used.

r = Air to fuel massratio for stoichiometric combustion =17.1674
AHc: = Heat of combustion = 50.02 MJkg

For most fires of interest with L¢/D in the 0.5 to 3 range, and o = 0.1, the second term in the { } bracketsis small
compared to 1 and can be neglected.
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C, = Specific heat of air = 1000 Jkg/ K
T, = Airtemperature = 293K

a = Air entrainment coefficient =01

P = Damkohler number = AHJ/(CaTa) = 170.05

Substituting the above values on the RHS of equation B- and setting A = 55 results in a
value of 3 =0.1454. That is, by the time the combustion of all of the fuel is complete about 1/3

= 6.88 times the stoichiometric mass of air is ingested into the fire. Thisis in keeping with the
experimental observations reported by Thomas that an order of magnitude more air than the
stoichiometric mass is entrained into the fire. The same approach when used with the JP-4 fire
data results in 3 = 0.06. Hence, there is some uncertainty as to where the “visible fire plume’
ends on a statistical mean basis.

Also, it can be shown from the above value of 3 and the relationships in equation B-8 and
equation B-12 that

AT BN, =144 and 22— 0550 (B-18)
T Pa

a

B.3 Conclusions

1  Theanaysis above shows clearly that for most liquid pool fires of hydrocarbon fuels that
may occur due to accidents the height of the visible plume can be estimated by an equation
(Thomas' modified equation). The L/D ratio of the fire varies as the 2/3 power of the
combustion Froude number.

2  The model developed provides a means of estimating the value of the constant factor for
different fuels with known properties of the fuel and assumed efficiency of combustion.

3 The model presented does not provide any means of indicating how the radiation output
from the fire varies with height nor does it predict the chemistry that occurs within the fire
(due to combustion inefficiencies).
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Nomenclature (for Appendix B)

A = A fuel property and dynamics dependent constant
D = Diameter of the base of the fire (or liquid pool diameter)
F. = Combustion Froude Number =£ M ]
Pa~/9D
g = Acceleration due to gravity
L = Length (height) of thevisiblefireplume (M)
AH. = Heat of combustion of the fuel
Ca = Specific heat of air (assumed the same for all gases)
m(Z) = Total massflow rate of gases at any height Z
m,(Z) = Massrate of entrainment of air up to height Z
m;, = Massrateof fuel feed into the fire at the base
m,, = Massflux of fuel vapor at the base of fire
m, (Z) = Massrate of fuel burning up to height Z.
Ng = Emmons number = AHJ/(C,T))
r = Air tofuel massratiofor stoichiometric combustion
O(z) = Heat produced by combustion of fuel up to height Z
Ta = Air temperature
T(Z) = Meantemperature of the gases at any height Z
U(Z) = Crosssectional average upward velocity of gases at any height Z
U(Z) = Vertica height averaged upward gas velocity up to height Z
Q = Air entrainment coefficient
§ = Massfraction of air that is entrained up to any height Z that burns
stoichiometrically with fuel
p = Density of gases
Pa = Dengity of air
Subscripts
a = Air
C = Combustion condition
f = Fuel vapors
0 = Fire base condition
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Chapter C

Analysis of Risks from LNG Fires -
A Protocol for Using the Models

C.1 Introduction

In many industries, decisions on the acceptability of a project are routinely based on the
magnitude of risks posed by the project to the public, the workers and the investors. The US
military uses a screening risk assessment methodology, specified in MIL Std 882C, to perform
preliminary assessments. The Nuclear Regulatory Commission requires” the performance of a
detailed Quantitative Risk Assessment (QRA) for siting nuclear power plants. Risk based
decisions on aternative LNG transportation routes have been made in the past { ADL, 1978].
However, the current codes and regulations in the US related to LNG plant siting are prescriptive
in specifications. Asaminor part of this project a preliminary assessment was undertaken to
develop arisk based protocol for considering, specifically, the LNG fire risks.

It isfound that in the context of regulatory and/or code requirements for chemical and other
plant risk assessment that two types of risks are identified. These are, (i) “Individua Risk,” i.e.,
risk to an individual potentially affected by the detrimental effects of arelease of achemical, and
(ii) “ Societal Risk,” in which the totality of the number of persons potentially exposed and the
frequency of exposure are determined and compared with some acceptability criteria. “ Risk”
itself is defined as the combination (not necessarily the product) of the frequency of occurrence
and the consequential (detrimental) effects on the public or other entities arising from an
industrial activity in which an accidental release of achemical into the environment isa
possibility. In Europe, the requirements for risk analysis as the basis of decision-making by
regulatory agencies are promulgated in the “ Seveso 117 directive [SEVESO I1, 2003]. In
England, the Seveso Il directive is implemented under the COMAH Regulations [COMAH,
2005]. The Health and Safety Executive (HSE), in England, administers the processes related to
facility application review, inspection and certification protocol in these regulations. HSE has
issued a guidance document detailing the steps to be used in performing the risk analyses
required under the regulations [HSE, 2001].

The focus of the risk assessment required by the European regulations is the “Societal
Risk,” although “Individual Risk” also needsto be evaluated. The definition of these types of
people risks as given by Ball & Floyd [1992] are indicated below:

“Individual Risk is the frequency with which an individual may be expected to sustain a given
level of harm from the realization of specified hazards.” And

“Societal Risk isthe relationship between the frequency and the number of people suffering from
a specified level of harmin a given population from the realization of specified hazards”

% 10CFR, §52.47.
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In general, the European regulations consider only the fatalities as the measure of
consequence; that is, all calculations of hazard are geared towards determining the number of
persons suffering potential fatalities. Therisk itself is calculated by selecting a set of potential
“credible, high consequence, low probability” release scenarios in the facility or plant. For each
rel ease scenario the probability of occurrence of the scenario is calculated (number of
incidents/year or probability of occurrence per year) as aso the extent of the hazards, subject to
different conditional probahilities of occurrence (weather, ignitability, modes of behavior of the
material released, etc). The number of persons exposed to a given level of hazard is calculated by
counting the actual number of persons within a zone (radius) of hazard. Mitigating circumstances
are considered, such as the fraction of the time a person is inside a shelter (building), protected
by clothing, or is able to take evasive action to reduce the detrimental effects of the hazard. An
example of this consideration is say, 100 people are residents within a given zone of fire thermal
hazard for skin burn exposure, but only 15% of them are outside the buildings at any given time.
Then the consequence count for this event will be counted as 15 and not 100.

HSE has established levels of acceptability of risks [HSPAG, 2004]. Theserisk regions are
classified as (i) Broadly Acceptable, (ii) Tolerable Risk and, (iii) Unacceptable. These risk regions
are indicated in the following figure with the specified numerical risk values.

v
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Source: HSPAG (2004)

Figure C-1: Tolerability of risk framework according to HSE

The societal risk is generally illustrated on the F vs. N diagram (F stands for frequency per
year of exceeding a consequence involving N or more persons affected by the consequence). In
general, in safety studies related to the potential hazards arising from a chemical plant or an
energy fluid storage facility (such as an LNG or LPG terminal) injury or fatality is used as a
metric to measure the consequence. The HSE based acceptability criteria for societal risks are
illustrated in Figure C-2.
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F vs. N Risk Diagram
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Figure C-2: Diagram showing the acceptable & unacceptable regions
for societal risk

C.2 Risk Analysis application to LNG facilities

Risk analysis results for a project/facility (similar to an LNG facility) are plotted on the F-
N diagram. Based on the location of the “F-N curve” for the project its acceptability can be
determined using criteria similar to the one promulgated by the HSE (see Figure C-2). It is noted
that for projects whose F-N curve falls within the “tolerable region,” it is required for the project
to demonstrate that all safety enhancing systems and procedures have been implemented to
ensure that the risks are “As Low As Reasonably Practicable (ALARP).” This is the principle
upon which most of the European regulations are based.

As mentioned earlier, the US regulations applicable to LNG facilities are not risk based. In
any development of risk-based Regulations the following questions need to be answered before a
risk based regulatory framework can be developed. The questions include whether to:

a) Prescribe unacceptable, tolerable and broadly acceptable risk-regions (in a diagram similar or
same as the F-N diagram) in any future USregulations for LNG or any other industrial activity.

Also there is a need to address how these “acceptable values’ (and any associated judgmental
considerations) are to be devel oped.

b) Consider only high consequence —low probability events for the determination of risk.
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d)

f)

o)
h)

C3

Limit the calculation of risksto only the off-site populations or include the facility workers
also.

Impose criteria based purely on indices of hazard (ex, for thermal radiation either the intensity
in kW/m? or the modified dosage units (MDU), etc) or whether the regulations allow
consideration of the effects of hazard-reducing circumstances such as buildings and shelters,
workday patterns, emergency response, ability of people to take evasive action in an
emergency, etc.

Consider the failure criteria for buildings and structures based on their functions and the
physical and thermal properties rather than specifying a single thermal incident flux criterion
(asisthe case at present).

Allow the reduction in individual risk by considering the % of time that an average person
spendsinside a building or in some such shelter.

Base decisions on the basis of individual risk values or societal risk values.

Specify fatality or injury as the hazard criterion. How should potential injuries (and the levels
of injuries) be considered for presenting the overall risk from a project?

Risk calculation protocol for assessing firerisksfrom a L NG facility

The evaluation of the overall firerisks from a LNG facility involves a number of different

calculations. The risk assessment consists of three important phases, namely (i) Data collection
phase, (ii) Release scenario development phase and (iii) Risk determination phase

C.3.1 Datacollection

In this phase the various physical and operational data for the facility should be colleted.

These data include, but are not limited to,

1

Sizes and volumes of storage tanks, dike details, sizes of transfer piping, pumping or
flow rates, pipeline pressures in each type of piping,

Details of the surrounding community including the topography, population density
and location of houses, industrial and commercial centers, locations of sensitive
populations, distribution and sizes of buildings, and any emergency shelters, etc.

Local meteorological conditions.

Any systems or procedures available for mitigating the occurrence of or effect of
LNG fires.
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5 Historical data, if available, on the modes of failures of components and systems used
in LNG facilities or in ships or in the docks for unloading ships.

6 Other relevant information such as the criteria used for hazards (heat fluxes or burn
injury levels, structural failures stresses or temperatures, etc).

C32 R i

The various potential scenarios of LNG release leading to afire should be identified. The
cause of release may be either accidents or intentional acts. In addition, the scenarios must be
described quantitatively in terms of rates of release, duration of release, total quantity of release,
etc.

Table C-1 shows a possible list of scenarios of LNG release due to accidents in afacility
that could lead to the occurrence of afire. Similarly, the various scenarios of fire that may occur
dueto the release of LNG from intentional acts (sabotage, terror attack) in an LNG facility are
indicated in Table C-2. The scenarios identified in these two tables are to be considered only as
illustrations and not the entire spectrum of events that can occur in either accidents or from
intentional acts. Each scenario may lead to different types and sizes of LNG fires or in some
cases a sequence of different types of fires based on when the flammable vapors are ignited.

C.3.3 Risk determination

This phase of risk analysis includes the identification/determination of the probabilities of
occurrence (including conditional probabilities of occurrence of sub-events) and the calculation
of the consequences.

Event(s) probability identification: The annual probability of each type of release
(identified in Tables C-1 and C-2) must be quantified either from historical data, HAZOP

studies, and failure analysis or based on engineering judgment. Each principal release scenario
may have sub-scenarios of behavior of the released LNG resulting in different types of fires.
These sub-scenarios must be evaluated and the conditional probability of occurrence of each
must be developed, again from historical data, if such are available, or from “engineering
experience and assessments.”

The purpose of developing Tables similar to Table C-1 or Table C-2 isto identify the
probabilities with which the named events (including the sub events) occur in ayear. The
difficulty in filling these tables with proper probability valuesiswell recognized, especially in
the LNG facility or ship transportation matters since, and very fortunately, there are no historical
data of accidentsin or intentional acts against the industry. Therefore, in any risk assessment of
the LNG facility it should be recognized that there are considerable error margins (even as high
as one order of magnitude) in the estimation of the probabilities of occurrence of variousfire
scenarios.
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Table C-1
Identification of LNG release scenarios in a plant
(Accidental releases)

Annual Conditi Quantities of release and description firetype
- . onal
Principal Probabili Prob
Release ty of Sub-Scenario | Sub Rate Duration Total Condition
Scenario Principal scenari of of release quantity Types of fires al prob.
Scenario o release © released of fire
(ka/s) (kg) type
V%legitr;ik or Pr1 Jet fire 1
] Impact by an
Ship-to-shore object —small PLs Jet fire 1
pipeline P hole on pipe wall
damage Guillotine break Jet fire 03
dueto alarge Prs
vehicle impact Pool fire 0.7
Send out pipe P Small release P, Jet fire
damage 2 Large release P Poal fire
Vaporizer P Small release Ps, Jet fire
damage 3 Large release Pss Pool fire
Impoundment Pool
Ps1 fire (Immediate
. ignition)
;;LIJI(ZI;:I” P, Uncoupling of Ei reba” & pool fire
dl transfer hose Py _(sh_ghtly delayed
ignition)
P Vapor fire (very
43 delayed ignition)

* Assuming that atruck fill station exists
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Table C-2

Identification of LNG release scenarios in a plant

(Occurring due to intentional acts of sabotage or terror)

Quantities of release and description firetype
o Annua! . Condition
Principal Probabili 2l Prob Condit
Release ty of Sub-Scenario of SI;J%- Rate Duration TOtE_‘I ional
Scenario | Principal scenario relgase of release ?glanuty Typesof fires prob.
Scenario kg/9) (s kg) of fire
type
Small arms
penetration of Pis Jet fire 1
pipeline
Ship-to- Ramming of a Vapor fire and pool
shore B vehicle onto the P, fire
pipeline ! pipeline Pool fire only
tlamage Explosive
pipeline .
severance- Pis Pool fire 1
Guillotine break
Liquid Jet Fire & pool
fireinthe
. Small release P impoundment
Missile ' T
impacting a _Pool fireinthe
LNG P, |mpour_1dment _
sore e e
Large release Poz Poal firein the
impoundment
Vaporizer P Small release P, Jet fire
damage 3 Large release Ps2 Pool fire
Impoundment Pool
P41 fire (Immediate
. . ignition)
Truck fill Deliberate . -
station Py uncoupling of P I(:sllzztﬁl ;8(;6?2;;' re
42
rel eases* transfer hose ignition)
p Vapor fire (very
43 delayed ignition)
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Fire conseguence analysis:

The purpose of the consequence analysis is to determine the number of persons that may be
susceptible to the fire hazard for a given size and type of fire. The hazard to people outside the
direct fire-flame zone will be due to radiant heat effects. In the case of vapor fires, the area
occupied by the vapor with concentration at ground level above the lower flammable limit (5%)
will form the direct vapor fire hazard areain addition to the radiant heat effects area outside this
cloud. If ignition occurs before the cloud is established (to its maximum 5% contour area on the
ground), then the area of the cloud from the ignition point to the source will constitute the hazard
area. In the case of thejet fire, the direct impingement area of the flame together with the radiant
heat area surrounding the fire in which the radiant heat flux is above a critical value will
constitute the hazard area. In general, the latter is expected to be very small in comparison to the
pool fire or the vapor fire hazard area. The criterion used in the US for evaluating the fire radiant
thermal hazard to peopleis the second-degree burn over more than 10% of the body.

Using the fire models discussed in this report (Chapter 3 and Chapter 4) the areas of hazard
between different radiant heat exposure flux values can be determined. For example, for aLNG
pool fire of a given diameter and for specified wind speed, atmospheric temperature and relative
humidity conditions the contour area around the fire for a specified heat flux can be determined.
By calculating such areas for different levels of radiant heat fluxes the hazard area between, say,
heat flux g and heat flux g can be determined. These are schematically illustrated in Figure C-3.
It is assumed that the duration for the onset of 2" degree burn hazard due to radiant heat is
dependent on the magnitude of the incident heat flux. Once this relationship between the heat
flux and burn injury critical time is known, then the number of persons that may suffer second
degree burns and the conditional probability (given that an exposure to the given level of heat
flux occurs) and therefore the number of injuries can be determined. This procedure isillustrated
with an example below.

C.4 Determination of the probability and number of radiant heat
caused injuries - An illustrative example

Consider the schematic representation of the location of residences and other buildings
within the heat flux contours g; and g,. The assessment of the burn injuries to people located
within the two contours is made by determining the type of population that “resides” within the
zone, the fraction of the persons that may be outside the buildings and unsheltered during afire
incident, the probability of injury to a person given that he/she is exposed to the specified level
of heat flux, etc.
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Figure C-3: Diagram of an example distribution of buildings, building
shadows (shelters) and potential exposure areas for burn
injury to people from fire radiant heat effects
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In order to perform these risk calculations the following parameters are defined.

Ay = Average foot print area of a building or residence (km?)
As = Average area of the shadow (for radiant heat) behind
abuilding or aresidence (km?)
Neun = Number of persons suffering burn injuries per kn? (#/km?)
Ny = Number density of houses/buildings per square km (#km?)
Np = Normal population density in the area (# of persons/km?)
Fo = Average fraction of the population that is outside buildings at any time
Foop = Fraction of the total population representing each “type”’ of population
Pourn = Conditional probability of suffering a burn injury by exposure to the
radiant heat flux q.
R = Average distance that a person has to move before he/she can be in the
shadow of building or go into a building for cover. (m)
tri(d = A critical time of exposureto cause 2™ degree burninjury  (s)
(this time is dependent upon the radiant heat flux q)
ts(pop) = Timein which apersonwill be ableto seek shelter (s)
U(pop) = Ambulation speed of a person in an emergency to seek shelter (m/s)

(This speed depends upon the age and other attributes of a specified
group of persons, eg., children, physically challenged persons, older
citizens, normal adults, etc)

Consider an area of 1 square km within the contours bounded by g; and gz.

Average number of persons outside

at any given timein thisarea = fNp (C1)

Total arealkm’that isin the open and outside
the shadows = [1- Nn (Ant+A9)] (C-2)
Mean un sheltered area per house/building = NH/[1- Ny (AntAs)] (C-3)
Mean radius of unsheltered area = R= \/[l_ Ny (ﬁr tA)] (C-4)

7T Ny
Therefore,

ts = R/U(pop) (C-5)

It can be argued that a person will suffer the 2™ degree and the probability of burninjury is 1
when

ts(pop) >= teri(0)) (C-6)
In the case ts < ti the probability of burn injury varies between 0 and 1. We can therefore

postulate a probability of burn depending upon the population type, heat flux and the mean
distance of movement by the following formula,
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_ t(pop)

pburn - t for tS( pop) < tcri (C_7a)

cri

and
Poun =1 for ts(pop)>t (C-7b)

The number of personsinjured in 1 km?, Npym is given by
Nburn = NP I:pop Fo [1_ (A—{ + AS)] (C'8)

Equations 8 and 7 give, respectively, the number of persons injured of a specific population
type and the corresponding conditional probability of injury given that afire has occurred and
the exposure is within the contours g and g2. The actual number injured in the contours will be
the value given by equation 8 multiplied by the area within the contour.

The above calculations are repeated for various heat flux level contour pairs, sizes of “pool
fires” and wind and weather conditions (if necessary). The resulting pairs of conditional
probabilities of injury and number potentially suffering burn injury is accumulated in a database
from which af-N curve similar to that shown in Figure C-2 can be devel oped.

Similar calculation procedures can be implemented to determine the probabilities and
radiant heat burn injuries and other types of injuries from vapor fires and jet fires. The combined
procedures of such calculation as indicated above will constitute a protocol for determining the

overal risk from an LNG facility. In the case of LNG spills from ships similar procedure can be
adopted with different models used for calculating the sizes of pool fires, vapor fires and their
probabilities of occurrence.
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