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NOTICE

This report was prepared by ABSG Consulting Inc. (ABS Consulting) solely for the benefit of
the Federal Energy Regulatory Commission (FERC). Neither ABS Consulting, FERC, nor any
person acting in their behalf makes any warranty (express or implied), or assumes any liability to any
third party, with respect to the use of any information or methods disclosed in this report. Any third-
party recipient of this report, by acceptance or use of this report, releases ABS Consulting and FERC
from liability for any direct, indirect, consequential, or special loss or damage, whether arising in
contract, tort (including negligence), or otherwise.

ABS Consulting and its employees, subcontractors, consultants, and other assigns cannot,
individually or collectively, predict what will happen in the future. We have made a reasonable
effort to review the available consequence assessment methods for some types of incidents involving
liquefied natural gas spills and to recommend modeling approaches for use by FERC.  Appropriate
application of the presented methods will require selection of scenarios to model and selection of
some site-specific and scenario-specific modeling parameters. Such application of the models should
be done by an experienced consequence analyst. However, as described in this report, the
recommended methods have limitations, including uncertainty in the results that they produce. Even
when applied appropriately, the recommended methods will provide only estimates of the
consequences of postulated scenarios involving LNG spills on water. ABS Consulting accepts no
liability for any adverse impacts stemming from use of information in this report.
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EXECUTIVE SUMMARY

Liquefied natural gas (LNG) has been transported by sea since 1959 in specially designed
LNG carriers. These vessels have a remarkable safety record and provide an essential link in the
movement of LNG from production locations to consumer locations. However, stakeholders
recognize that there are possibilities for some serious incidents involving LNG carriers,
particularly in light of increased awareness and concern about potential terrorist actions.

The Federal Energy Regulatory Commission (FERC) sponsored this study with the goal of
identifying appropriate consequence analysis methods for estimating flammable vapor and
thermal radiation hazard distances for potential LNG vessel cargo releases during transit and
while at berth.

This work considers the flammable vapor and thermal radiation hazards created by
unconfined LNG spills on water resulting from an LNG cargo release. This includes review of
literature on experimental LNG spills and on consequence assessment methodologies that are
applicable to modeling of incidents involving LNG spills on water.

The key modeling issues addressed in this report are:

Rate of release of LNG from a ship

Spread of an unconfined pool on water

Vapor generation for unconfined spills on water

Thermal radiation from pool fires on water

Distance for flammable vapor dispersion following spills on water
Rapid phase transitions (RPTS)

Effects of thermal radiation on people and structures

Where possible, methods are recommended for assessing carrier spills on water; however, in
the case of RPTs no available consequence methods could be identified.

The descriptions of the recommended analysis methods are left to the body of this report. In
general these methods can provide only rough estimates of the magnitude of effects for incidents
involving large LNG releases on water. This is typically the case with consequence assessments,
and it is important to keep in mind that the recommended methods cannot provide precise
estimates of effects because of variability in actual incident circumstances as well as uncertainty
inherent in the methods used.

In the particular case of the methods of interest here (i.e., methods for large releases from
LNG carriers), some important issues include:

e No release models are available that take into account the true structure of an LNG
carrier, in particular the multiple barriers that the combination of cargo tanks and the
double hulls in current LNG carriers provide

e No pool spread models are available that account for wave action or currents
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e Relatively few experimental data are available for validation of models involving LNG
spills on water, and there are no data available for spills as large as the spills considered
in this study

In making the modeling recommendations in this report, our goal was to select methods that
provide the most accurate estimates possible; however, we recognize the limitations of the
models we suggest. As a result of these limitations, the project team made some selections that
we believe lead to conservative estimates (i.e., tend to overestimate the consequences of LNG
releases). Clearly there is an opportunity to develop pool spread models that consider more
realistic analysis of the spill behavior on the water surface. In the long term, additional research
will need to be performed to develop more refined models, and additional large-scale spill tests
would be useful for providing better data for validation of models. However, definition of the
specific research tasks and objectives needed to accomplish that research was not in the scope of
this project.

No release models were identified that account for the multi-hull structure of an LNG carrier
and the physics of a release of cryogenic LNG. In the absence of models specifically for LNG
carriers, the orifice model is recommended.

Several models for spreading of pools on water were found in the literature, most of which
are based on the assumption that spreading is dominated by the balance of the gravitational
spreading force and inertial resistance to spreading. One methodology, developed by Webber
and his colleagues (as described in TNO 1997), also accounts for resistance to spreading as a
result of frictional forces. Our analysis of these methodologies indicates that frictional effects
are important for scenarios involving large releases in short periods of time. Therefore,
Webber’s methodology is recommended.

For a given hole size (or release rate), the upper limit on pool spread depends on the duration
of release. For long duration releases, the pool will spread to the point where evaporation rate
(or burning rate in case of a fire) matches the release rate into the pool. This is based on a simple
mass and heat balance for the pool, and effectively defines an upper limit for long-term releases.
For short duration releases, the dynamics of the release are more important in identifying the
upper limit. The pool spread is slowed by inertial and frictional effects but is only stopped once
the pool is thin enough for surface tension effects to become important. During the spread,
evaporation reduces the volume of the pool, and therefore also slows the spread. As a result of
these dynamics, it is difficult to establish an upper limit for short duration releases without
modeling the full spread process.

Two methods are identified for estimating heat flux to a boiling LNG pool on water: (1)
select a value estimated from spill tests or (2) calculate a value based on heat transfer theory.
Based on review of the literature, it is recommended to estimate heat flux using heat transfer
theory. Key reasons for this choice are that (1) the experimental data show significant spread,
(2) the experimental data for heat flux were typically calculated from other data (rather than
measured directly), and (3) a viable theoretical model from heat transfer theory is available to
help fill the gap in experimental data.
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Available pool fire models for hazard assessment purposes are predominantly based on the
solid flame model. The fire is represented as gray-body emitter, and the geometry is
approximated by an upright cylinder that is tilted as a result of wind. The point source model is
also sometimes used. In this model, energy generated by combustion is assumed to emanate
from a single point at the center of the pool fire. The calculated energy is multiplied by a
fraction that accounts for the fact that only part of the energy will be emitted as thermal
radiation. In some circumstances the point source model can be appropriate, but its chief
disadvantage is that it does not produce valid estimates for receptors close to the fire. Therefore,
the solid flame model is recommended.

The extent to which people are injured by exposure to thermal radiation depends on both the
incident heat flux and the exposure time. A variety of data are available for estimating effects on
people, including data from experiments with humans and animals and review of historical data.
Section 2.7.1 summarizes some of the injury criteria developed based on these data. Like effects
of thermal radiation on people, effects on structures also depend on incident heat flux and the
exposure time. With structures, effects also depend strongly on the materials of construction
(e.g., wood, steel, concrete). Section 2.8 presents some criteria from various sources for
structural damage.

The body of the report also presents some example consequence calculations, which are
intended to illustrate use of the various analysis methods recommended. Input parameter values
(e.g., atmospheric conditions, surface roughness) were chosen to allow comparison with other
methods (Fay [2003], Lehr [2004], and Quest [2001]) or to match values specified by federal
regulations for LNG facility siting (49 Code of Federal Regulations [CFR] 193). When using the
presented analysis methods for evaluating a specific facility, input parameter values based on
actual site conditions should be used.

For the example dispersion calculations presented in this report, the DEGADIS software was
used. This model accounts for dense-gas effects and was originally developed for simulation of
cryogenic flammable gas dispersion, particularly for LNG. It has been validated against a wide
range of available laboratory and field test data.

It is also important to note that this study addresses the potential consequences of large scale
LNG cargo releases without regard to the sequence of events leading to such an incident or their
probabilities of occurrence. As such, this report does not and was not intended to provide a
measure of risk to the public. A thorough risk assessment would consider both the probabilities
and consequences of hazardous events. And finally it should not be assumed that the levels of
hazards presented in this study are the assured outcome of an LNG vessel release, given the
conservatisms in the models and the level of damage required to yield such large-scale releases.

Consistent with the scope of work defined by FERC, this report is highly technical and is
focused on the currently available methods for modeling potential releases from LNG vessels. In
the scientific community, there is room for debate and different opinions about the most
appropriate way to model possible outcomes of incidents. The state of the science will continue
to evolve, leading to ongoing iterations of better models/approaches in coming years. However,
practical and defendable guidance is needed now to help understand the currently available
modeling methods, including their limitations, so that reasonable decision-making processes are
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used. This work ultimately recommends practical models/approaches (with appropriate caveats)
for use in guiding facility siting decisions.

While studying the results of this report, readers should keep the following key points in
mind:

Models have limitations. The recommended models/approaches represent a reasonable set of
tools to aid decision making. However, it should be recognized that modelshave an inherent
level of uncertainty, as described in this report. In some cases, the scientific community’s
understanding of the fundamental physical phenomena is better than its ability to simulate such
phenomena. Also, models cannot make decisions for us. They inform decision makers, who
must integrate information on many different factors in their decision-making process.

Consequence assessment is only one piece of the risk picture. Understanding risk requires an
understanding of (1) what can go wrong, (2) what the consequences might be, and (3) how likely
the losses are to occur. This report focuses only on consequence modeling of potential release
scenarios, not how likely such scenarios are to occur. Decision making related to scenario risks
should be considered in the context of both potential consequence and expected likelihood (or
frequency). With regard to potential attack scenarios, the expected likelihood is a function of
both threat (the likelihood that someone would try to carry out a specific type of attack) and
vulnerability (the likelihood that a specific type of attack would be successful and produce the
expected consequences of concern). As noted in the report, LNG vessel and associated facility
operations are highly regulated and closely monitored/controlled by authorities, so many layers
of protection exist against losses. The dependability of these layers of protection was not
addressed in this project, but are important considerations in understanding the total risk picture.

Risk perception and risk acceptance are complex issues. How individuals and groups of
individuals perceive or accept risks depends on many factors, which are often subjective with no
clear right and wrong answers. Even when very precise/certain risk information is available,
different people often react to the information in different ways. This project made no attempt to
place value judgments on what risks people should or should not accept.

Vi
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SCIENTIFIC SYMBOLS

C, discharge coefficient
Ce turbulent or laminar resistance force
Fs gravitational force
F, inertial resisting force
g gravitational acceleration
g, reduced gravitational acceleration
h mean pool height
h, pool height at the leading edge
H liquid height above hull breach
Q flow rate
r pool radius
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) coefficient for gravity term
£ density of LNG
P,  Water density
UNITS
BTU British thermal unit
BTU/ft? British thermal unit per square foot
BTU/hr/ft>  British thermal unit per hour per square
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ft foot
ft/s feet per second
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1 INTRODUCTION

1.1 BACKGROUND

Liquefied natural gas (LNG) has been transported by sea since 1959 in specially designed LNG
carriers. These vessels have a remarkable safety record and provide an essential link in the
movement of LNG from production locations to consumer locations.

The combination of recent interest in expanding or building new facilities to receive LNG
carriers (i.e., as a result of increases in demand for LNG in the United States), along with increased
awareness and concern about potential terrorist actions, has caused stakeholders to raise questions
about the potential consequences of incidents involving LNG carrier operations. For example, the
size and extent of a possible fire or the distance a vapor cloud may extend are important factors in
gauging the acceptability of a new facility.

Several recently published studies on releases or spills from LNG carriers employ varying
methodologies and assumptions. As a result, these studies report some widely varying estimates of
potential flammable vapor and thermal radiation hazard distances.

In this context, the Federal Energy Regulatory Commission (FERC) sponsored this study with
the goal of identifying appropriate analysis methods for estimating flammable vapor and thermal
radiation hazard distances for potential LNG vessel cargo releases during transit and while at berth.

1.2 SCOPE OF WORK

This work considers the flammable vapor and thermal radiation hazards created by unconfined
LNG spills on water resulting from an LNG cargo release. This includes a search for and review of
literature on experimental LNG spills and on consequence assessment methodologies that are
applicable to modeling of incidents involving LNG spills on water. Key consequences of concern
include the distance from a spill that flammable vapors might travel and, in the case of a pool fire, the
distance from a spill that might receive harmful thermal radiation.

The specific scope of work, as defined by FERC, is as follows:

e An evaluation of published models to calculate the rate of cargo release and the spread of
unconfined LNG spills on water;

¢ A determination of the effect of cargo tank hole diameter on cargo release and pool spread
(including establishment of an upper limit on pool spread);

e An evaluation of these models to calculate the rate of vapor generation for unconfined LNG
spills on water;

e An evaluation of the models to calculate thermal radiation distances from fires involving
unconfined LNG spills on water;

e An evaluation of the models to calculate the distance traveled by flammable vapors from
unconfined LNG spills on water;

e An evaluation of the theoretical basis for current models used to calculate each of the above,
and a review of the applicability of existing computer modeling to field test data;

o Areview of the effects of thermal radiation levels on population and structures;
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e A recommendation, including the selection rationale, of specific methods and a model FERC
staff may use to calculate the flammable vapor and thermal radiation hazards associated with
marine transportation of LNG; and

e A comprehensive review of design, operational, safety, and security features and possible
mitigating measures that an LNG facility and/or vessel operator employs or could provide to
minimize impacts from: accidents; attacks; leaks; spills; fire; rapid phase transitions; or the
spread of negatively buoyant, flammable vapor clouds.

A key goal of this work is to search for and review published methodologies for consequence
assessment that are applicable to LNG spills on water. As part of this review, FERC requested the
project specifically address the methods applied in four reports: Fay (2003), Lehr (2004), Quest
(2001), and Vallejo (2003). Section 2 of this report discusses the modeling approaches in Fay
(2003), Lehr (2004), and Quest (2001). However, the Vallejo (2003) report does not provide
sufficient technical information and is not discussed.

1.3 PROPERTIES OF LNG

LNG is transported and stored at temperatures as low as -259 °F (-162 °C). LNG is typically 85
to 96% methane on a volume basis, with the balance being mostly other light hydrocarbons such as
ethane, propane, butane, and up to 1% nitrogen. Methane is flammable in air at 5 to 15% (by
volume). At a pressure of 1 atmosphere and temperature of -259 °F (-162 °C), its normal boiling
point, LNG can evaporate, forming vapor, which has a specific gravity of 1.7. However, LNG vapor
at ambient temperatures is lighter than air, and its specific gravity relative to air is 0.55 (once thermal
equilibrium is reached). Hence, LNG vapor from a liquid release will tend to stay near the surface of
the ground or water until it mixes with air and warms to a temperature of approximately -162 °F
(-108 °C), at which point it will become less dense than air and tend to rise and disperse more
rapidly.

1.4 LNG HAZARDS

LNG’s principal hazards result from its (1) cryogenic temperature -259 °F (-162 °C), (2)
flammability, and (3) vapor dispersion characteristics. As a liquid, LNG will neither burn nor
explode. Methane, the primary component of LNG, is colorless, odorless, and tasteless, and is
classified as a simple asphyxiant for human exposure. LNG vaporizes rapidly when exposed to
ambient heat sources such as water, producing 620 to 630 standard cubic feet of natural gas for each
cubic foot of liquid.

When spilled onto water, LNG will initially produce a negatively buoyant vapor cloud (i.e., the
cold vapors are more dense than air and stay close to the water or ground). As this cloud mixes with
air, it will warm up and disperse into the atmosphere. If not ignited, the flammable vapor cloud
would drift downwind until the effects of dispersion dilute the vapors below a flammable
concentration. At a 5 percent concentration of gas in air, LNG vapors are at their lower flammability
limit (LFL). Below this vapor/air ratio, the cloud is too dilute for ignition. At a 15 percent
concentration of gas in air, LNG vapors are at their upper flammability limit (UFL). Above this
vapor/air ratio, the cloud is too rich in LNG for ignition.

The downwind distance that flammable vapors might reach is a function of the volume of LNG
spilled, the rate of the spill, and the prevailing weather conditions. Also, in order to disperse to
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significant downwind distances, a vapor cloud must avoid ignition. Evaluation of ignition
probability is beyond the scope of this study; however, it is noted that the large releases from an LNG
carrier would likely require a significant energy source to initiate (i.e., to puncture the outer hull,
inner hull, and cargo tank). An event of sufficient magnitude to rupture an LNG cargo tank may also
provide ignition sources. If a flammable cloud is ignited by the initiating event or by other ignition
sources (e.g., on the ship, on other nearby vessels, or on shore), the flame will burn back to the vapor
source, and the flammable cloud would not travel a significant distance over land.

If a flammable vapor-air mixture from an LNG spill is ignited, it may result in a flash fire, which
is a short duration fire burning the vapors already mixed with air in flammable concentrations. The
flame front will burn back through the vapor cloud to the spill site, provided the vapor concentration
along this path is high enough to continue burning. The rate at which this flame front travels relative
to the unburned gas is called the laminar burning velocity. An unconfined methane-air mixture will
burn slowly, tending to ignite combustible materials within the vapor cloud, whereas fast flame
speeds tend to produce flash burns rather than self-sustaining ignition.

Although LNG vapors can explode (i.e., create large overpressures) if ignited within a confined
space, such as a building or structure, there is no evidence suggesting that LNG is explosive when
ignited in unconfined open areas. Experiments to determine whether unconfined methane-air
mixtures will explode have been conducted and, to date, have been negative.

The principal LNG hazards of interest for this study are those posed by flammable vapor
dispersion and thermal radiation. Secondary hazards, such as cryogenic burns and asphyxiation, are
typically localized to LNG transport and storage areas and are outside the scope of this study.

LNG is less hazardous than liquefied petroleum gas (LPG) and liquefied ethylene, which have (1)
higher specific gravities, (2) a greater tendency to form explosive vapor clouds, (3) lower minimum
ignition energies (MIEs), and (4) higher fundamental burning velocities. LNG is not toxic, and it
rapidly evaporates; therefore, long-term environmental impacts from a release are negligible if there
is no ignition of natural gas vapors.

1.4.1 Fire Hazards

LNG vaporizes quickly as it absorbs heat from the environment, and the resulting vapor is
flammable when mixed in air at concentrations from 5 to 15% (volume basis). Its fire-related
properties are comparable to other light hydrocarbon fuels (see Table 1.1). The only significant
difference is that its molecular weight is considerably less than air, so once it warms above
approximately -162 °F (-108 °C) it will become less dense than air and tend to rise and disperse more
rapidly. However, LNG vapor at its normal boiling point -259 °F (-162 °C) is 1.5 times more dense
than air at 77 °F (25 °C). Typically, LNG released into the atmosphere will remain negatively
buoyant until after it disperses below its LFL.

Three types of fires — pool fires, jet fires, and flash fires — are postulated for the purposes of
this study.

Pool Fire — When a flammable liquid is released from a storage tank or pipeline, a liquid pool
may form. As the pool forms, some of the liquid will evaporate and, if flammable vapor finds an
ignition source, the flame can travel back to the spill, resulting in a pool fire, which involves burning
of vapor above the liquid pool as it evaporates from the pool and mixes with air.
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Jet Fire — If compressed or liquefied gases are released from storage tanks or pipelines, the
materials discharging through the hole will form a gas jet that entrains and mixes with the ambient
air. If the material encounters an ignition source while it is in the flammable range, a jet fire may
occur. For LNG stored at low pressure as a liquid, as it is in an LNG carrier, this type of fire is
unlikely. Jet fires could occur during unloading or transfer operations when pressures are increased
by pumping. Such fires could cause severe damage but will generally affect only the local area. This
report focuses on large spills on water, and analysis of jet fires is outside the scope.

Flash Fire — When a volatile, flammable material is released to the atmosphere, a vapor cloud
forms and disperses (mixes with air). If the resultant vapor cloud is ignited before the cloud is
diluted below its LFL, a flash fire may occur. The combustion normally occurs within only portions
of the vapor cloud (where mixed with air in flammable concentrations), rather than the entire cloud.
A flash fire may burn back to the release point, resulting in a pool or jet fire but is unlikely to
generate damaging overpressures (explode) when unconfined.

Table 1.1 Fire-related Properties of LNG and Other Light Hydrocarbon Fuels

Material Ethylene’? | Gasoline™® | LNG/methane® | Propane (LPG)"*
Flash Point (°F) -186 -40 to -49 <-259 <-155
Flammability Limits (% | LFL 2.7 13 5 2.1
Inair) UFL | 36 7.1 15 9.5
Autoignition Temperature (°F) 910 820 1000 840
Minimum Ignition Energy 8 Not 7 7
(BTU) 6.6 x 10 reported 2.5x10 2.4x10

; i 4
Fundamental Burning Velocity 26 13 13 15
(ft/s)
Vapor Specific Gravity 0.97 <2 0.55 15

Data sources:

1. NFPA (1995)

2. Lees (1980)

3. NFPA (2001)

4. NFPA (2002)

Terms:

Flash Point — The minimum temperature at which a liquid gives off vapor in sufficient concentration to form an
ignitable mixture with air near the surface of a liquid, as specified by test.

Flammability Limits — The lowest (LFL) and highest (UFL) concentrations of a combustible substance in a
gaseous oxidizer that will support burning.

Autoignition Temperature — Temperature at which a flammable mixture will spontaneously ignite.

Minimum Ignition Energy — The minimum amount of energy released at a point in a combustible mixture that
causes flame propagation away from the point, under specified test conditions.

Fundamental Burning Velocity — The burning velocity of a laminar flame under test conditions. When ignited in
a flammable vapor cloud, substances with lower fundamental burning velocities will tend to generate lower
overpressures.

Vapor Specific Gravity — Ratio of the molecular weight of the material/compound to the molecular weight of air
(based on an assumed composition of 79 vol% N, and 21 vol% O,).

“ZABS Consulting

T AISK CONSULTING DIVISION



1.4.2 Explosions

As discussed in the previous section, a flash fire can occur if LNG is released into the atmosphere
and ignited. If ignited in open (unconfined) areas, pure methane is not known to generate damaging
overpressures (explode). However, if some confinement of the vapor cloud is present, methane can
produce damaging overpressures. Confinement can be provided by spaces within the ship or nearby
structures, such as a building on shore or another ship. Areas congested with equipment and
structures can also facilitate damaging overpressures if a vapor cloud is ignited within such an area.
For example if a vapor cloud infiltrates a chemical process plant in an area with various vessels,
structures, and piping and the cloud ignites, the portion of the cloud within that congested area may
generate damaging overpressures.

A larger volume fraction of heavier hydrocarbons in the LNG (1) reduces the minimum ignition
energy required for detonation and (2) increases the specific gravity of the hydrocarbon mixture (and
hence reduces the tendency to rapidly disperse). Both of these effects increase the likelihood of
generation of damaging overpressures.

1.4.3 Rapid Phase Transition (RPT)

RPT is the term used to describe a phenomenon recognized in some LNG release experiments
involving the nearly instantaneous transition from the liquid to vapor phase and an associated rapid
pressure increase. This topic is further discussed in Section 2.6.

When LNG forms a pool on water, the heat from the water rapidly vaporizes the LNG; however,
this boiling is not the phenomenon referred to as RPT. In an RPT, a portion of the spilled LNG
changes from liquid to gas virtually instantaneously.

Although the physical mechanism is not well understood, RPT is attributed to the superheating of
the LNG due to the lack of nucleation sites (sites that help with the formation of gas bubbles and
promote boiling). An RPT may result in two types of effects: (1) overpressure resulting from the
rapid phase change and (2) dispersion of the “puff” of LNG expelled into the atmosphere. Rapid
phase changes have caused numerous steam explosions in foundries and other industrial operations,
but have not resulted in any known major mishaps involving transport of LNG.

1.4.4 Cryogenic Effects

LNG carriers are designed to prevent LNG from contacting the inner and outer hulls, but
incidents can be postulated that would place LNG in contact with the hulls. It is possible that a
release of liquid LNG to the inner hull would cause low temperatures for areas of the hull structure
that are not designed for cryogenic temperatures. (The international ship design rules require areas
where cargo tank leakage might be expected to be designed for contact with cryogenic LNG.)
Assessing the likelihood or result of cold temperature on hull structural members was not within the
scope of this study.

A study by Lloyds (2001) includes brief descriptions of 10 LNG spills involving LNG carriers
that occurred between 1965 and 1989. Seven of these ten spills led to brittle fracture of the deck or
tank covers, but none of them caused serious structural damage. Given where the damage occurred
(i.e., to the deck or tank cover), it is likely that all of these releases occurred from piping systems
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used during LNG transfers. Also, vessels built since 1976 have to comply with current ship design
rules and are designed with steel rated for low temperature in areas where LNG leakage might be
expected to contact decking or internal structures. (See Section 4.3.1.2 for a discussion of the design
requirements for LNG tankers.)
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2 CONSEQUENCE ASSESSMENT METHODS

This section presents a review of available methods for modeling some specific aspects of events
involving large releases of LNG on water. Also presented are recommended approaches for
modeling, which are based on:

e The reviews of available methods,

e The types of events of interest (e.g., large LNG releases on water leading to pool fires and/or
flash fires), and

e The intended uses for the consequence assessment results (e.g., facility siting decision
making, emergency planning).

Section 3 presents some example calculations that follow the methods recommended in this section.
2.1 RATE OF RELEASE OF LNG FROM A SHIP

If an LNG cargo tank is punctured below the liquid level, the LNG will flow through the hole.
This section presents an evaluation of methods to calculate how fast the liquid will spill.

2.1.1 Review of Modeling Approaches

Fay (2003) — Fay presents two release rate models, one for holes above the seawater level and
one for holes below the seawater level. The model for holes above the seawater level is equivalent to
the well-known relationships for flow through an orifice, driven by gravity. The orifice model is
presented in many references on consequence assessment, such as AIChE (2000) and TNO (1997), as
well as most basic textbooks on fluid mechanics. This model represents flow from a hole in the side
of a single hull cargo tank that allows the LNG to flow directly from the tank into the water. A
discharge coefficient is often used to represent the frictional loss accompanying flow through the
orifice; Fay does not include a discharge coefficient, which is equivalent to assuming a value of 1.0
(no frictional loss). This model does not attempt to account for the multi-hull construction of LNG
carriers, and therefore may overestimate the rate at which LNG would escape through a breach.

Fay’s model for holes below the seawater level is an idealistic approach in which the difference
in density of the fluids causes (1) the LNG to flow out the hole to the water surface and (2) water to
flow into the ship. However, this method ignores the fact that the boiling point of LNG is well below
the water temperature. In reality, the LNG would flash to vapor as it exited the hole and came into
contact with the water, rapidly rising to the surface. Water that did enter the ship would likely freeze
and might affect the rate of LNG release. This model also does not attempt to account for the multi-
hull construction of LNG carriers.

Lehr (2004) — Lehr neither presents nor uses release rate models. This paper presents a single
release example that is an instantaneous release of 500 m? of LNG.

Quest (2001, 2003) — This study postulates 1-m and 5-m diameter holes but does not describe the
method used to calculate the flow rate from the holes.
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Other Methods — Our literature review did not identify any additional methods for estimating
release rates for spills from LNG carriers. No methods were identified that attempt to account for the
multiple barriers to release that are present in LNG carriers.

2.1.2 Modeling Recommendations

In LNG carriers, the LNG is contained inside an insulated cargo tank that is contained within the
inner hull of the ship. The scenarios of interest for this study involve incidents that puncture both the
inner and outer hulls, the insulation layer, and the LNG cargo tank. No existing release model
accounts for these multiple barriers to release or for a ship’s possible response to a large release of
LNG (e.g., into the inner compartments of a ship).

In addition, the existing models assume that air can enter the space at the top of the LNG
compartment or LNG can be vaporized to replace the exiting liquid at a volumetric rate equal to the
discharge rate from a hole in the side wall of the tank. That is, they ignore the possibility of low
pressure in the vessel reducing the rate of outflow. For small diameter holes, or for scenarios where
a hole extends above the liquid level, this may be a valid assumption. For large diameter holes, the
liquid release rate may be higher than the rate at which vapor can be generated or at which air can
enter through the vacuum relief valve. If this occurs, a partial vacuum may be created in the tank,
reducing the outflow rate and possibly further damaging the compartment (if it is not designed for
full vacuum).

In the absence of models that account for the true structure of an LNG carrier and the physics of a
release of cryogenic LNG, the simple orifice model is recommended:

Q =C,zp,R*/2gH

where Q = flow rate
C, = discharge coefficient (taken as 1.0)
p, = density of LNG

R = radius of hull breach
H = liquid height above hull breach

When using this model it is vital to keep in mind that the model does not reflect actual carrier
construction very well, and the results should be interpreted as a rough guide to the rate of release for
a given hole size. It is also important to note that cargo spilling between hulls is not accounted for.
The orifice model represents the double-hulled ship as a single-wall vessel, and therefore will tend to
overestimate the LNG outflow for many scenarios.

The orifice model is presented in many references on consequence assessment, such as AIChE
(2000) and TNO (1997), as well as most basic textbooks on fluid mechanics.

There are no appropriate models available for releases through a hole in the tank wall that is
below the seawater level. As described above, Fay (2003) does present a model for underwater
punctures, but his model does not account for the (1) actual physics of a release of cryogenic liquid
directly into seawater or (2) actual geometry of an LNG carrier. In the absence of an appropriate
model, the orifice model may be applied to provide a rough guide to the rate of release.
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A qualitative discussion of what might happen in a release below water level is useful in
understanding the difficulty in accurately modeling such a situation. To a certain level below the
seawater surface, the LNG pressure will exceed the water pressure, so the LNG will tend to flow out
the hole and vaporize rapidly as it contacts the water. For holes further below seawater level (or once
the LNG level drops), a point will be reached where the LNG pressure and water pressure match, and
seawater may begin entering the hole. Any seawater that entered the vessel would tend to freeze
rapidly, and the heat it transfers to LNG within the vessel will vaporize LNG, possibly increasing
pressure in the vessel and forcing LNG and/or water out the breach. Other possible scenarios might
involve both LNG and seawater spilling into the void space between the tank and outer hull.

For many scenarios, the orifice flow model is expected to overestimate the release rate because it
does not account for factors such as (1) a reduction in tank pressure as liquid exits (i.e., when outflow
exceeds rate at which volume can be replaced by air or LNG vaporization) or (2) the additional
barriers to release provided by the design of the cargo system and the structure of the ship. On the
other hand, the orifice model does not address any additional ship damage that might occur as a
result of a postulated release.

Two other aspects of LNG spills were also considered in this review:

Effects of LNG Composition — Cumber (2002) assessed the discrepancy between estimates of
outflow for LNG using the correct composition and using an approximation of the material as pure
methane. This report finds that composition can “change the shape and location of the boundary of
the two-phase envelope,” which can significantly affect outflow. He presents an example with LNG
that is 90% methane held at 44 psi (3 bar) and —244 °F (120 K). For this example, the pure methane
approximation underpredicts initial outflow by nearly a factor of two. Within roughly 300 seconds,
the estimated flow rates converge to approximately the same value. In the case of an LNG carrier,
LNG is stored very near the normal boiling point, so two-phase flow effects are expected to be
minimal. Considering the overall uncertainty introduced by applying the orifice model to postulated
LNG release scenarios, approximating the outflow using pure methane properties will introduce
negligible additional uncertainty.

Transient Nature of Spills — For the idealized case of a gravity-driven release of liquid from a
hole in a vessel, the flow rate will decrease as the height of the liquid above the hole decreases, and
the flow will stop once the liquid level reaches the bottom of the hole. If appropriate for the scenario
postulated, this transient flow rate should be applied when modeling LNG carrier releases. For other
scenarios, it may be more appropriate to conservatively assume a constant outflow rate (i.e., at the
initial rate predicted by the orifice model).

2.2 SPREAD OF AN UNCONFINED POOL ON WATER

LNG is less dense than water and when spilled on water will form a floating pool that will spread
and evaporate. This section presents an evaluation of the methods for estimating the rate and extent
of LNG pool spread on water.

2.2.1 Review of Modeling Approaches

Fay (2003) — Fay presents a model based on a balance of fluid inertia and gravity force. This
model assumes the water surface is smooth.
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Lehr (2004) — Lehr applies a model based on a balance of fluid inertia and gravity force; the
model includes empirical constants, which he takes from Briscoe (1980). For large spills, Lehr
points out that spread may become controlled by a balance of viscous and gravity forces. However,
he concludes that the time at which this would occur would likely be longer than the expected burn
time for an LNG pool fire. This model assumes the water surface is smooth.

Quest (2001, 2003) — Quest also applied a model for spread based on a balance of fluid inertia
and gravity force. In addition, Quest attempted to account for the effects of waves on spread. The
waves were approximated by a cycloid function, and computations were performed to apply
boundary conditions on the basic gravitational spreading model. The effect of these boundary
conditions is that the pool stops spreading once the height of the LNG above the water level drops
below 60% of the wave height. An adjustment was also made for the increased water surface area
caused by the waves, which results in an increase in vaporization flux of 27%.

Other Methods — Several pool spread models are currently in use. Early spread models
published by Hoult (1972), Fay (1973), Shaw (1978), and others are based on the steady state
Bernoulli equation and approximate axisymmetric spread on water by:

where r = pool radius
Pw — P
Pw
h = mean pool height
P, = water density

p, = density of liquid in pool

9. =9

With this approach, spread is driven strictly by gravity, and the rate is given as a function of pool
height only.

Raj and Kalelkar (1974) derived a different spreading relationship, based directly on equating
gravitational force ( F; ) and inertial resisting force (F,), given by:

2
Feo =arh%pg, and F, = —C(ﬂrzhp)%

The constant C is introduced to account for the fact that the inertia of the entire pool is a fraction
2

of that given by use of the acceleration of the leading edge (%). Equating these forces and solving
for acceleration gives:

dr__g.h

dt? Crp

This approach also defines spread as driven strictly by gravity.
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Both of these approaches effectively ignore resistance to spreading as a result of friction. Some
authors acknowledge this fact and mention that viscous effects may be important for “large” LNG
spills on water.

One method, developed by Webber (as described in TNO 1997), does account for friction effects.
This approach is based on self-similar solutions of the shallow water equations and lubrication
theory. Webber’s formulation results in the following description of spreading:

d?r 4g,®h
-
dt? r F

inertia gravity resistance

where:
h
@ = coefficient, which is a function of Tf

h; = pool height at the leading edge
C = turbulent or laminar resistance force

In this formulation, resistance by turbulent or laminar friction effects is included, and Webber
provides methods for estimating the various values needed (e.g., @, C;).

To better understand the characteristics of these methods and to assess the importance of friction
effects for spills of interest in this report, two of these methods were implemented using an integral
solution approach. The methods implemented are those of Shaw (1978) and Webber (TNO 1997).
The method of Webber was chosen because it is the only one that includes friction effects. The
method of Shaw was chosen as representative of the methods based solely on gravitational spreading.
As shown by Otterman (1975), while the formulations of these gravitational spread methods vary,
they give very similar results. Otterman’s analysis included methods of Fay, Hoult, and Raj/
Kalelkar; note that the methods of Fay and Hoult included are equivalent to the method of Shaw as
presented above.

Implementation of the Shaw and Webber methods was accomplished with the assistance of the
Mathcad computer software (©1986-2000 MathSoft, Inc.). For the case of an LNG spill on water,
the solutions are simplified by the fact that pool temperature remains constant (at the boiling point)
and the evaporation heat flux is constant (based on either film boiling heat flux or burning rate). The
numerical solutions applied here also allow accounting for various types of spill sources, including
those that are transient.

Example pool spread scenarios and results from both the Shaw and Webber methods are shown
below. These scenarios involve spills of 4.4 x 10° ft* (12,500 m®) through 3.3-ft (1-m) and 16-ft
(5-m) diameter holes. These hole diameters were selected for the sensitivity analysis since they are
representative of potential ship damage as found in other vulnerability assessments. Results are
provided for two cases (1) assuming that a fire occurs immediately (at the beginning of the release)
and (2) assuming that no fire occurs. The spill duration is the time required to empty the volume of
liquid that is above the hole in the cargo tank.
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Pool Spread Scenario for Comparison of Shaw and Webber Models — Fire Case

Hole diameters: 3.3 ft (1 m) and 16 ft (5 m)
Initial liquid height above hole: 43 ft (13 m)
Total spill quantity: 4.4 x 10° ft* (12,500 m®)
Burning rate: 0.058 Ib/s/ft* (0.282 kg/s/m?)

Pool Spread Results for Comparison of Shaw and Webber Models — Fire Case

Hole diameter 3.3ft(1m) 16 ft (5 m)
Initial spill rate 11,700 Ib/s 290,000 Ib/s
(5,300 kg/s) (130,000 kg/s)

Total spill duration 33 min 1.3 min

Spread model Shaw Webber Shaw Webber

Maximum pool radius 250 ft 240 ft 790 ft 440 ft
(76 m) (74 m) (240 m) (130 m)

Total duration of fire 33 min 33 min 3.2 min 6.9 min

Pool Spread Scenario for Comparison of Shaw and Webber Models — Nonfire Case

Hole diameters: 3.3 ft (1 m) and 16 ft (5 m)
Total spill quantity: 4.4 x 10° ft* (12,500 m®)
Air temperature: 71 °F (22 °C)

Water temperature: 70 °F (21 °C)

Pool Spread Results for Comparison of Shaw and Webber Models — Nonfire Case

Hole diameter 3.3ft(1m) 3.3ft(5m)
Initial spill rate 11,700 Ib/s 290,000 Ib/s
(5,300 kg/s) (130,000 kg/s)

Total spill duration 33 min 1.3 min

Heat transfer to LNG pool 11,700 BTU/hr/ft? (37 kW/m?)

Spread model Shaw Webber Shaw Webber

Maximum pool radius 450 ft 430 ft 1,100 ft 550 ft
(140 m) (130 m) (340 m) (170 m)

Total evaporation duration 34 min 34 min 6.1 min 18 min

Conclusions from the analysis of the Shaw and Webber methods are that:

e For some of the LNG spills of interest in this report, Webber’s methods indicate that friction
effects on the LNG pool spreading over water are important, in particular, for large, short-
term releases. In a scenario involving a release of 4.4 x 10° ft* (12,500 m®) through a 16-ft
(5-m) diameter hole, Webber’s method predicts a maximum pool radius that is approximately
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half that predicted by the method of Shaw. On the other hand, for longer duration spills,
friction effects appear much less important. For a scenario involving a release of 4.4 x 10° ft®
(12,500 m?) through a 3.3-ft (1-m) diameter hole, the methods provide very similar results.

o When Webber’s method is modified to ignore friction effects, it produces results very similar
to those of Shaw. As TNO (1997) points out for this special case, Webber’s method reduces
to the same form as the basic gravitational methods (like Shaw), differing only by the

coefficient on the right side. Shaw effectively has a coefficient of V2 =1.41, and Webber
uses a coefficient of 1.64 (empirically derived).

e Webber’s method for determining the turbulent resistance term, C., involves taking the

larger of estimates for laminar or turbulent flow. The implementation here included both
factors, but for all of the scenarios examined, the turbulent factor dominated.

e A numerical solution to the spreading problem is desirable because it allows handling
transient spill sources, and therefore avoids artificially characterizing a spill as either
“instantaneous” or “continuous.”

2.2.2 Modeling Recommendations

Based on review of the literature and example implementation of the Shaw and Webber spread
methodologies, the method of Webber (as described in TNO 1997) is recommended. For many
scenarios (e.g., long duration releases), this method will provide results that are very similar to those
from the various methods based solely on gravity-driven spread. However, for some scenarios (e.g.,
large, short-duration releases), Webber’s method predicts significantly slower pool spread (as friction
effects become more important). Because Webber’s method (1) has a more sound theoretical basis
and (2) accounts for friction effects, these results are believed to be more realistic than those from the
simpler gravitational models that ignore friction effects.

It is also recommended that pool spread modeling be implemented in a way that avoids the need
to characterize spills as either “instantaneous” or *“continuous.” The integral approach taken in the
example implementation for this report accomplishes this. If desired, it can accommodate an
“instantaneous” release (i.e., a specified pool volume in the water at time zero) and/or a fixed or
transient release rate into the pool.

It is also useful to note that for some scenarios, detailed modeling of pool spreading is not
necessary. In particular, with a long-term (i.e., “continuous”) release, the pool will spread until the
evaporation rate (or burn rate, in the case of a pool fire) matches the rate of addition from the spill.
In a case such as this, the pool area can be estimated using the spill rate and the evaporation rate per
unit area. Of course, as with the Webber model, this is predicated on the assumption of smooth,
quiescent water.

Because the recommended spread model does not account for wave action or currents, it can only
provide an approximation of pool behavior. All LNG tankers transit waterways in tidal contact with
the ocean, and therefore are usually subject to tidal currents and wave action. However, when
unloading cargo at a marine terminal (in a protected slip or turning basin) tidal currents and wave
action may at times be minimal. Wave action will tend to increase the rate of heat transfer to the
spreading pool of LNG, which will increase the rate of LNG vaporization and limit the size of the
pool area. Water currents (tidal, river, etc.) and wave movement will tend to stretch the pool in the
direction of current flow and increase the size of the spill. Likewise, winds will tend to drag the LNG
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liquid pool in the direction of the wind flow, increasing the size of the spill area. However,
increasing wind will also increase the wave action on the spill. No existing model for an LNG spill
accounts for the simultaneous impacts of wind, current, and wave action on the spread of the spill.

The wave model of Quest (2001, 2003) appears to take a step in the right direction, but is not
recommended at this time. This method may lead to low estimates of pool area and evaporation
because it models waves as stationary objects, effectively assuming that the effects of wave
movement, wind, and currents are negligible. In the examples presented by Quest for wave heights
from 0.575 to 1.24 m, the pool (circle) area was reduced by more than 90%. The model does
recognize the increased water surface area within the circle, which Quest states results in an increase
in vaporization flux of 27%. However, because the pool radius is reduced so dramatically, the model
results in lower estimates for both pool radius and total evaporation rate (i.e., mass per unit time).
These results may be correct, but until the model is better developed and supported (experimentally
and/or theoretically), a more conservative approach is recommended.

This work did not include a comprehensive review of computer software for performing
spreading calculations. However, several available software programs implement gravitational
spreading methods and would be expected to provide reasonable results for scenarios where friction
effects are minimal. Examples of such software include SOURCES, which implements the methods
of Raj and Kalelkar (1974) and LPOOL (part of HGSYSTEM), which implements the methods of
Cavanaugh (1994). However, without applying a more complete model (like Webber’s), it may be
difficult to determine if friction effects are important. Webber’s work included development of a
computer model called GASP for the Health and Safety Executive in the U.K., but this software is
neither publicly or commercially available.

As a general rule, it may often be difficult to apply existing computer models if they provide
limited ability to specify input parameters. For example, if a software package is designed to
calculate heat transfer itself and does not calculate an appropriate value for LNG on water (as
discussed in Section 2.3), then the software could not be used for modeling the scenarios considered
in this study.

2.3 VAPOR GENERATION FOR UNCONFINED SPILLS ON WATER

As an LNG pool spreads on a water surface, the heat transferred from the water and other sources
will cause the liquid to evaporate. This section presents an evaluation of the methods for estimating
the rate of evaporation for spills on water.

2.3.1 Review of Modeling Approaches

Fay (2003) — This paper does not address vapor generation in a detailed manner, but for the
example calculations presented, a burn regression rate for pool fires is taken as 8 x 10 m/s
(evaporation rate of 0.34 kg/m?/s). This value is based on contributions to evaporation caused by
heat from the fire, giving a regression rate of 1.9 x 10 m/s (evaporation rate of 0.080 kg/m?/s), and
heat from the water, giving a regression rate of 5 x 10 to 7 x 10 m/s (evaporation rate of 0.21 to
0.30 kg/m?/s).

Lehr (2004) — This report primarily addresses pool fires and provides information about
vaporization only in the context of fire.
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Quest (2001, 2003) — Evaporation is assumed to be controlled by film boiling. Calculations
provide a heat flux to the LNG of 92 kW/m? and evaporation rate of 0.18 kg/m?/s. As mentioned in
Section 2.2, Quest attempted to account for the effects of waves on vapor generation by
approximating the waves as a cycloid function. Boundary conditions were applied to the spread
model, which resulted in smaller pool diameters. An adjustment was also made for the increased
water surface area caused by the waves, which results in an increase in vaporization flux of 27%.

Other Methods — One method available for estimating vapor generation for an LNG pool on
water is to calculate the heat transfer into the pool. Because the pool is at its normal boiling point,
heat added goes directly to vaporize a portion of the LNG. Those who have taken this approach
assume film boiling of the LNG and use correlations from heat transfer theory, such as that given by
Klimenko (1981), to calculate the heat transfer. During film boiling, a layer (or film) of pure methane
vapor forms between the liquid LNG pool and the water surface beneath it. Heat transfer between
the water and the LNG occurs by conduction and radiation through the vapor layer.

Models reviewed also assume that the water remains at a constant temperature that does not
decrease with time. Consequently, heat transfer from the water to the LNG pool can be assumed to
remain constant. No models were identified that attempt to quantify the convection heat transfer in
the water.

A second method for estimating vaporization from an LNG pool is simply to select a value from
the available experimental data. Some of the available data for spills of LNG on water are provided
in Table 2.1.

Table 2.1 Summary of Test Data for LNG Spilled on Water

Vaporization Associated
Rate Heat Flux
Reference Description (kg/m?/s) (kW/m?)
Burgess (1970) | U.S. Bureau of Mines tests
Tests in an aquarium (2 ft by 1 ft by 1 ft) 0.181 92
Ice film formed after approximately 20 '
seconds
Burgess (1972) | U.S. Bureau of Mines tests
Tests on a pond (70 m diameter and 8 m deep) 0.155 79
No ice formed
Boyle (1972) Shell Research Tests 0.024 10 0.195 12 10 99
Laboratory scale ' '
McQueen Esso Tests
(1972) Spill volumes from 0.8 to 10.8 m* 0.195 %9
Koopman 5 m® LNG spill tests at China Lake
(1979) Pool sizes ranged from 6.8 to 7.8 m radius 0.12100.15 6lto78
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Table 2.1 Summary of Test Data for LNG Spilled on Water (cont’d)

Vaporization Associated
Rate Heat Flux
Reference Description (kg/m?/s) (kW/m?)
Valencia- LNG Research Center at MIT
Chavez (1979) | Laboratory scale
Pure methane 0.05t0 0.23 2510120
Range is over a period of 100 seconds
Ice began to form
Tertiary LNG (82.9% C1, 10.1% C2, and 7%
C3)
Range is over a period of 90 seconds 0.02100.28 1010 140
Ice began to form

2.3.2 Modeling Recommendations

The literature reviewed consistently agrees that the rate of vaporization for a spill of a cryogenic
liquid on water will be controlled by the rate of heat transfer from the water into the LNG. Because
the pool is already at its normal boiling point, any heat added will go directly to vaporize the liquid.
Factors that affect the heat flux from the water include:

Convective heat transfer cells formed in the water below the spill

Water currents below the spill

Waves that could increase surface area

Ice formation between the spill and the water

The degree of spill confinement

The heat transfer phenomenon occurring at the surface (e.g., the boiling mechanism)

None of the literature reviewed attempt to account for all of these factors.

Regarding convection and water currents, the consensus approach is to assume that convection
and water currents are sufficient to keep the water well mixed and maintain the water temperature at
its initial level. As long as the quantity of water available is large compared to the spill volume, this
IS a reasonable assumption.

Regarding waves, the wave model of Quest (2001, 2003) is not recommended at this time (see
discussion in Section 2.2.2), and no other models were identified.

Regarding ice formation, the literature consistently indicates that ice can form when cryogenic
material is spilled on water in laboratory-scale experiments. However, in larger-scale experiments
(such as those on ponds), ice formation is minimal. For large LNG spills from carriers, it is
recommended to assume no ice formation.

Confinement should be considered on a site-specific basis. For most scenarios involving large
spills from LNG carriers, it is assumed that the spill will be unconfined. However, for narrow
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shipping channels, the spill will be confined by the shoreline, and the predicted unconfined pool
radius may exceed the width of the channel.

The literature indicates that LNG will boil on water in the film boiling regime for the majority of
the evaporation time, until almost all of the methane is evaporated. The film is a thin layer of pure
methane vapor between the liquid LNG pool and water surface below.

Chemical composition can also significantly impact LNG vaporization, as concluded by Conrado
(2000). However, this work, which simulated vaporization of (1) pure methane and (2) a 90%
methane and 10% ethane mixture, indicated that assuming pure methane underestimates total
evaporation time by 10 to 15%. In addition, the vaporization rates for pure methane and the
methane/ethane mixture match closely until much of the methane is evaporated. Given the overall
uncertainty in the analysis of large LNG spills on water, attempting to include effects of composition
is not warranted, at least for currently typical LNG compositions.

Considering all of the factors discussed above, it is recommended that vaporization be estimated
directly from the film boiling heat flux from the water to the LNG. The heat flux is the rate at which
heat is transferred from the water to the LNG. The water temperature is assumed constant and the
pool remains at the normal boiling point, so a constant heat flux value can be used. The evaporation
rate is then calculated directly from the heat flux and heat of vaporization for LNG.

The heat flux could be taken directly from experimental data; however, the available data for
LNG show significant spread. As noted by Waite (1983) regarding experimental work, “estimates of
the heat flux from water to liquefied gas pools have ranged over a factor of 4, from 25 kW/m? to 100
KW/mZ.” Our review here showed some even higher estimates. Notable reasons for wide variation in
experimental results include the (1) differences in the experimental setups, (2) differences in
measurement techniques, and (3) fact that evaporation rates were typically inferred from other data
(rather than measured directly).

Because of (1) the uncertainty in the experimental data and (2) the availability of a viable
theoretical model from heat transfer theory to help fill the gap in experimental data, it is
recommended that heat flux be estimated using film boiling heat transfer theory. This choice is also
supported by Waite (1983), who performed a simulation of some of the experiments for which data
are available, using a “typical film boiling heat flux of 25 kW/m®” and using a heat flux of 100
kKW/m?, “often used in LNG spill simulations,” for comparison. The conclusion of that comparison
was that the simulation using a film boiling heat flux better matched the experimental data than the
simulation with 100 kW/m?.

A correlation developed by Klimenko (1981) can be used to estimate the film boiling heat flux.
This method is also presented in TNO (1997) and Conrado (2000), and Appendix A provides a
sample calculation. In addition to the thermophysical properties of the substance, this method
depends upon the water temperature. For a water temperature of 68 °F (20 °C), the method estimates
a heat flux of 11,600 BTU/ft?/hr (37 kW/m?), which will generate an evaporation rate of 0.015 Ib/ft*/s
(0.072 kg/m?/s).

Of course, the heat transfer rate must also be used along with an appropriate method for
estimating pool spread, as discussed in Section 2.2. In the recommended spread model, heat flux to
the pool directly drives evaporation and, since the evaporation removes material from the pool, it also
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affects the rate and extent of pool spread, which in turn affects the downwind distance for flammable
vapor travel.

Given the relative uncertainty in the choice of heat flux, it is useful to examine the sensitivity of
final consequence analysis results (such as distance to the LFL predicted by an atmospheric
dispersion model) to the heat flux. To examine the sensitivity, calculations were performed with
three different heat flux values to see the effects on pool radius, evaporation time, and dispersion
distance. The heat flux values examined are 7,900 BTU/ft*hr (25 kW/m?), 11,600 BTU/ft*/hr (37
kW/m?), and 31,700 BTU/ft?/hr (100 kW/m?). The scenario and results are as follows:

Scenario for Evaporation Heat Flux Sensitivity Analysis

Hole diameter: 3.3 ft (1 m)

Initial liquid height above hole: 43 ft (13 m)

Total spill quantity: 4.4 x 10° ft* (12,500 m®)

Air temperature: 71 °F (22 °C)

Relative humidity: 50%

Wind speed: 6.7 mph (3.0 m/s) and 4.5 mph (2.0 m/s)
Surface roughness: 0.03 ft (0.01 m)

Pasquill-Turner stability class: D and F

Averaging time: 0 sec (i.e., peak concentrations are used)

Results for Evaporation Heat Flux Sensitivity Analysis

Hole diameter 3.3ft(1m)
Initial spill rate 11,700 Ib/s (5,300 kg/s)
Total spill duration 33 min
Spread model Webber
Film boiling heat flux to pool 7,900 BTU/hr/ft? | 11,700 BTU/hr/ft? | 31,700 BTU/hr/ft?
(25 kW/m?) (37 kKW/m?) (100 kW/m?)
Evaporation rate 0.010 Ib/ft?/s 0.015 Ib/ft’/s 0.040 Ib/ft’/s
(0.049 kg/m?/s) (0.072 kg/m?/s) (0.20 kg/m?/s)
Maximum pool radius 500 ft 430 ft 280 ft
(150 m) (130 m) (87 m)
Total evaporation duration 34 min 34 min 34 min
Wind speed and stability class 6.7 mph (3.0 m/s) and D stability
Downwind distance to LFL 6,200 ft 6,600 ft 4,300 ft
(1,900 m) (2,000 m) (1,300 m)
Time at which LFL reaches 38 min 33 min 33 min
maximum distance
Time at which entire cloud drops 42 min 37 min 37 min
below LFL
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Results for Evaporation Heat Flux Sensitivity Analysis (cont’d)

Wind speed and stability class 4.5 mph (2.0 m/s) and F stability

Downwind distance to LFL 9,200 ft 11,000 ft 5,600 ft
(2,800 m) (3,300 m) (1,700 m)

Time at which LFL reaches 38 min 44 min 26 min

maximum distance

Time at which entire cloud 43 min 48 min 29 min

drops below LFL

The downwind distance to the LFL is the maximum distance at which some of the released LNG
vapor is within the flammable range. Note that the vapor cloud continues to travel downwind and
disperse even after the spill stops and the pool completely evaporates.

This example shows that the chosen heat flux affects the distance to the LFL and the time at
which the maximum distance is reached.. For the heat flux values examined, downwind distances to
the LFL vary by approximately 54% in the case with D stability and approximately 94% in the case
with F stability. This example also illustrates the importance of selecting a best-estimate value for
the heat flux (as opposed to a “conservatively high” estimate). In this case, the heat flux value of
11,700 BTU/hr/ft? (37 kW/m?), as calculated using heat transfer theory, results in the longest
downwind distances.

This example also illustrates the importance of carefully characterizing the release source.
Dispersion results are sensitive to mass evaporation rate, source area, and release duration. In
addition, the example shows the importance of considering the transient nature of the large spills
addressed in this report. In this case, the total evaporation duration is approximately the same in all
three cases, but with the higher heat flux values, mass evaporation increases more rapidly, and the
majority of the total quantity is released in a shorter period of time. This effect is particularly evident
in this example because the spill rate decreases with time (i.e., a large fraction of the total spill
amount is added to the pool early in the release).

While this example provides valuable insights about the recommended methodology, it is
important to note that it does not represent a comprehensive sensitivity analysis; sensitivity may be
different for other types of scenarios and with other input parameter values.

24 THERMAL RADIATION FROM POOL FIRES ON WATER

A pool fire can result when LNG is spilled on water, forming a pool, and vapor evolving from the
pool is ignited. The fire above the pool continues to be fueled by evaporation from the pool. The
flames that form the pool fire emit thermal radiation, which can injure people and damage structures.
On water, LNG will spread and burn rapidly, so the fire will typically burn out shortly following the
end of the spill into the pool, at which time the thermal radiation hazard will cease. This section
presents an evaluation of the methods for estimating the distances at which thermal radiation levels
of concern might be reached if an LNG pool fire occurs.

19
<2 ABS Consulting

T AISK CONSULTING DIVISION



2.4.1 Review of Modeling Approaches

Fay (2003) — For the example calculations presented in this paper, the point source model is
employed. In this model, the energy generated by combustion is assumed to emanate from a single
point at the center of the pool fire. A key parameter for this model is the fraction of heat that is
emitted as thermal radiation. As Fay correctly points out, this point source model only applies at
large distances from the pool fire. A burn regression rate for pool fires is taken as 8 x 10™* m/s
(evaporation rate of 0.34 kg/m?/s). This value is based on contributions to evaporation caused by
heat from the fire, giving a regression rate of 1.9 x 10 m/s (evaporation rate of 0.080 kg/m?/s), and
heat from the water, giving a regression rate of 5 x 10 to 7 x 10 m/s (evaporation rate of 0.21 to
0.30 kg/m?/s). The fraction of heat that is emitted as thermal radiation is taken as 0.15.

Lehr (2004) — Lehr employs the solid flame model. The fire is represented as an upright
cylinder, and a form of the Thomas equation (Brown, 1974) is used to estimate the flame (cylinder)
height. Geometric view factors are used to compute the heat flux at a given receptor location, and
attenuation of the thermal radiation by the atmosphere is estimated using the work of Glastone
(1977). The paper states that experiments involving LNG pool fires on water show burn regression
rates that vary from 4 x 10 to 1 x 10" m/s (evaporation rate of 0.17 to 0.42 kg/m?/s) and references
Raj (1979). It further states that for larger continuous releases, the burn rate has been estimated as 2.5
x 10 m/s (evaporation rate of 0.11 kg/m?/s); for this value, the report references an unpublished
internal memo.

Quest (2001) — Quest also employs the solid flame model; however, in this case the fire is
represented as an upright (but tilted) elliptical cylinder. The elliptical shape and tilt attempt to
account for the effects of wind on the fire, which can increase the distance that damaging thermal
radiation can reach in the downwind direction. The Thomas (1965) correlation is used to calculate
flame length. Flame tilt is estimated using an empirical correlation from Welker (1970), and flame
drag (increasing the downwind dimension of the base of the flame) is calculated based on the work of
Moorhouse (1982). Quest also divides the flame into two zones: a clear zone and a smoky zone, in
which a portion of the flame is obscured by smoke. The length of the clear zone is calculated based
on work by Prichard (1992). The surface flux is calculated using an equation that depends on the
maximum surface flux, an extinction coefficient, and the pool diameter; however, no information is
given on the values used for the maximum surface flux or extinction coefficient. In the smoky zone,
the surface flux for the smoky areas is taken as 20 kW/m?, and the clear areas are taken as having the
same surface flux as the clean burning zone. The fraction of smoke in the smoky zone is taken as
10%. Geometric view factors are used to compute the heat flux at a given receptor location, and
attenuation of the thermal radiation by the atmosphere is estimated using the work of Wayne (1991).

Other Methods — Available pool fire models for hazard assessment purposes are predominantly
based on the solid flame model. The fire is represented as gray-body emitter, and the geometry is
approximated by an upright cylinder that is tilted as a result of wind. Geometric view factors are
available to calculate the thermal radiation that a given receptor would be exposed to, based on the
geometry of the cylinder. For hazard assessment purposes, hazard zones are often depicted as
circles, based on the maximum downwind distance to the level of concern (i.e., in the direction that
the flame is tilted) and centered on the base of the pool. However, it can be noted that in an actual
fire, flame tilt will result in a hazard zone with a roughly elliptical pattern, with upwind distances
being shorter than downwind distances.
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Detailed descriptions of solid flame models are available in many references. Perhaps the best
overall reference on the topic is Section 3/Chapter 11 of NFPA (1995); others include TNO (1997)
and Rew (1996).

The point source model is also sometimes used in hazard analysis. As mentioned above, in this
model the energy generated by combustion is assumed to emanate from a single point at the center of
the pool fire. The calculated energy is multiplied by a fraction that accounts for the fact that only
part of the energy will be emitted as thermal radiation.

Fire modeling can also be performed using computational fluid dynamics (CFD) methods (e.g.,
finite element analysis). These methods are often based on numerical solutions to the Navier-Stokes
equations but also often require use of some empirical data. CFD models are not normally used for
typical pool fire hazard assessments because they require significantly more effort to apply but
provide little or no benefit over the solid flame model when the goal is prediction of heat flux at
significant distances from the fire. CFD models do have a distinct advantage in cases where it is
necessary to model effects on objects engulfed in fire and in modeling fires with irregular geometry.
Detailed examination of CFD methods is beyond the scope of this study.

While LNG has been studied more than many substances, there are still relatively few data
available for use in determining the behavior of LNG pool fires. This is particularly true for very
large pool fires on water. No correlations are available to predict burning rate or surface emission
power for various pool sizes.

The data identified in this review are as follows:

From TNO (1997)

e Thomas (1963) correlation for flame length
e For an experimental LNG pool fire of 16.8-m diameter, a mass burning flux of
0.255 kg/s/m? is given (TNO Table 6.10)
e Mass burning fluxes for several flammable materials vs. pool diameter on water (TNO Table
6.11)
0 LNG on water — up to 13.7-m diameter: 0.94 kg/s/m?
0 LNG on water — 20-m diameter: 0.106 kg/s/m?
0 LNG on water — 35-m diameter: 0.14 kg/s/m?

From NFPA (1995)

e For unconfined, continuous spills, diameter will increase until burning rate matches spill rate
e Summary of Radiation Data on Hydrocarbon Pool Fires (NFPA Table 3-11.2)
0 Raj (1979) - 10 to 15 m pools: burning rate 4 to 10 x 10 m/s, 1400 K, average
emissive power of 220 kW/m?
0 Mizner (1983) — 20 m (diameter), LNG and LPG, burning rate 2.4 x 10* m/s
e Measured Emissive Powers and Radiation Temperatures for Various Liquid Hydrocarbon
Pool Fires (NFPA Table 3-11.4)
0 LNG on water: 8.5 to 15.0 m, emissive power 210 to 280 kW/m?, radiation
temperature 1500 K (estimated using narrow-angle radiometer data and spectral data)

21
<2 ABS Consulting

T AISK CONSULTING DIVISION



From Mizner (1983)

e Regarding China Lake tests, states that “From the LNG tests, surface emissive powers were
determined to be about 210 kW/m? for both the pool and cloud fires”

e Data reported for four tests at Maplin Sands in 1989: three continuous and one instantaneous.
All tests involved a cloud fire, and only one involved a pool fire. Report indicates that the
one pool fire probably did not last long enough to become fully developed. Continuous
releases were 3.2, 5.8, and 4.7 m*/s. Instantaneous release was 12 m®. Wind speeds ranged
from 4 to 6 m/s

e Surface emissive powers reported in “range from 137 kW/m? to 225 kW/m? with an overall
mean of 174 KW/m?”

e For Trial 39 (the only pool fire), emissive powers ranged from 178 kW/m? to 248 kW/m?,
with a mean of 203 kW/m?. Estimated pool diameter was approximately 30 m, flame length
ranged from 50 to 78 m, and tilt angle from 27 to 35 degrees

From Rew (1996)

e Work included a review of recent developments in hydrocarbon pool fire modeling and
development of a computer program called POOLFIREG
e For LNG on water, they chose the following parameters, based on a review of available test
data:
o Maximum burning rate: 0.282 kg/s/m?
o Emissive power: 265 kW/m?

2.4.2 Modeling Recommendations

While the point source model is computationally easier to apply, its chief disadvantage is that it
does not produce valid estimates for receptors close to the fire. At long distances (and assuming
other parameters such as burning rate, emissive power, and fraction of heat radiated are matched),
both the point source model and the solid flame model will provide equivalent results. Therefore, the
solid flame model is recommended, with the pool fire represented as a tilted cylinder.

Based on the literature reviewed, the values chosen by Rew (1996) for burning rate and emissive
power are recommended, namely a burning rate of 0.058 Ib/s/ft? (0.282 kg/s/m?) and emissive power
of 84,000 BTU/hr/ft? (265 kW/m?). The authors performed a reasonable review of the experimental
data, and our review for this work concurs with their choices. Comparisons only to data for the
larger scale spill tests tend to indicate that these are relatively conservative choices. Remaining
details of the recommended approach (e.g., correlations for flame height and tilt) are given in the
example calculations in Appendix C.

It is also important to note that the methods recommended here have generally been validated
against a broad range of the available experimental data. However, there are no experimental data
for pool fires as large as some of the sizes postulated for LNG carrier incidents. These are the best
currently available methods, but it is important to keep in mind that the methods are being used well
outside the range where they have been validated.

For rapid releases onto an unconfined water surface, pool spread can be estimated using a pool
spread model, as described in Section 2.2. However, in the case of a fire, heat transfer to the pool
from both the water and the fire itself must be included. The additional heat transfer (from the fire)
results in greater evaporation than in the nonfire case; this greater evaporation rate can affect pool
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spread. The chosen burning rate of 0.058 Ib/s/ft? (0.282 kg/s/m?) already accounts for both of these
contributions and corresponds to a heat transfer rate of approximately 46,000 BTU/ft*hr (140
kW/m?). The model accounts for the resulting evaporation in estimating the pool spread. Given the
relative uncertainty in the choices of burning rate and surface emitted flux, it is useful to examine the
sensitivity of final consequence analysis results (such as distance to a heat flux level of concern) to
the values of these parameters. To examine the sensitivity, calculations were performed using the
methods recommended in this report for an example scenario. The burning rates examined are 0.041
Ib/s/ft* (0.20 kg/s/m?), 0.057 Ib/s/ft? (0.28 kg/s/m?), and 0.074 Ib/s/ft* (0.36 kg/s/m?). The surface
emitted fluxes examined are 63,000 BTU/ft%/hr (200 kW/m?), 84,000 BTU/ft¥/hr (265 kW/m?), and
95,000 BTU/ft?/hr (300 kW/m?). The scenario and results are as follows:

Scenario for Burning Rate and Surface Emitted Flux Sensitivity Analysis

Hole diameter: 3.3 ft (1 m)

Initial liquid height above hole: 43 ft (13 m)
Total spill quantity: 4.4 x 10° ft* (12,500 m®)
Air temperature: 80 °F (27 °C)

Relative humidity: 70%

Wind speed: 20 mph (8.9 m/s)

Results for Burning Rate Sensitivity Analysis

Hole diameter 3.3ft(1m)
Initial spill rate 11,700 Ib/s (5,300 kg/s)
Total spill duration 33 min
Spread model Webber
Flame surface emitted flux 84,000 BTU/ft?/hr (265 kW/m?)
Burning rate 0.041 Ib/s/ft? 0.057 Ib/s/ft? 0.074 Ib/s/ft?
(0.20 kg/s/m?) (0.28 kg/s/m?) (0.36 kg/s/m?)
Maximum pool radius 280 ft 240 ft 220 ft
(90 m) (74 m) (66 m)
Total fire duration 33 min 33 min 33 min
Flame length (height) 790 ft 910 ft 1,000 ft
(240 m) (280 m) (310 m)
Flame tilt at maximum radius 34 deg 35 deg 37 deg
Downwind distance to 1,300 ft 1,200 ft 1,200 ft
12,000 BTU/hr/ft? (38 kW/m?) (380 m) (370 m) (370 m)
Downwind distance to 1,500 ft 1,500 ft 1,500 ft
7,900 BTU/hr/ft? (25 kW/m?) (450 m) (450 m) (440 m)
Downwind distance to 2,000 ft 2,000 ft 2,000 ft
3,800 BTU/hr/ft? (12 kW/m?) (600 m) (600 m) (600 m)
Downwind distance to 2,800 ft 2,800 ft 2,800 ft
1,600 BTU/hr/ft? (5 kW/m?) (860 m) (860 m) (850 m)
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Results for Surface Emitted Flux Sensitivity Analysis

Hole diameter 3.3ft(1m)

Initial spill rate 11,700 Ib/s (5,300 kg/s)

Total spill duration 33 min

Spread model Webber

Burning rate 0.057 Ib/s/ft* (0.28 kg/s/m?)

Maximum pool radius 240 ft (74 m)

Total fire duration 33 min

Flame length (height) 910 ft (280 m)

Flame tilt at maximum radius 36 deg

Flame surface emitted flux 63,000 BTU/ft’/hr | 84,000 BTU/ft*/hr | 95,000 BTU/ft’/hr
(200 kW/m?) (265 kW/m?) (300 kW/m?)

Downwind distance to 1,100 ft 1,200 ft 1,300 ft

12,000 BTU/hr/ft* (38 kW/m?) (330 m) (370 m) (400 m)

Downwind distance to 1,300 ft 1,500 ft 1,600 ft

7,900 BTU/hr/ft? (25 kW/m?) (400 m) (450 m) (470 m)

Downwind distance to 1,800 ft 2,000 ft 2,100 ft

3,800 BTU/hr/ft? (12 kW/m?) (540 m) (600 m) (630 m)

Downwind distance to 2,500 ft 2,800 ft 3,000 ft

1,600 BTU/hr/ft* (5 kW/m?) (760 m) (860 m) (900 m)

The results for burning rate sensitivity show that the distance estimates are not highly sensitive to
burning rate. There are competing factors at work here:

e As the burning rate rises, the maximum pool radius drops (since the LNG evaporates more
quickly, reducing the opportunity for spread).

e Flame length is a function of both burning rate and pool radius. Increasing either of these
results in a longer flame length. In the example above, the effect of burning rate dominates
this competition, and flame length drops with burning rate.

In the example above, increasing burning rate also increases flame length but decreases pool
radius. These are competing effects on estimated flux at downwind distances, and in this example,
the effect of increased pool diameter slightly dominates this competition. As a result, increasing
burning rate causes a decrease in the estimated distances to thermal flux levels of concern. For other
scenarios, distances may increase with increased burning rate, but as in this example, the distances
are expected to vary by relatively small percentages over this range of burning rates.

The results for surface emitted flux sensitivity show that the distance estimates are affected by
the value chosen. However, increasing the value by 50%, from 63,000 BTU/ft¥hr (200 kW/m?) to
95,000 BTU/ft?/hr (300 kW/m?), increases the distance estimates by only 18% to 21%.

So, while the burning rate and surface emitted flux are important parameters in the pool fire
analysis, it is useful to note that the distance results are not highly sensitive to the values chosen.
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In these examples, it can also be noted that the total fire duration matches the total spill duration.
This occurs because the pool spreads to the point where the burn rate matches the spill rate into the
pool, so following the initial spreading of the pool, the LNG burns at the same rate that it is spilled.

While this example provides valuable insights about the recommended methodology, it is
important to note that it does not represent a comprehensive sensitivity analysis; sensitivity may be
different for other types of scenarios and with other input parameter values.

This work did not include a comprehensive review of computer software for performing pool fire
consequence assessment. However, the majority of software currently available for modeling pool
fires is based on the same basic approach recommended here (solid flame model, tilted cylinder).
This includes software packages like LNGFIRE and POOLFIRE6. However, as was stated in the
case of software for pool spread estimation in Section 2.2.2, existing software for pool fire modeling
may be difficult to apply to large LNG spills on water if they provide limited ability to specify input
parameters.

2.5 FLAMMABLE VAPOR DISPERSION FOLLOWING SPILLS ON WATER

If LNG is spilled on water but not ignited immediately or soon after the spill, the LNG will
evaporate. The vapor will mix with air and move downwind. The resulting vapor cloud could cause
a flash fire if ignited before it is diluted below the LFL. This section presents an evaluation of the
methods for estimating distances that flammable vapors might reach.

2.5.1 Review of Modeling Approaches
Fay (2003) — This paper does not address vapor dispersion.
Lehr (2004) — This paper does not address vapor dispersion.

Quest (2001) — To estimate the distance to the LFL, Quest used a dispersion modeling software
package that it sells commercially, which it states is based on the SLAB model. The DEGADIS
dispersion model was also used.

Other Methods — For flash fires, the level of concern is typically defined as either the LFL or %
the LFL for the substance. Therefore, modeling of flash fires is primarily a matter of applying a
dispersion model. This work did not involve a detailed review of dispersion models, but it is clear
that for large releases of LNG, dense-gas effects will be important and must be accounted for in the
model used. Several such models are available in the form of freely available software, including
DEGADIS, SLAB, and HGSYSTEM. In addition, several commercial software packages include
models for dense-gas effects.

For further information, reviews and validation studies for various dispersion models have been
conducted by a variety of organizations. Examples include EPA (1991) and API (1992).

2.5.2 Modeling Recommendations

When considering large releases of LNG, dense-gas effects are important and must be accounted
for in any model selected. Among the dispersion models appropriate for large LNG spills,
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DEGADIS was selected for use (see example problems in Section 3). DEGADIS accounts for dense-
gas effects and was originally developed for simulation of cryogenic flammable gas dispersion,
particularly for LNG. It has been validated against a wide range of laboratory and field test data.
Chapter 6 of GRI (1990) provides information on the comparison of DEGADIS predictions with
field test data from the Burro and Maplin Sands tests. In addition, APl (1992) indicates that
DEGADIS tends to overpredict by less than a factor of two for simulations with short averaging
times. This is based on comparisons with field test data, including data from the Burro, Coyote,
Desert Tortoise, Goldfish, Maplin Sands, and Thorney Island tests.

Furthermore, the federal siting requirements for onshore LNG facilities (49 CFR 193) specify the
use of DEGADIS for the determination of dispersion distances. As recognized by 49 CFR 193,
DEGADIS does not account for additional dispersion caused by “the complex flow patterns induced
by tank and dike structure(s).” For cases where dense gas flow obstructions are a concern, the
regulation allows dispersion distances to be calculated with the FEM3A model (see GRI 1997).
However, for most hazard assessment purposes, including facility siting analyses, modeling of
complex terrain is not necessary.

For flammable vapor dispersion distance calculations, the level of concern is sometimes taken as
the LFL, and there is some regulatory basis for this choice in EPA’s risk management program rule
(40 CFR 68). However, the level of concern is also often defined as %2 the LFL to account for
localized pockets of higher gas concentrations that may occur in an actual release. Use of Y2 the LFL
for LNG is also supported by 49 CFR 193, which specifies use of an average gas concentration in air
of 2.5 percent for onshore exclusion zones. For the example calculations presented in Section 3,
distances are provided for both the LFL and % the LFL.

As is the case any time one models dispersion of flammables, it is recommended that a short
averaging time (not more than a few seconds) be used because a flammable cloud need only be
within the flammable range for a very short time to be ignited. It is also important to appropriately
represent the topography downwind of the release point. For many dispersion models, topography is
characterized by a surface roughness value, which the model uses in accounting for the effects of
terrain on dispersion of the cloud. In general, a rougher surface will tend to cause more mixing with
ambient air, and therefore more rapid dispersion of a vapor cloud.

2.6 RAPID PHASE TRANSITIONS

An RPT may occur during an LNG spill when a portion of the pool changes from liquid to gas,
virtually instantaneously. This vaporization will rapidly expel LNG vapor into the atmosphere and
can generate an overpressure. The vaporization may also increase the downwind distance where the
LFL is reached or it may affect the size of a pool fire. RPTs have occurred during LNG spill tests on
water. An RPT is a physical explosion of a liquid that does not involve fire or other chemical
reactions.

2.6.1 Literature Review

Fay (2003), Lehr (2004), and Quest (2001) — These documents do not address RPTs.
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Other Literature — The literature reveals that RPTs are a poorly understood phenomenon. They
have occurred in small and large simulated spill releases of LNG on water. The water is very hot with
respect to the LNG, which has a normal boiling point of approximately -260 °F. Typical sea water
temperatures range from 30 °F to 80 °F. The large temperature difference between the sea water and
the LNG results in a very rapid vaporization of the LNG.

Sometimes, the RPT occurs after the spill, as the LNG vaporizes. Some have speculated that the
differential boiling (i.e., change in composition as methane boils off first) may play a role in the RPT
initiation. In some incidents, more than one RPT has occurred during a single spill event.

Although the physical mechanism for the rapid vaporization is not well understood, if it proceeds
fast enough, an overpressure wave may be formed. In some test cases, overpressures generated were
strong enough to damage test equipment in the immediate vicinity of the LNG release point. The
sizes of the overpressure events have been generally small, with a maximum TNT equivalence
estimated at several pounds of TNT. Such a small overpressure event is not expected to cause
significant damage to an LNG vessel. However, the RPT may increase the rate of LNG pool
spreading and the LNG vaporization rate.

Atallah (1997) surveyed the literature on RPTs for the Gas Research Institute. Atallah’'s study
reviewed available experimental and theoretical studies of RPTs for liquid metal-water and LNG-
water systems. Atallah’s work provides a good summary of what is known about RPTs.

The survey of the LNG-water releases yields the following conclusions:

1. Rapid phase transitions have been observed in many field tests of spills of LNG on a water
surface

2. Increasing the spill rate increases the effective explosive yield of an RPT event (Atallah, pg.
3-17, Figure 3.7)

3. The largest explosive yield of an RPT event observed in a field test was equivalent to an

explosion of 5.5 kg of TNT (Atallah, pg. 3-21, Table 3.11)

RPT events did not occur in every spill test

No existing theory for RPT events can account for all of the observed test data

There is no existing theoretical method to predict the severity of an RPT event involving the

release of the LNG from an LNG carrier onto water

o oas

2.6.2 Modeling Recommendations

Modeling of RPTs could be useful for two types of effects: (1) overpressure resulting from the
rapid phase change and (2) dispersion of the “puff” of LNG expelled into the atmosphere by the
RPT.

Although the possibility of an RPT igniting a vapor cloud was mentioned by Vallejo (2003), the
experimental results reviewed do not indicate that ignition is likely. Unfortunately, no theoretical or
experimental basis could be identified for modeling either the overpressure or source term effects.
Regarding overpressure, the literature suggests that damage might be limited to the immediate
vicinity of the RPT event; that is, that overpressures decrease rapidly with distance. On the other
hand, none of the spill tests reported involve spills of the magnitude of interest in this report.

Regarding the “puff” of LNG entering the atmosphere in an RPT, an example dispersion analysis
was performed. The purpose of this analysis is to examine the importance of an RPT in estimating
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downwind flammable concentrations. The analysis looks at three scenarios: (1) a base case releasing
1.8 x 10° ft* (5,000 m®) through a 9.8-ft (3-m) hole without an RPT occurring, (2) the base case
modified by assuming that an RPT occurs at 2 minutes and the entire mass remaining in the pool is
released to the atmosphere within 30 seconds and that the source area used as input into a dispersion
model is twice the pool area at the time of the RPT, and (3) the base case modified by assuming that
an RPT occurs at 2 minutes and the entire mass remaining in the pool is released to the atmosphere
within 30 seconds with the source area remaining equal to the pool area at the time of the RPT. The
source area is the area over which the vapor cloud originates; in the case of an evaporating pool
(without an RPT), this is simply the pool area.

These scenarios are designed to at least roughly follow some of the anecdotal information from
the literature, in particular, the cases where a spill occurs and the RPT follows within a couple of
minutes. This example is pursued simply to explore the possible effects of RPT on dispersion of a
flammable cloud; there is no precedent in the literature for the chosen modeling approach.

The scenario parameters and results are as follows:

Scenario for Analysis of RPT Influence on VVapor Dispersion

Hole diameter: 9.8 ft (3 m)

Total spill quantity: 1.8 x 10° ft* (5,000 m®)

Air temperature: 70 °F (21 °C)

Water temperature: 70 °F (21 °C)

Relative humidity: 50%

Wind speed: 6.7 mph (3.0 m/s)

Surface roughness: 0.03 ft (0.01 m)

Pasquill-Turner stability class: D

Averaging time: 0 sec (i.e., peak concentrations are used)

Results for Analysis of RPT Influence on Vapor Dispersion

RPT at 2 min with

Base Case Pool Radius RPT at 2 min with Pool
Scenario (No RPT) Doubled Radius Held Constant
Maximum pool radius 410 ft 310 ft (93 m) 310 ft (93 m)
(from spread calculations) (125 m) spread at 2 min spread at 2 min
Maximum source radius for 410 ft 610 ft (186 m) 310 ft (93 m)
dispersion modeling (125 m) twice pool radius at pool radius at 2 min

2 min

Total evaporation duration 13 min 2.5 min 2.5 min
Downwind distance to LFL 6,600 ft 7,500 ft 7,500 ft

(2,000 m) (2,300 m) (2,300 m)
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In this example, the “puff” of LNG released into the atmosphere by the RPT does have some
impact on downwind distances since it generates vapor more rapidly and results in longer distances
to the LFL. However, the assumptions here are probably more severe than would be expected in an
actual RPT since the majority of the original volume goes into the atmosphere in a 30-second period.
This is not a comprehensive analysis; results could be different for different scenarios and/or input
parameters. However, it gives some indication that for scenarios like this short-term release, an RPT
may not result in estimates of dispersion distances that are much longer than what is expected with
similar scenarios that do not involve RPTs.

2.7 EFFECTS OF THERMAL RADIATION ON PEOPLE

This section provides an overview of data and methods for estimating the effects on people and
structures that result from thermal radiation exposure.

2.7.1 Review of Data and Effects Models

The extent to which people are injured by exposure to thermal radiation depends on both the
incident heat flux and the exposure time. The data used in estimating effects on people include those
from:

e Experiments with humans (at lower levels of thermal radiation)
e Experiments with animals
e Review of historical data from actual thermal radiation burn incidents

Based on these data, various researchers have presented estimates of effects primarily in the form
of (1) tabulated radiation levels and exposure times for various effects and (2) probability unit
(probit) models that allow estimating the probability of various effects, typically based on a thermal
load (i.e., the time integral of radiation intensity to an empirically derived power).

Detailed summaries of available data and models are provided in references such as Lees (1996)
and TNO (1992). This report does not provide as detailed a summary as these references; rather, it
presents examples of data that are appropriate for hydrocarbon fires and are frequently used when
selecting levels of concern for hazard assessment purposes, such as facility siting analyses.

Tabulated effects for various radiation levels and exposure times include the following:

e Table 2.2 — Burn injury criteria from the Federal Emergency Management Agency (FEMA,
1990)

e Table 2.3 — Exposure limits recommended by API (1997) for exposure of workers to thermal
radiation from flares

e Table 2.4 — Burn injury estimates for fireballs given by Prugh (1994). Note that these data
are based on thermal dose, which is the time integral of radiation intensity. These data are
also based on short-duration exposures (i.e., on the order of a minute or less)
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Table 2.2 Thermal Radiation Burn Injury Criteria from FEMA (1990)

Thermal Radiation Intensity Time for Severe Time for Second-
BTU/hr/ft? kW/m? Pain (sec) degree Burns (sec)

300 115 663

600 2 45 187

1000 3 27 92

1300 4 18 57

1600 5 13 40

1900 6 11 30

2500 8 7 20

3200 10 5 14

3800 12 4 11

Table 2.3 Permissible Thermal Radiation Exposure for Flares from API 521 (1997)

Thermal Radiation Intensity

BTU/hr/ft? kW/m? Type of Damage
500 1.6 Permissible level at any location where personnel are continuously

exposed

1,500 4.7 Permissible level in areas where emergency actions lasting several
minutes may be required by personnel without shielding but with
appropriate clothing

2,000 6.3 Permissible level in areas where emergency actions lasting up to 1
minute may be required by personnel without shielding but with
appropriate clothing

3,000 95 Permissible level in areas where exposure to personnel is limited to
a few seconds, sufficient for escape only

The values shown in Table 2.3 are measures of heat per unit area as a function of time. Table 2.4
shows cumulative heat received over time. For example, exposure to a flux level of 5 kW/m? (approx.
1,500 BTU/hr/ftZ) for 30 seconds results in a thermal dose of 150 kJ/m? and causes second-degree burns.
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Table 2.4 Thermal Dose Data for Exposure to Fireballs from Prugh (1994)

Thermal Dose | (t)dt
kJ/m? BTU/ft’ Type of Injury
40 35 Threshold of pain
100 8.8 Sunburn (first-degree burn)
150 13 Blisters (second-degree burn)
250 22 1% fatal (third-degree burn)
500 44 50% fatal (third-degree burn)
1200 106 99% fatal (third-degree burn)

Available probit models include the relations shown in Table 2.5 (TNO, 1992). In these
4

empirically derived relations, tl3 is referred to as the thermal load. The probit value (Pr) is a
Gaussian-distributed, random variable with a mean value of 5.0 and a standard deviation of 1.0. The
probit value is related to probability by the following:

1 Pr-5 —u®
Probability = — I e 2 du

NPY3

Table 2.5 Probit Models for Injury by Thermal Radiation from TNO (1992)

Probit Equation Effects
Pr = —39.83+3.0186 In(t %) First-degree burns
Pr = —43.14 + 3.0186 In(tl g) Second-degree burns
Pr = —36.38 + 2.56 In(t! g) Lethality

In addition to radiation intensity and time, it is important to keep in mind that other factors can
strongly affect the extent of injury to people that is caused by thermal radiation:

Protection afforded by shelter

Protection afforded by clothing

Contribution of solar radiation to total exposure (250-330 Btu/hr-ft?)
Susceptibility of individual exposed

Response of individual (e.g., ability to take shelter)
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2.7.2 Selecting Levels of Concern

As in all hazard assessment activities, thermal radiation levels of concern must be chosen with
the nature of (1) the potentially exposed population and (2) the potential fire events. For example,
permissible levels could be defined differently for (1) workers in a process plant who are wearing
protective clothing, (2) areas where people are generally not present but could have access, or (3)
sensitive populations, such as the elderly.

For purposes of onshore facility siting analysis, 49 CFR 193 and NFPA 59A specify a level of

concern of 1,600 BTU/hr/ft? (5 kW/m?). Based on the information presented in Section 2.7.1, 1,600
BTU/hr/ft? (5 KW/m?) could be expected to cause the effects summarized in Table 2.6.

Table 2.6 Effects on People for 1,600 BTU/hr/ft? (5 kW/m?) Thermal Radiation

Exposure Time

Effect (seconds) Data Source
Severe pain 13 Table 2.2
First-degree burns 20 Table 2.4

(5 kW/m? for 20 seconds corresponds to a
thermal dose of 100 kJ/m?)

Second-degree burns 30 Table 2.4
(5 kW/m? for 30 seconds corresponds to a
thermal dose of 150 kJ/m2)

40 Table 2.2
Third-degree burns (1% 50 Table 2.4
fatality) (5 kW/m? for 50 seconds corresponds to a
thermal dose of 250 kJ/m?)
72% probability of first-degree 40 Table 2.5

burns

This level of 1,600 BTU/hr/ft? (5 kW/m?) is applicable to short duration events, such as fireballs.
It is also applicable to the early stages of longer duration events, such as pool fires, provided that the
potentially exposed population will have both opportunity and capability to quickly take cover.

2.8 EFFECTS OF THERMAL RADIATION ON STRUCTURES

2.8.1 Review of Data and Effects Models

Like effects of thermal radiation on people, effects on structures also depend on incident heat
flux and the exposure time. With structures, effects also depend strongly on the materials of
construction (e.g., wood, steel, concrete).

Tabulated effects for various radiation levels and exposure times include the following:

e Table 2.7 — Damage criteria from the World Bank (1988) based on observations of large fires
e Table 2.8 — Critical intensity levels presented by TNO (1992)
e Table 2.9 — Various thermal radiation limits presented by Lees (1996)
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Unless otherwise noted, these tabulated intensity levels and effects are applicable for long-term
exposure, which is very generally considered to be on the order of 30 minutes or more.

Table 2.7 Structure Damage Criteria for Thermal Radiation Exposure from World Bank

(1988)
Thermal Radiation Intensity
BTU/hr/ft’ KW/m? Type of Damage

11,890 37.5 Sufficient to cause damage to process equipment (e.g., steel
structures and equipment)

7,930 25.0 Minimum energy required to ignite wood at indefinitely long
exposures without a flame

3,960 125 Minimum energy required to ignite wood
with a flame or cause melting of plastic tubing

Table 2.8 Damage Resulting from Thermal Radiation for Various Materials from TNO (1992)

Critical Radiation Intensity* (kW/m?)
Type of Damage Damage Level 1 Damage Level 2°
Steel 100 25
Wood 15 2
Synthetic materials 15
Glass 4 -

! Radiation intensity that can cause damage from long-term exposure.

2 Damage Level 1: Surfaces of exposed materials catch fire and structural elements collapse or rupture.

® Damage Level 2: Surfaces of exposed materials experience serious discoloration as well as paint peeling, and
structural elements undergo substantial deformation.

A more accurate assessment of structural damage requires performing heat balance calculations
to determine the resulting surface temperature for comparison with acceptable temperatures for the
particular structure. TNO (1992) presents a discussion and example of such calculations. In addition,
Chapters 9, 10, and 11 of NFPA (1995) present analytical methods for determining fire resistance of
steel, concrete, and timber members.

2.8.2 Selecting Levels of Concern

For large incidents involving LNG spills on water, selection of levels of concern is complicated
by the fact that fire incidents may be brief, perhaps on the order of 5 minutes for a pool fire involving
a rapid spill of the contents of a single membrane tank from a carrier. However, the general guidance
on damage to structures (e.g., intensity levels presented in Section 2.8.1) is based on long-term
exposure (perhaps 30 minutes or more).
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Table 2.9 Various Thermal Radiation Limits for Structures from Lees (1996)

Thermal Radiation Intensity Limit

(BTU/hr/ft?) (kW/m?) Limit Description
Design Guidance from Kletz (1980)
12,000 38 Intensity on storage tanks
4,000 125 Intensity on wood or plastics
1,600 5 Intensity on people performing emergency operations
Design and Assessment Guidance from British Standard 5908 (BS 5908, 1990)
12,000 375 Intensity at which damage is caused to process equipment
7,900 25 Intensity at which nonpiloted ignition of wood occurs
4,000 125 Intensity at which piloted ignition of wood occurs
Design and Assessment Guidance from Mecklenburgh (1985)
4,400 14 Intensity which normal buildings should be designed to
withstand
3,200 - 3,800 10-12 Intensity at which vegetation ignites
Assessment Guidance from Dinenno (1982)
9,500 30 Spontaneous ignition of wood
4,800 15 Piloted ignition of wood
6,300 20 Ignition of No. 2 fuel oil in 40 seconds
3,200 10 Ignition of No. 2 fuel oil in 120 seconds
5,700 - 6,300 18-20 Cable insulation degrades
3,800 12 Plastic melts
12,000 37.5 Equipment damage
2,900 9 Equipment damage — conservative value used in flare

system design

The data presented in Section 2.8.1 show some variations in intensity levels and associated
effects. However, the data are relatively consistent, and for long-term exposure, some reasonable

choices for levels of concern and associated types of damage are as follows:

12,000 BTU/hr/ft? (38 KW/m?) — Damage to process equipment and storage tanks

7,900 BTU/hr/ft? (25 kW/m?) — Ignition of wood without direct flame exposure
3,800 BTU/hr/ft? (12 kW/m?) — Piloted ignition of wood, melting of plastic, ignition of

vegetation

Of course, the appropriate levels of concern for a specific site depend on the materials present.
For example, in an area with a wooden structure, a value of 7,900 BTU/hr/ft* (25 kW/m?) might be
appropriate if there are no combustibles in the area that are more vulnerable. However, if vegetation
or other more vulnerable combustibles are present, a level of 3,800 BTU/hr/ft? (12 kW/m?) may be

more appropriate, particularly if ignition of these materials could initiate a larger fire.
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These levels could be used as general guidelines for fire events of any duration, but they will tend
to be very conservative for short-duration fires. For example, some steel structures could be exposed
to much higher intensities for short durations without their temperatures rising to damaging levels.
However, as noted previously, heat balance calculations are generally required to evaluate the
intensities/durations that a specific structure can withstand. To minimize the need for heat balance
calculations, the above levels of concern could be employed, and detailed analysis could be used on a
case-by-case basis when structures have the potential for exposure to fires of shorter duration.
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3 CONSEQUENCE ASSESSMENT EXAMPLES

This section presents some example consequence analysis results using the methods
recommended in Section 2. The scenarios presented here are chosen to illustrate the various analysis
methods and are not intended to model any specific facility. For these examples, site-specific
parameters (e.g., atmospheric conditions, surface roughness) were chosen either to match values used
in other studies (for comparison purposes) or values required by 49 CFR 193 for LNG facility siting.
For actual analysis of a site, these parameters must be selected based on site conditions and the goals
of the analysis.

Detailed computations and computer output data for the samples in this section are provided in
Appendices B (release rates), C (pool fires), and D (vapor dispersion). The computations presented
in those appendices were performed with the assistance of the Mathcad computer software (©1986-
2000 MathSoft, Inc.).

3.1 RELEASE RATES

As mentioned in Section 2, the orifice model is recommended, although only for providing a
rough guide to the rate of release for a given hole size. As an example, Figure 3.1 presents estimated
release rates for a few hole sizes.

For these calculations, the height of the LNG above the hole was taken as 43 ft (13 m). This is an
approximate value for the height of the LNG above the water level in a membrane-type carrier. The
discharge coefficient was assumed to be 1.0. The calculations of these values are presented in
Appendix B.

3.2 POOL FIRES

This section presents the results of example pool fire calculations for an LNG spill on water. The
scenarios examined are fires following spills from 3.3-ft (1-m) and 16-ft (5-m) holes in an LNG
carrier just above the waterline. In both cases, the holes are assumed to be uniform in diameter and
to penetrate through the outer and inner hulls and the cargo tank. The 3.3-ft (1-m) diameter hole
represents a relatively long duration event, and the 16-ft (5-m) diameter hole represents a more rapid,
short duration release. These example calculations are intended only as demonstrations of the
modeling methods. The results should not be taken as a consequence assessment for any specific
facility. Evaluation of a specific facility requires input parameter values based on site-specific
conditions, and analysis of different or additional scenarios may be appropriate.
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Figure 3.1 Estimated LNG Release Rates Based on Orifice Model

For these examples, it is assumed that the amount of LNG above the hole is 4.4 x 10° ft* (12,500
m?®), and the orifice model is used to estimate outflow, with flow rate dropping as the liquid level
above the hole drops. It is assumed that the spill is ignited immediately upon release. The scenarios
and input parameter are summarized as follows:

Scenarios

Hole diameters: 3.3 ft (1 m) and 16 ft (5 m)

Initial liquid height above hole: 43 ft (13 m)
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Total spill quantity: 4.4 x 10° ft* (12,500 m®)

Air temperature: 80 °F (27 °C)

Relative humidity: 70%
Wind speed: 20 mph (8.9 m/s)

Flame surface emitted flux: 84,000 BTU/hr/ft* (265 kW/m?)

Burning rate: 0.058 Ib/s/ft* (0.282 kg/s/m?)

Table 3.1 summarizes the results of the pool fire calculations for these scenarios. The detailed
calculations are provided in Appendix C. Note that the results for the 3.3-ft (1-m) hole show that the
total fire duration matches the total spill duration. This occurs because the pool spreads until the
burning rate matches the spill rate into the pool. For the 16-ft (5-m) hole, the spill is much more
rapid, lasting only 1.3 minutes, and the pool does not have enough time to spread to the point where
the burn rate matches the spill rate. However, the large mass in the pool does result in a much larger
pool, and therefore the spilled material burns in a much shorter time.

Table 3.1 Summary of Results for Example Pool Fire Calculations

Hole diameter 3.3ft(1m) 16 ft (5 m)
Initial spill rate 11,700 Ib/s (5,300 kg/s) 290,000 Ib/s (130,000 kg/s)
Total spill duration 33 min 1.3 min
Maximum pool radius 240 ft (74 m) 440 ft (130 m)
Total fire duration 33 min 6.9 min
Flame length (height) 910 ft (280 m) 1,400 ft (430 m)
Flame tilt at maximum radius 35 deg 31 deg
Downwind distance to 1,200 ft (370 m) 2,000 ft (600 m)
12,000 BTU/hr/ft? (38 kW/m?)

Downwind distance to 1,500 ft (450 m) 2,400 ft (720 m)
7,900 BTU/hr/ft? (25 kW/m?)

Downwind distance to 2,000 ft (600 m) 3,200 ft (980 m)
3,800 BTU/hr/ft? (12 kW/m?)

Downwind distance to 2,800 ft (860 m) 4,600 ft (1,400 m)

1,600 BTU/hr/ft* (5 kW/m?)

3.3 FLAMMABLE VAPOR DISPERSION

This section presents the results of example dispersion calculations for an LNG spill on water.
The scenarios examined are spills that are not immediately ignited and disperse downwind. Spills
are from 3.3-ft (1-m) and 16-ft (5-m) holes in an LNG carrier just above the waterline. For these
examples, it is assumed that the amount of LNG above the hole is 4.4 x 10° ft* (12,500 m®) and the
orifice model is used to estimate outflow, with flow rate dropping as the liquid level above the hole

drops.
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These are the same scenarios presented in Section 3.2 for pool fires, except in this case it is
assumed that ignition does not occur immediately and ambient conditions are different. Also, as
stated above for pool fires, these example calculations are intended only as demonstrations of the
modeling methods. The results should not be taken as a consequence assessment for any specific
facility. Evaluation of a specific facility requires input parameter values based on site-specific
conditions, and analysis of different or additional scenarios may be appropriate.

The scenarios and input parameters are summarized as follows:

Scenarios

Hole diameters: 3.3 ft (1 m) and 16 ft (5 m)

Total spill quantity: 4.4 x 10° ft* (12,500 m®)

Air temperature: 71 °F (22 °C)

Water temperature: 70 °F (21 °C)

Relative humidity: 50%

Wind speed: 4.5 mph (2.0 m/s)

Surface roughness: 0.03 ft (0.01 m)

Pasquill-Turner stability class: F

Averaging time: 0 sec (i.e., peak concentrations are used)

Table 3.2 summarizes the results of the source term and dispersion calculations for these
scenarios. The detailed source term calculations are provided in Appendix D, and dispersion
calculations were performed using DEGADIS.

Table 3.2 Summary of Results for Example Dispersion Calculations

Hole diameter 3.3ft(1m) 16 ft (5 m)
Initial spill rate 11,700 Ib/s (5,300 kg/s) | 290,000 Ib/s (130,000 kg/s)
Total spill duration 33 min 1.3 min

Heat transfer to LNG pool 11,700 BTU/hr/ft® (37 kKW/m?)
Maximum pool radius 430 ft (130 m) 550 ft (170 m)
Total evaporation duration 34 min 18 min
Downwind distance to LFL 11,000 ft (3,300 m) 13,000 ft (3,900 m)
Time at which LFL reaches maximum distance 44 min 35 min

Time at which entire cloud 48 min 38 min
drops below LFL

Downwind distance to ¥ LFL 16,000 ft (4,800 m) 18,000 ft (5,500 m)
Time at which % LFL reaches 53 min 45 min
maximum distance

Time at which entire cloud 58 min 48 min
drops below %2 LFL
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4 LNG RELEASE PREVENTION AND MITIGATION MEASURES
41 INTRODUCTION

This section outlines current measures that the international community, individual governments,
shipping companies, and associated facilities employ to prevent and mitigate potential LNG releases
from LNG carriers. Specifically, the section covers the following areas:

e Equipment overview
o0 Brief descriptions of the basic types of LNG carriers (Section 4.2)
e Prevention measures

0 Regulatory and industry approaches for LNG carrier design (Section 4.3.1)

o Design and operational features pertinent to release prevention (Sections 4.3.2 and
4.3.3)

0 Security measures pertinent to release prevention (Section 4.3.4)

e Mitigation measures

0 Measures that can help mitigate releases once they occur, whether they are accidental
releases or releases caused by security incidents (Section 4.4)

4.2 EQUIPMENT OVERVIEW

LNG is transported at sea in three basic types of carriers — membrane ships, independent
prismatic tank ships, and independent spherical tank ships. Each of these types of carriers must meet
international and U.S. Coast Guard (USCG) requirements before they receive the various approvals
that are required to allow them to operate in U.S. waters. Because there are different cargo tank
designs that fall into the three classes of LNG carriers referenced above, this report does not describe
the specifics of LNG carrier tank design. Since this report was not developed to reflect a specific
cargo tank design, that information is not within the scope of this study.

However, all current LNG cargo tanks either provide two barriers designed for cargo
containment at low temperature (i.e., membrane type designs) or a more robust single barrier with
provisions to handle potential leakage (including international requirements specifically for hull
structures in locations where they could be exposed to potential leaks and USCG rules that require
crack-arresting steel in specific locations). Also, the LNG cargo tanks for all three types of LNG
tanks are separated from the external environment by a double hull. This means external damage to
an LNG carrier hull would not result in an LNG release unless the damage was extensive enough to
puncture the inner hull and then the cargo tank.

4.3 INCIDENT PREVENTION MEASURES

4.3.1 Regulatory and Industry Approaches for LNG Carrier Design

LNG carriers and most other oceangoing vessels are governed by rules and regulations
established by many different entities. Those entities are generally categorized as the International
Maritime Organization, the flag state, the port state, and classification societies. Each of the entities
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has specific areas of responsibility, and in some cases the responsibilities overlap. The result of these
various rules and regulations is that most aspects of the design, construction, and operation of LNG
tankers are addressed by the various entities. LNG carriers are unique in that LNG is a cryogenic
liquid; accordingly, specialized materials, construction methods, and operating procedures are needed
to safely handle LNG. The general rules and regulations that govern ships at sea do not address the
particular concerns of LNG; therefore, specific rules and regulations have been developed by the
various entities in order to ensure the safety of LNG tankers and their ports of call.

43.1.1 Definitions

The International Maritime Organization (IMO): A branch of the United Nations that operates
under the auspices of the United Nations Convention on the Law of the Sea. The IMO Convention
entered into force in 1958, and the new Organization met for the first time the following year. The
purposes of the Organization, as summarized by Article 1(a) of the Convention, are "to provide
machinery for cooperation among Governments in the field of governmental regulation and practices
relating to technical matters of all kinds affecting shipping engaged in international trade; to
encourage and facilitate the general adoption of the highest practicable standards in matters
concerning maritime safety, efficiency of navigation and prevention and control of marine pollution
from ships." The Organization is also empowered to deal with administrative and legal matters
related to these purposes. IMO serves to write international requirements for safety and pollution
prevention for ships in international service. These rules are then administered in various ways by
Flag and Port States.

Flag States: The country of registry for the vessel, such as the United States, Panama, Bahamas,
etc. The flag state is the country of the national flag the vessel flies. In IMO Conventions, the flag
state is sometimes referred to as the "Administration.” The flag state establishes regulations for the
construction and operation of vessels registered under its flag. Many of the flag state requirements
are based on the vessel complying with regulations of the IMO.

Port State: The authority that has jurisdiction over the port area and waters under national
control.  In the United States, this is typically the USCG, supplemented by state and local
authorities. As defined by IMO, Port State Control (PSC) is the inspection of foreign ships in
national ports to verify that the condition of the ship and its equipment comply with the requirements
of international regulations and that the ship is manned and operated in compliance with these rules.
The USCG defines Port State Control as “the process by which a nation exercises its domestic and or
international authority over foreign vessels when those vessels are in waters subject to its
jurisdiction.”

Classification Society: A classification society is an industry organization, other than a flag
state, that issues certificates of class and/or International Convention Certificates. The certificates of
class are based on rules published by the classification society that govern the design and
construction of ships and offshore installations. A classification society has specific procedures
regarding the level of design review and survey that are required to allow a vessel to be “classified.”
Classification indicates that the vessel met applicable class rules, international requirements, and
specific national requirements. Also, some flag states delegate certain additional review and
inspection responsibilities to classification societies.

Membrane Tanks: Non-self-supporting tanks that consist of a thin layer (membrane) supported
through insulation by the adjacent hull structures. The membrane is designed in such a way that
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thermal and other expansion or contraction is compensated for without undue stressing of the
membrane.

Independent Tanks: Self-supporting tanks; they do not form part of the ship’s hull and are not
essential to the hull strength. There are three categories of independent tanks:

Type A — Designed primarily using recognized standards for classical ship structural analysis
procedures

Type B — Designed using model tests, refined analytical tools, and analysis methods to
determine stress levels, fatigue life, and crack propagation characteristics

Type C — Tanks meeting pressure vessel criteria and designed for specific vapor pressure
criteria (not typically applicable to LNG carriers)

4.3.1.2 Design specifications for LNG tankers

The IMO, through its signatory nations, provides the basis for the framework of international
regulations for shipping. The IMO publishes documents that outline the international requirements
for vessel design and construction, operation, safety security, and crewing. There are several IMO
publications and or conventions regarding design, construction, and operation of LNG tankers that
are allowed to operate in U.S. waters. These conventions are:

e Convention on the International Regulations for Preventing Collisions at Sea, 1972/1981

o Safety of Life at Sea (SOLAS), 1974/1981

e Code for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (Gas
Carrier Code), 1983

e International Code for Ships Carrying Liquefied Gases in Bulk (IGC Code), 1993

e 1994/1996 Amendments to the IGC (replaced the Gas Carrier Code)

¢ International Convention on Standards of Training, Certification and Watchkeeping (STCW)
for Seafarers, 1978

¢ International Management Code for the Safe Operation of Ships and for Pollution Prevention
(ISM Code) — adopted by IMO Resolution A.741 (18) in 1994

The most important of these international requirements for new LNG carrier design is the IGC
Code. This provides the basic requirements that flag states and classification societies then
supplement with more detailed requirements.

Flag states are responsible for ensuring that vessels intending to fly their flags are designed and
constructed in accordance with the applicable international standards and any unique national
requirements. Flag states generally discharge their responsibilities by (1) combining design review
and inspection by their personnel and (2) requiring the vessels to be constructed in accordance with
the design and survey rules of a classification society of which they approve. Flag states then have
an ongoing responsibility for safe vessel operation and maintenance. This requires the vessel to be
periodically inspected and certified by the flag state and likely requires periodic survey by the
classification society also. Such inspections also confirm that the ship is adequately staffed (based
on international and national requirements) and that the vessel crew has received specific training
and certification (where required).
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Port states impose laws and regulations specific to their individual ports and areas of jurisdiction.
In the case of vessels wanting to enter the United States, the USCG exercises port state control. As
part of port state control measures, a port state can impound or delay a vessel for a number of
reasons, including, but not Ilimited to, safety issues, pollution issues, operational
restrictions/concerns, vessel condition, crew member issues such as immigration status, and security
issues.

Industry organizations (like the vessel charterers and other participants in the LNG value chain)
may also perform periodic audits of vessel safety and compliance with applicable requirements.
These inspections serve not only to help ensure safety but also contribute to reliable operation in the
LNG trade. A contributor to the safety of the industry is the Society of International Gas Tanker and
Terminal Operators (SIGTTO), which publishes recommended practices in areas important to the
safety of LNG vessels and terminals.

The remainder of this section discusses some of the design features of LNG carriers that help
prevent significant releases if incidents should occur.

4.3.2 Design Features Pertinent to Release Prevention

Double Hull Construction: All LNG carriers (both currently in service and planned) provide
double hull construction, providing a significant measure of protection against LNG release due to
external damage, such as could occur in groundings, collisions, or allisions (i.e., striking a fixed
object). The IGC Code requires cargo tanks to be protected from damage due to collision or
grounding by being located at least a specified minimum distance inboard from the ship’s shell
plating. Also, gas carriers are required by the IGC Code to survive the normal effects of flooding
that could be caused by external damage to the hull. Typically a grounding, collision, or allision
occurs due to a (1) failure of the propulsion and/or steering system, (2) failure of navigational
equipment, or (3) human error. The various authorities extensively regulate propulsion and steering
systems. Maintenance and inspection of such equipment are the first step in preventing failures that
would lead to the grounding of an LNG carrier. To ensure that such actions occur, flag states require
periodic inspections of the vessels in their registry. Also, port states may perform their own
inspections or require evidence of routine inspections to allow the vessel entry into ports under their
jurisdiction. Entry into port would not typically be allowed if there were deficiencies in this
equipment. Also, LNG carriers are generally guided into ports and restricted waterways by local
pilots with extensive experience in the port area. This reduces the likelihood of navigational failures
or human errors by normal tanker crews. Docking and departing of LNG tankers also generally
involve the use of harbor tugs to assist in maneuvering the LNG carrier. Also, in the United States,
LNG carrier arrivals and departures are subject to operational plans developed and enforced by the
cognizant USCG Marine Safety Office (MSO). These plans generally mandate safety zones and
restrict traffic in the area of any LNG tanker.

Segregation of Cargo Areas and Piping: The IGC Code requires that hold spaces (i.e., the
enclosed space in the ship structure where the cargo containment system is situated) be separated
from machinery and boiler spaces, accommodations, service spaces, control stations, chain lockers,
drinking and domestic water tanks, and stores. There are also specific requirements for segregation
of cargo piping systems from other piping systems in order to prevent the transfer of cargo or cargo
vapor into or through other piping systems. Appropriate locations for accommodations, service and
machinery spaces, and control stations are also defined in the IGC Code.
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Accessibility for Inspection Access: In order to facilitate inspection of various structures and
equipment in gas carriers, the IGC Code requires arrangements that allow visual inspection of at least
one side of the inner hull structure and insulation located in hold spaces. Adequate access to cargo
tanks to allow internal inspection is also required. The ability to access these areas allows periodic
surveys and inspections to be performed in order to identify any damage or deterioration that has
occurred. This in turn helps any identified problems to be corrected before they become safety issues
for the vessel.

Leak Detection for Gas Carrier Hold Spaces: The IGC Code requires hold spaces and
insulation areas where cargo leakage could occur to be equipped with gas detection and low
temperature alarms.

Cargo Containment Design Requirements: The IGC Code mandates development of a cargo
containment design that addresses a design vapor pressure for the containment system that considers
the cargo vapor pressure and the maximum allowable relief valve setting. Also, the selection of
materials for cargo tank construction must be based on a defined minimum design temperature, and it
must be shown that the cargo tank temperature cannot be lowered below the design temperature.
Design loads for the cargo containment must be based on specific combinations of potential loads
(e.g., internal pressure, external pressure, dynamic loads due to ship motion, thermal loads, sloshing
loads, ship deflection loads, weight distribution).

Structural Analysis Requirements: The IGC Code mandates that structural analyses be
performed for each type of cargo containment design to address the specific loads of concern for that
type of cargo containment design. The IGC Code also defines the allowable stresses for independent
cargo tanks.

Secondary Barrier Provisions: LNG carriers built to the IGC Code require a secondary cargo
barrier. The design intent for the secondary barrier is to contain an envisaged leakage of liquid cargo
(generally for up to 15 days) to prevent lowering of the temperature of the ship structure to an unsafe
level. Membrane and Type A independent tanks require a full secondary barrier. Independent Type
B tanks (i.e., self-supporting tanks that are designed using model tests, refined analytical tools, and
analysis methods) only require a partial secondary barrier. In all cases, the vessel inner hull that is
adjacent to cargo tanks must be protected against contact from liquid cargo (e.g., either a full second
barrier or appropriate spray shield and routing of potential leakage).

Low Temperature Provisions: In addition to the requirements to handle envisaged leakage, the
IGC Code requires a combination of proper material selection, adequate insulation, and use of
heating systems (which must include standby heating in the event of a failure of the normal heating
system) to ensure that hull structures are not exposed to temperatures below their design temperature.
The design must consider that the secondary barrier is at the cargo temperature with the lowest
design ambient air and seawater temperatures.

Construction and Testing Requirements for Cargo Containers: The IGC Code includes
construction and testing requirements that address welding, workmanship, quality assurance,
hydropneumatic or hydrostatic pressure testing, leak testing, and nondestructive testing of welds.

Pressure Vessel and Piping System Requirements: The IGC Code contains provisions for
general design requirements, piping thickness, design pressure rating, allowable stresses and stress
analyses, type testing, fabrication and joining, welding, postweld heat treatment, nondestructive
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testing, hydrostatic testing, and leak testing of piping systems and pressure vessels. These
requirements are designed to ensure that the piping is appropriately designed and fabricated. Other
IGC requirements specify the types of isolation valves required on connections to cargo tanks.

Emergency Shutdown Valves and Shutdown Systems: The IGC Code requires remotely
controlled emergency shutdown valves on the ship for stopping liquid and vapor transfers between
the ship and shore. Cargo pumps and compressors must be arranged to shut down automatically if
the emergency shutdown system closes the emergency shutdown valves. In addition, there must be a
remotely operated shutdown valve at each cargo hose connection used in transfers. The emergency
shutdown control system must be capable of being actuated by a single control in either of two
locations on the ship. It must also be actuated by fusible links that will respond in the event of a fire
in locations, including tank domes and loading stations.

Cargo Pressure/Temperature Control: The IGC Code requires pressure control for the cargo
system in order to keep the cargo tank pressure under the tank design pressure or the maximum
allowable relief valve setting (MARVS). The pressure control system can (1) employ mechanical
refrigeration or (2) use the boil-off vapor as fuel for shipboard use or for a waste heat system. Per the
IGC Code, a flag administration can allow other means to control cargo tank pressure, such as
venting LNG vapor to the atmosphere. Of course, operators would only consider this as a secondary
means of pressure/temperature control. However, the USCG requires LNG cargo systems to be used
in U.S. waters to be capable of maintaining the cargo for at least 21 days without venting. This is
intended to eliminate the need to vent flammable vapors while in U.S. ports.

Pressure Relief Systems: The IGC Code requires pressure relief systems for cargo tanks that
are independent of the pressure control systems described previously. For LNG cargo tanks of the
size typically used on LNG carriers, the IGC Code requires at least two pressure relief valves of
appropriate capacity. The valves have to be provided with vent piping that minimizes the potential
for accumulation of LNG vapor on deck or ingress of vapor into areas where it might create a
dangerous condition. The IGC Code mandates that the pressure relief valves have a combined
relieving capacity of the greater of (1) the maximum capacity of the cargo tank inerting system or (2)
the vapor generation rate due to fire exposure of the tank.

Vacuum Protection Systems: The IGC Code requires that any LNG cargo tank not designed for
the maximum pressure differential that could be developed by (1) pumping out a tank without vapor
return, (2) operating a refrigeration system, or (3) sending boil-off vapor to machinery spaces, be
provided with a vacuum protection system. Acceptable vacuum protection systems under the 1GC
Code include use of two independent pressure switches that alarm and actuate to stop any suction of
liquid or vapor from the cargo tank and shut down refrigeration equipment. Another vacuum
protection option is to provide vacuum relief valves that are sized for the maximum discharge rate
from the cargo tank. Since operation of a vacuum relief valve would introduce air into the tank, in
practice, ship pressure control systems are designed to prevent negative pressure situations in the
tank well before vacuum relief valves operate.

Vessel Fire Protection Systems: Per the IGC Code, LNG carriers require a firewater main
system and hydrants/hose stations with the ability to supply at least two jets of water to any part of
the deck in the cargo area and parts of the cargo containment and tank covers above the deck. The
firewater supply system also has to supply water for a water spray system that provides water for
cooling, fire prevention, and crew protection in specific areas. LNG carriers also require a fixed dry
chemical powder-type extinguishing system to allow the crew to fight fires on the deck in the cargo
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area and cargo handling areas. In addition, the cargo compressor room, which is located on deck, is
fitted with a CO, smothering system.

Cargo Tank Instrumentation: In order to allow an LNG carrier crew to monitor cargo tank
conditions, the IGC Code requires a variety of instrumentation. These include:

e Gas detection equipment capable of alerting the crew to leakage of LNG from the
primary barrier (i.e., instruments to detect LNG vapor between the primary and
secondary barriers)

e At least one liquid level gauging device for each tank

e A high liquid level alarm (independent of other level devices) that gives audible and
visual warning and shuts off flow into the cargo tank when it is actuated. This serves to
help prevent the tank from becoming liquid-full

e Cargo tank pressure gauges, marked with maximum and minimum pressures, providing
both high and low pressure (if the tank requires vacuum protection)

e Two temperature indicating devices (one at the bottom and one at the top of the cargo
tank) marked to show the minimum cargo tank design temperature

e Temperature indicating devices and alarms to monitor for leaks of LNG into the
insulation between primary and secondary LNG cargo tank barriers or onto the hull
structure adjacent to the cargo tank

This instrumentation, along with the pressure relief and vacuum pressure protection systems
described earlier, provides a major role in preventing LNG cargo tank upsets or human errors from
damaging the tank or resulting in a large scale release.

Vessel Gas Detection Systems: In addition to gas detection discussed previously, the IGC Code
requires a permanently installed gas detection system with audible and visual alarms for areas,
including cargo compressor rooms, motor rooms, cargo control rooms, enclosed spaces in the cargo
area, specific ventilation hoods and gas ducts in the propulsion machinery space for the fuel gas
system, and air locks. These detectors are required to activate alarms when 30% of the LFL is
reached. Ships also are required to have at least two sets of portable gas detectors.

Gas Detection and Safety Shutdown Systems for Terminal Operations: LNG unloading
systems and docks are equipped with LNG vapor detection, fire detection, and associated safety
shutdown systems that shut down pumping operations and close valves to isolate the transfer lines.
The shutdown systems can be actuated by the ship’s crew or LNG terminal personnel. In most cases,
these systems also respond automatically to any detection of LNG in the atmosphere by shutting
down pumping operations and closing valves to isolate the LNG transfer lines. The systems can also
be actuated by the ship’s crew or LNG terminal personnel. This serves to limit the amount of LNG
that would be released in a leak that occurred during the unloading process.

Emergency Release Couplings: Current designs for LNG terminals have emergency release
couplings that are fitted between the ship’s cargo manifold and the receiving station. These couplings
are designed to release if vessel movement exceeds predetermined limits. If the couplings release, the
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resulting LNG loss to the atmosphere is designed to be very small (e.g., approximately 1 gal). As
LNG is a cryogenic liquid that has the capacity to cause severe embrittlement of steel structures, the
areas of an LNG carrier deck likely to be contacted by a leak of LNG are protected with drip trays
constructed of materials suitable for withstanding LNG exposure.

4.3.3 Operational Measures Pertinent to Accidental Release Prevention

In addition to design features, the international and national maritime authorities have recognized
the need for operational measures that prevent or at least reduce the likelihood of LNG incidents.
These measures include:

e Training
e Procedures
e Inspections

Training — Minimum training requirements for crews of LNG carriers are specified in the IMO
STCW Convention referenced previously. This level of training is generally exceeded by the
training specified by the flag state and the shipping company. LNG carrier crews are considered
some of the most professional and competent in the international shipping business, recognizing the
important role they play in safe operations.

Procedures — International ships over 500 gross tons subject to SOLAS (including LNG carriers)
are required by IMO to meet the ISM Code. This safety management approach requires development
of safety and environmental policies, along with the assignment of responsibilities, development of
procedures, performance of training, and periodic audits and reviews to evaluate compliance with
those requirements. The ISM Code explicitly addresses the need to prepare for responding to
emergency situations like fire and LNG releases.

Inspections — Inspections for vessels occur from a variety of sources. Flag states and
classification societies both have requirements for periodic inspections and surveys. Port state
control activities often include safety inspections of vessels desiring to enter a port. These third-
party inspections are in addition to inspections and audits required under vessel and shipping
company ISM programs or by charterers concerned with ensuring safe, reliable voyages on which the
success of their investment depends.

4.3.4 Security Measures that Help Prevent Release Incidents Due to Deliberate Attacks

Some of the design features and operational measures described in the previous sections play a
role in preventing LNG releases even when terrorist acts are considered (e.g., double hull structures).
However, this section describes the international and U.S. requirements for security measures
applicable to LNG carriers.

After the events of 9-11, the IMO added Chapter XI-2 to the SOLAS Convention to provide the
International Ship and Port Facility Security (ISPS) Code. Applicable to LNG vessels, the ISPS
Code requires actions by flag states, port states, shipping companies, and port facilities to reduce the
likelihood of terrorism acts against maritime assets. Effective July 1, 2004, the ISPS Code requires:

e Security levels
e Ship security plans
47
«-ABS Consulting

T AISK CONSULTING DIVISION



Ship security alarm systems
Automatic identification systems
Port security plans

Declarations of security

Facility security plans

These security measures are discussed below.

Security levels — Flag states and port states are required to provide security-related information to
their vessels and port facilities in the form of a designation of security levels. The three security
levels represent the assessment of the likelihood of a terrorist event being attempted against maritime
assets. Each level is intended to trigger specific security measures that are defined in ship, port, and
port facility security plans.

Ship security plans — Flag states are required to review and approve ship security plans
developed by the operator of each SOLAS vessel in international service that is larger than 500 gross
tons (which includes all LNG carriers). These plans must address security measures for:

Access to the ship by ship personnel, passengers, visitors, etc.
Restricted areas on the ship

Handling of cargo

Delivery of ship’s stores

Handling unaccompanied baggage

Monitoring the security of the ship

These measures are intended to protect the ship and to prevent the ship from being used as a
weapon against other maritime targets (e.g., other vessels, bridges, terminals). The ship security plan
implementation must be evaluated by an onboard verification by the flag state or a security
organization recognized by the flag state before an International Ship Security Certificate (ISSC) can
be issued for that vessel.

Ship security alarm systems — Each vessel subject to the ISPS Code must carry on board
equipment to provide a ship security alarm (SSA) that the ship’s crew can activate if terrorists board
the vessel. The alarm, which is does not sound aboard the vessel, is intended to alert responsible
authorities (e.g., the USCG or other designated authority) that a security incident is underway.

Automatic identification systems (AISs) — AIS equipment has been in the process of being
introduced over the last few years. It consists of a transponder on each vessel that provides a signal
identifying vessel name, location, cargo, heading, etc. Originally intended to help reduce vessel
collisions and make port state control activities easier, it is recognized as another step that contributes
to port security. As such, application of AlSs was accelerated for some vessels as part of the changes
to SOLAS made when the ISPS Code was introduced. For U.S. ports where vessel traffic systems or
other AIS base stations are implemented, the AIS transponders allow the USCG to have real-time
radar systems that provide a higher level of information than just the radar images.

Port security plans — Each port served by international vessels subject to the ISPS Code is
required to have a port facility security officer and to develop a port facility security plan. The plan
must specify the security measures expected at local port facilities and the measures expected by
international vessels that interface (e.g., load, unload, refuel, transfer passengers) with those
facilities. In the United States, the applicable USCG Captain of the Port (COTP) serves as the port
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facility security officer and, in conjunction with a port security committee, is responsible for
developing a port security plan. Among other things, the port security plan identifies the individual
facilities within the port that will require their own facility security plan. Also, port security plans
define what operational controls (e.g., security zones, escorts, sea marshals) apply to various kinds of
vessels to enter the port. The USCG also uses the requirement for an Advanced Notice of Arrival
(ANOA) from vessels entering U.S. ports from foreign departure locations as a tool in port state
control. The ANOA information allows the USCG to select vessels based on their route, cargo,
security, and safety history, and other pertinent information in order to plan security inspections,
escorting, and boarding of sea marshals or other USCG personnel as appropriate.

Declarations of security — Nationwide, the USCG has mandated that all visits by vessels like
LNG carriers require a declaration of security (DoS) that must be prepared by the ship and the
facility it is to call upon. A DoS defines the security responsibilities for both the facility and the ship
for the period of time the vessel is at that facility. It has to be coordinated between the ship security
officer and the facility security officer and signed prior to any interface activities (e.g., cargo
transfers or personnel movement) between the vessel and the facility.

Facility security plans — Under the USCG maritime security regulations (33 CFR, Subchapter
H), LNG facilities that receive LNG carriers will have to develop a security plan. Like the ship plans
that have to meet the ISPS Code, the USCG regulations define areas the facility security plans have
to address, including:

Security administration and organization of the facility
Personnel training

Drills and exercises

Records and documentation

Response to change in security level

Procedures for interfacing with vessels

DoS

Communications

Security systems and equipment maintenance

Security measures for access control, restricted areas, handling cargo, delivery of vessel
stores and bunkers, and monitoring

e Security incident procedures

e Audits and security plan amendments

Like ship security plans, facility security plans have to be approved by the responsible
government, in this case, the port state. For U.S. facilities, that requires submission of the facility
security plans to the USCG for review and approval.

44 MITIGATION MEASURES TO HELP RESPOND TO RELEASES

For LNG releases, the industry has traditionally focused on release prevention; however, there
are some measures that are pertinent to help mitigate releases once they occur. This section discusses
those measures, which apply to both accidental releases and releases caused by security incidents
(e.g., terrorist acts).

The primary focus in responding to LNG releases is to protect public and employee safety and
secondarily to minimize the amount of damage to vessel and facility property. Some of the features
previously discussed as design elements for preventing significant releases play a role once a release
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occurs. These include gas detection, safety shutdown systems, and fire protection systems. Beyond
those elements there are other mitigation features such as:

Safety and security zones

Ship and facility emergency response plans

Coordination with USCG and local emergency responders
Evacuation plans and procedures

Safety and security zones — Safety zones around vessels play a role in reducing the likelihood of
collisions or the need for an LNG vessel to try to avoid other port traffic. Security zones help vessel
and USCG resources recognize if a vessel near an LNG carrier is not willing to abide by established
rules and allow the vessel to keep watch for unusual activity. They also allow the USCG to intervene
with a vessel if resources are available to do so. However, either of these types of zones help in that
if there is an event, they limit the proximity of recreational and commercial traffic to the LNG vessel
and berthing area.

Ship and facility emergency response plans — Both LNG carriers and LNG terminals are
required to develop emergency response plans, complete with personnel training and exercises.
These plans serve to help ensure that prompt and effective action results if a release scenario occurs.
Emergency response actions include release isolation (if possible), minimization of ignition sources
(e.g., by shutting down equipment or restricting activities), and evacuation of ship crew or members
of the public if deemed appropriate.

Coordination with USCG and local emergency responders — Because the ship crew may not be
able to deal with all potential contingencies or possible release events, emergency response actions
are typically coordinated with USCG and other local emergency response personnel located near
LNG terminals where transfers will occur. Coordination, which might include joint drills, exercises,
or other types of training, helps improve understanding of the types of events that could occur, the
expected consequences, and how the resources of the various entities can best be combined to
address those events.

Evacuation plans and procedures — If necessary, an emergency response plan will call for
evacuation of locations where the emergency personnel are concerned that threats to personnel may
develop. Particularly for an unignited release, emergency responders may involve law enforcement
or other public resources to help notify personnel in the downwind direction to take action and move
away from the area of the hazard.
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5 CONCLUSIONS

5.1 REVIEW OF WORK SCOPE

An evaluation of published models to calculate the rate of cargo release and the spread
of unconfined LNG spills on water

No models were identified that account for the multi-hull structure of an LNG carrier and the
physics of a release of cryogenic LNG. In the absence of models specifically for LNG
carriers, the orifice model is recommended. However, when using this model it is vital to
keep in mind that the model does not match the reality of carrier construction very well, and
the results should be interpreted as a rough guide to the rate of release for a given hole size.
Because it does not account for the multi-hull construction of carriers, the orifice model will
tend to overestimate the LNG outflow for many scenarios. See Section 2.1 for details of the
release rate modeling review and recommendations.

Several models for spreading were found in the literature, most of which are based on the
assumption that spreading is dominated by the balance of the gravitational spreading force
and inertial resistance to spreading. One methodology, developed by Webber and his
colleagues (as described in TNO 1997), also accounts for resistance to spreading as a result
of frictional forces. Our analysis of these methodologies indicates that frictional effects are
important for scenarios involving large releases in short periods of time. Therefore,
Webber’s methodology is recommended.

It is important to note that this methodology for estimating pool spread does not account for
some aspects of spills on open water that could be important such as wind, water currents,
and waves. However, no existing model for an LNG spill appropriately accounts for these
effects. It should be recognized that the recommended model is based on the assumption of
smooth quiescent water.

See Section 2.2 for details of the pool spread modeling review and recommendations.

A determination of the effect of cargo tank hole diameter on cargo release and pool
spread (including establishment of an upper limit on pool spread)

The example release rates presented in Section 3.1 provide some information about the effect
of cargo tank hole diameter. However, the results of the sample calculations must be
considered no more than a rough guide to potential release rates.

For a given hole size (or release rate), the upper limit on pool spread depends on the duration
of release. For long duration releases, the pool will spread to the point where evaporation
rate (or burning rate in case of a fire) matches the release rate into the pool. This is based on
a simple mass and heat balance for the pool, and effectively defines an upper limit for long-
term releases. For short duration releases, the dynamics of the release are more important in
identifying the upper limit. The pool spread is slowed by inertial and frictional effects but is
only stopped once the pool is thin enough for surface tension effects to become important.
During the spread, evaporation reduces the volume of the pool, and therefore also slows the
spread. As a result of these dynamics, it is difficult to establish an upper limit for short
duration releases without modeling the full spread process.
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This raises the question of how to decide if a given release should be treated as long duration
or short duration for modeling purposes. It is recommended to avoid the necessity of
selecting either of these by modeling the pool spread in a way that handles a transient release
into the pool. The integral solution to the spreading problem implemented for the example
problems in this report accomplishes this and allows modeling scenarios using (1) an initial
pool volume and/or (2) a constant or transient flow rate into the pool.

An evaluation of these models to calculate the rate of vapor generation for unconfined
LNG spills on water

LNG spilled from a carrier onto water will form a pool at its boiling point (at atmospheric
pressure) of approximately -259 °F (-162 °C). At this temperature the LNG will rapidly
absorb heat from the water, and the heat absorbed will go directly to vaporize the LNG (at a
rate determined by the heat of vaporization of the LNG). Therefore, modeling of
vaporization of the LNG essentially reduces to the modeling of heat flux into the pool from
the water. Of course the dynamics of pool spread (as discussed above and in Section 2.2) are
also important because total evaporation rate (mass per unit time) depends on the pool area.

Two methods are identified for estimating heat flux to a boiling LNG pool on water: (1)
select a value estimated from spill tests or (2) calculate a value based on heat transfer theory.
Based on review of the literature, it is recommended to estimate heat flux using heat transfer
theory. Key reasons for this choice are that (1) the experimental data show significant
spread, (2) the experimental data for heat flux were typically calculated from other data
(rather than measured directly), and (3) a viable theoretical model from heat transfer theory is
available to help fill the gap in experimental data.

As noted above for pool spread, it is important to note that this methodology for estimating
vapor generation does not account for some aspects of spills on open water that could be
important such as wind, water currents, and waves.

See Section 2.3 for details of the vapor generation modeling review and recommendations.

An evaluation of the models to calculate thermal radiation distances from fires
involving unconfined LNG spills on water

Available pool fire models for hazard assessment purposes are predominantly based on the
solid flame model. The fire is represented as gray-body emitter, and the geometry is
approximated by an upright cylinder that is tilted as a result of wind. The point source model
is also sometimes used. In this model energy generated by combustion is assumed to
emanate from a single point at the center of the pool fire. The calculated energy is multiplied
by a fraction that accounts for the fact that only part of the energy will be emitted as thermal
radiation.

In some circumstances the point source model can be appropriate, but its chief disadvantage
is that it does not produce valid estimates for any people or structures located close to the
fire. Therefore, the solid flame model is recommended.

Two key parameters required to apply the solid flame model are the burning rate and surface
emitted flux. Based on a review of experimental data the recommended values for these
parameters are a burning rate of 0.058 Ib/s/ft* (0.282 kg/s/m?) and emissive power of 84,000
BTU/hr/ft* (265 kW/m?). There is significant spread in the experimental data for these
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parameters; however, comparisons only to data for the larger scale spill tests tend to indicate
that these are relatively conservative choices.

See Section 2.4 for details of the pool fire modeling review and recommendations

An evaluation of the models to calculate the distance traveled by flammable vapors
from unconfined LNG spills on water

This work did not involve a detailed review of dispersion models. For large releases of LNG,
the cold LNG vapors are more dense than the surrounding air and tend to remain at surface.
These dense-gas effects are important and must be accounted for in the model used. Several
such models are available in the form of freely available, as well as commercial, software.

For the example dispersion calculations presented in this report, the DEGADIS software was
used. This model accounts for dense-gas effects and was originally developed for simulation
of cryogenic flammable gas dispersion, particularly for LNG. It has been validated against a
wide range of available laboratory and field test data.

See Section 2.5 for details of the dispersion modeling review and recommendations..

An evaluation of the theoretical basis for current models used to calculate each of the
above, and a review of the applicability of existing computer modeling to field test data

The theoretical basis is an important factor that was considered as part of the overall review
of each modeling area and is addressed throughout Section 2.

The time available for this work did not allow a detailed review of existing computer
programs that implement the recommended methods; however, use of some existing software
is discussed in Section 2. In general, validation of computer models (as well as their
theoretical bases) has been very limited with regard to large LNG spills on water. There are
simply very few data to validate models against, and there are no test data for spills of the
large size considered by this report.

A review of the effects of thermal radiation levels on population and structures

The extent to which people are injured by exposure to thermal radiation depends on both the
incident heat flux and the exposure time. A variety of data are available for estimating
effects on people, including data from experiments with humans and animals and review of
historical data. Section 2.7.1 summarizes some of the injury criteria developed based on these
data.

Like effects of thermal radiation on people, effects on structures also depend on incident heat
flux and the exposure time. With structures, effects also depend strongly on the materials of
construction (e.g., wood, steel, concrete). Section 2.8 presents some criteria from various
sources for structural damage. Most of the criteria presented are for long-term exposure,
which is very generally considered to be on the order of 30 minutes or more. More accurate
assessment of structural damage requires performing heat balance calculations to determine
the resulting surface temperature for comparison with acceptable temperatures for the
particular structure.
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¢ A recommendation, including the selection rationale, of specific methods and a model
which FERC staff may use to calculate the flammable vapor and thermal radiation
hazards associated with marine transportation of LNG

The recommendations are made throughout Section 2, and example assessments are
presented in Section 3. The detailed calculations for the examples are provided in
Appendices A through D.

e A comprehensive review of design, operational, safety, and security features and
possible mitigating measures that an LNG facility and/or vessel operator employs or
could provide to minimize impacts from: accidents; attacks; leaks; spills; fire; rapid
phase transitions; or the spread of negatively buoyant, flammable vapor clouds

Section 4 of this report is dedicated to this item.

5.2 OBSERVATIONS

The methods recommended in this analysis can only provide rough estimates of the magnitude of
effects for incidents involving large LNG releases on water. This is typically the case with
consequence assessments, and it is important to keep in mind that the recommended methods cannot
definitively describe the effects because of variability in actual incident circumstances, as well as
uncertainty inherent in the methods used.

The example consequence calculations presented in Section 3 are intended only to illustrate use
of the various analysis methods recommended in Section 2. The scenarios were chosen simply to
exercise the various methods and are not necessarily the correct scenarios to model for specific
facility siting or any other hazard assessment purpose. Furthermore, some input parameters (e.g.,
atmospheric conditions, surface roughness) were chosen for the examples only and may be
inappropriate for a particular site and/or particular hazard assessment. When using the presented
analysis methods for an actual analysis, it is important to choose scenarios and input parameters
based on the analysis requirements and site conditions.
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Appendix A

Film Boiling Heat Transfer Calculations
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LNG Boiling Heat Flux for Spill on Water

Ambient Conditions
Ambient temperature
Ambient pressure

Temperature of water

Ta:=(100+ 459.67)-R
pa = 101325Pa

Tw = (20 + 273.15-K

Constants and Conversion Factors

Unit conversions

Universal gas constant

Material Properties

Molecular weight

Normal boiling point

Vapor density
(at T, using ideal gas law)

Vapor viscosity (atT,)

Kinematic viscosity
of vapor(at T )

Density of Liquid (at T,)

Heat of vaporization

Surface Tension (at T )

Thermal conductivity of vapor

Heat capacity of vapor

Vapor thermal diffusivity

kJ = 1000 joule Ibmole=1

k
kgmole = —g-lbmole
Ib
ft- Ibf
Ry =15456———
Ibmole-R
M = 16.043—9__
kgmole
Tp:=111.66K Tp = 200.988R
p k
pv:= : py=1751—
M b

ny = 4.36210 ®pasec

Hy
Vy =

Pv

ki
p|:= 422.5—g
m3

joul
hiq := 509331932
g ki

g
o = 0.0133MEWION
m

att
hoy 1= 001269
m-K

joul
Cp 1= 2075562~
kg-K
My
Oy =
Pv‘Cp
A-2

T, =559.67R
pa = 14.7psi

Tw = 293.15K

kW = 1000 watt

|
py = 01002

2
6m

— vy =2491x 10  —

sec

_6m
oy =3.491x 10 *—
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Film Boiling Heat Flux

Use the model/correlation of Klimenko, as given by TNO (1997).

5
Length scale for vapor bubble formation I :=2n - ° lc =0.011m
g'(PI - Pv)
1.2
Galileo number Ga:= LA Ga=2.269x 106
2
Vv

(PI—PV)

Archimedes number Ar := Ga Ar =5.452x 108
Pv
Prandtl number Pry == v Pry =0.713
Ay
h
Dimensionless heat of vaporization LyR = Mt Lyr = 1.352
Cp(Tw = o)
Nusselt number
1 1
Lvr 3 2
F1:=1(Lr <14) + (ﬁ) (Lvr > 14) Foi=1(Lir<2) + (—) (Lir>2)
1 1
NU = o.19(Ar-Prv)3-F1-(Ar <10%) o.0086\/Kr-PrV3-(Ar 2109 Nu = 179.4
Heat transfer coefficient Nfilm = KV'& heilm = 201.8 watt
¢ m?-K
kw
Heat flux Qfilm = hfi|m-(TW - Tb) Qfilm = 36.6—2
m

A-3
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Appendix B

Example Release Rate Calculations
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LNG Release Rates Based on Flow Through an Orifice

Model release using flow through an orifice with flow rate dropping as height of liquid above hale
decreases. Assume that cross sectional area of tank (in horizontal plane) is approximately constant.
. o - ) kg
Density of Liguid rat boiling peint) pp=4225—
3
m

. 3 5.3
Total wolume in the tank above the hiole vspﬂl = 12500 m vspﬂl =441 = 107 ft

Initial liquid height above the hale bhys = 13-m by =427

Tank area in harizontal plane Aot = vs.pﬂl Aot = 962 m2 Aot = 103 % 1IZI4PL2
Discharge coeflicient Cy=1 5

Function for flaw thraugh an orifice driven only by gravity Qn(dhnlerh;' = Cd-pl-n-(dh;le] ~f2gh

Function ta determine flow rate versus time, taking into account the decreasing head
Time step dt =01 sec ﬂu:uw[dhulejl = |y vspﬂl

by e Iyt

4y < Q.:.[dh.:.leshujl

tD «— 0-zec

110

while ?i> 1]

i—i+1

ti<— i-dt

Hi<—D if TJi{III

V.
1

hi —
‘é"ta.tﬂc

9 < Qn[dh-:ulwhi:l

M{n}r -

{17

g
T

{0

=
4]\
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{3+ h

M — —
m
Il
Hole size Initial flow rate Tirme for full release
4, = 05m 4, = 1648t max(ﬂnw(dlj{l}) - 1325 max(ﬂnw(dlj{n}) - 133
iy = Lo dy =328 max(ﬂnw(ag){l}) = 5209 max(ﬂnw(ag){”}) -7
iy = S dy = 1647 max(ﬂnw(%){l}) - 132466 max(ﬂnw(%){”}) 13
Felease Fate Versus Time for 0.5 m Hole
1500
Initial flowr rate:
§ 2900 hfsen
E 1000 (1,300 kgfsec)
=
L Time to release
g 500 44 %105 fi2
E (12,500 m3:
130 min
1]
] 20 40 Al a0 100 120 140
Titewe (redn)
Felease Fate Versus Tine for 1 mHaole
A000 o
Initial flowr rate:
z 12,000 thfsec
E A000 (5,300 kgfsec)
=
L Time to release
% 2000 443105 i3
E (12,500 m3:
33 min
1]
] 5 10 15 20 25 a0 35
Titee {rrdn)
5 Felease Rate Versus Tine for 2 m Haole
1.5-10
Initial flovr rate:
z 290,000 thfsec
E {10 (130,000 kgizec)
=
L Time to release
£ st 4.4 %105 7
E (12,500 m3:
1.3 min
n.z2 0.4 0.6 ne 1 12 14
Tirve (i)
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Appendix C

Example Pool Fire Calculations
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LNG Source Term and Pool Fire Calculations

* Vessel Release and Deinventory
* Pool Spread and Evaporation (Webbher Methodology)

« Pool Fire
Scenario Definition
Spill Definition

Instantaneous pool volume
Hale diameter
Initial liquid height above the hole

Yolume to release through hole
(i.e., volume above the hole)

ol
instant = M

Bole = 1'm
hi.nit =13m

v

3
Vopin = 12500m

Ambient Conditions for Pool Fire Analysis

Armbient pressure
Armbient temperature
Relative humidity
Wind speed

Ref. height for wind speed

Wind speed at 1.6 m
(povwer of 0.3 forwind profile

assumes urban conditions and class
F stability)

bolecular weight of air

Armbient air density

p, = 101325-Fa

T, =20 + 43967 R
FH =07

u,., = 20-mph

Zr = 10-m

_ L6m"
By 16 |

T

Constants and Conversion Factors

UInit conversions
Universal gas constant

Material Properties

bolecular weight

Mormal boiling point

Kl = 1000 joule

dpote = 32800

by = 4278

Py =147 psi

T,=539467R

m
= 55941 —
o sec

. 1 g=115mph

k
M, = 28 964 —=
kgmole
Pa My I k
py= —— P, = 0074 — p = 11732
R, T, & 3
kg
Ibmole =1 kgmole = E-lhmu:ule EW = 1000 watt
fi-Tof
= 1545 ————
P Ibmole- R
k
M = 16,043 —=
kgmole
Ty, = 11166 K Ty, = 2005983 R
C-2
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. 13 k It
Yapor density Py= : Po = 1751 & Py = 0109 —
fat T, using ideal gas lawi RLI m3 f't,3
—T
T L
. . -
Yapor viscosity cat T K= 436210 Pasec
2
Kinematic viscosity v, = M v, =2491 % 10 om_
of vapor (at Ty R See
. - kg
Density of Liquid cat T pp= 4225 —
m3
Ce . -4
Liguid viscosity (at T, py = 1165810 "Pasec
2
Kinematic viscosity = ! vy = 2764 x 10 m
of wvapar (at T =1} sec
Heat of vaporization hp_ = 5093319 joule
[ kg
Surface Tension (at Ty o = 00133 2EFOn
m
Thermmal conductivity of vapor A= 001269 etk
I
Heat capacity of vapor o, = 207556 joule
I3 kg K
Ay il rrl2
Yapor thermal diffusivity O, = o, =349l x 10~ —
F'v'cp sec
. kg
Seawater density Py = 1025 —=
m3
YWater viscosity W o= 102110 *Pasec
2
YWater kinematic viscosity Vo = P V= 9961 x 10 m
of vapor Py sec
Vessel Release and Deinventory
Hale diameter e = 1m dyoge = 3281

Specified above under Scenario Definition

Total valume in the tank above the hole
Specified above under Scenario Definition

3
Vopi = 12500

Cc-3
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Initial liquid height above the hole hyo=13m

Specified above under Scenario Definition

Tank area in horizontal plane _ 1iJTspi]l
Aszsuming that cross sectional area of tank (in ‘&:‘ta_n_k = ]
harizontal plane) is approximately constant. t
Discharge coefficient Cq=1

Function for flow through an orifice driven only by gravity

Time step dt =01 sec

2
Ay g = 96210

Deterrmine flow rate versus time, taking flow = |V« ?SPm

into account the decreasing head

I

I

I

C-4

11
while Hi>EI

h «—
1

i1} -

i -

M{g} -

by = by
iy ¢ Qo)
LEI +— 0-sec

ie—i+1
ti<—i-dt

Vi
S ank
g+ Qu[hij
{0

t

SEC

F1

V.0 if V. <0
1 1

e
e
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] 1 2 3
1] 0 5.299-102 1.25-10% 13
1 0.1 5.298-10% 1.2510% 12.9949
2 nz 5.298-10% 1.25-10% 12.997
3 0.3 5.298-10% 1.2510% 12.996
4 0.4 5.298-10% 1.249-104 12.995
G 0.5 5297103 1.249-104 12.993
f 0.6 5297102 1.249-104 12.992
flow = 7 0y 5297103 1.249-104 12.991
a n.a 5297102 1.249-104 12.99
4 n4 5.296-10% 1.249-104 12.988
10 1 5.296-10% 1.249-104 12.987
11 1.1 5.296-10% 1.249-104 12.986
12 1.2 5.295-10% 1.248-104 12.984
13 1.3 5.295-10% 1.248-104 12.983
14 1.4 5.295-10% 1.248-104 12.982
14 1.4 5.295-10% 1.248-104 12.98
Flot release rate wersus time
alon
& 4000
=
=
i
i
ﬁ 2000
1]
] 00 1000 1500 2000
Tirne {sec)
Time to release entire volurme ¢ 4= max[ﬂnw{n})-sec top g = 1993 sec topnq = 332 min
Function far evaporation _ kg
rate as a function of time gty = |0 —= if t>t.g

! sec
for use in pool spread

calculations

linntetp (ﬂaw{n} i ﬂaw{l} i i] . ke
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Burning rate and surface emitted flux for an LNG pool fire on water

Burning rate
Chosen based on review of
experimental data

Surface emitted flux
Chosen based on review of
experimental data

Heat flux to produce above
burning rate

bass burning rate as a function
of pool radius

Spread Equations

Reduced gravitational acceleration
(TR, 1987 Eqgn. 3.34)

Minirum frontal depth based on
surface tension
(TR, 1987 Eqgn. 3.48)

Minirum frontal depth based on
viscous effects
(TR, 1987 Eqgn. 3.11)

Choose minimurm depth
(TR, 1987 Eqgn. 3.49)

Pool shape factor

Gravity term coeficient
(TR, 1987 Eqgn. 3.63)

THO, 1397, Egn. 3.46

my, = 0282

E_ =265 —
# 2

Qfire = mh'h'f'g

myr) = ﬂ-rz-mh

k I
£ my, = 0058
th -sec ft-sec
KW BTU
E, = 34005 ——
f ft-hr
KW BTU
Qfie = 1436 — Qe = 45531 ——
th fi b
Py~ F ft
g, = E.M gr=5_?r5% g =189 —
P 2 2
b= |— b = 0.1 cm b, = 00705 in
21
vy 0.25
vy
hc(qS;I =
PI7E
bmard D = max{by 1o(2)
s{u.h,hgp o) = |1 h<00Im
otherwise
Fr« 1.078
2
e —— i u>0
2Frgeh

M« 0 otheraise

2
D5 =(l-N(s5D + [%J(s > 7)

8 =1s=z2+ E-[:s <3
3
C-6
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Fesistance for laminar flow
(TR0, 1987, Egns. 3.64, 3,65k,
.66, 268, and 3.69)

Fesistance for turbulent flow
(TR, 1987, Egns. 3.70 and
271

Fesistance term
(THO, 1987, BEgn, 3,72

Acceleration of the leading
edge of the pool
(TR, 1987 Eqn. 3.62)

Acceleration as a function of
current speed, radius, height,
and mass addition rate

filuh,s,6) = |1 if t=0m

otherarise
1 iff h<0001-m

otherwise
1 if w< 0000001 2=
gec
atherwrise
f«102
Yy
root] —-
Hagr

m .
CFL(u,h,s,rj = I:I-—g if h=0
sec

2.35-j[sj-ﬂ.66-u1-%-(1 - fflu,h,2,4)) otherwize
h

Cpr(u,h,s) = |0-—— if h<0D

449.1(5)-00015u°
h

othetwise

Cplu.Cpr.Cpr) = sign(u) max{Cpp, Cpp |

4.0 h
al® h,1,Cp) = 7% -Cp

acc( b, o) = fhng = B a9
g S[u=h=hﬂmax:|

D B(s)

CFT — CFT[:'LJ-,h,S:I
CFL(— CFL(u,h,s,rj
Cp < CF{u.Cpr.Cpy

a(® ,h,1,C)

Cc-7
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Spill Definition for Pool Calculations

" 3
Initial pool volurme V=V Vi =0m
I~ Yinstant I
Specified above under Scenario Definition
Spill rate as a function of time Defined above under

Yessel Release and Deinventary

Time step dt =01 sec

Pool Spread and Evaporation Algorithm
pool = tD — 0-zec

1
3
)

SBC

4y gl -sec)
N — acc[uﬂ,rn,hﬂ,qn)
8y ¢ m.f(rD)
qD-dt
vaddn — |:'_1

g -dt
1]
vevapn{_ o1

Aourceldatched «— 0O
i1

. . 3
while (1< 1w ?i> 0-m
ie—i+1
t. &~ i-dt
1

ETI — ?1_1 + vaddl_]_ - vEV&Pi_1

Tai’i{—lil-m3 if Tai’i<:III
if Sourcellatched =1

roe— 1.
1 i-1

Cc-8
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a. £ ace u.,r.,h.,qij]
1 "1

#|lv0) )

Aourceldatched «— 1

il -

i1 -

{a% -

{30 -

|£|m §|g|£ Bl o2l o8 = g~

L
o
[r]
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Pool Spread and Evaporation Results

total = ma:c(p o DI{D}) -1 1

Time for complete evaporation byt = 1999 sec tyotal = 333 min
Maximum pool radius = [ 1{2}) =74 =241 ft
4] Ly gy = MAGPOO i Lo = 00 Loy =
i r h fq g
1 3 4 ]
0 1] 0 1] O 5298103 1]
1 0.1 1.254 1.074 0.343| 5298102 1.03
2 0.z 2.a08 1.078 0686 | H.298103 1.03
3 0.3 3762 1.146 0912 5298102 1.163
4 0.4 5.015 1.342 0.886 | H.298103 1.596
] 0.4 B.2649 1.604 0774 | 5287102 2.283
pool = G 0.6 7.522 1.842 0.706 | H.297103 3.006
7 07 8.775 2.0649 0653 | 52487102 3.7591
8 0.a 10.028 2287 0.61 £.297103 4633
g 0.4 11.28 2.4497 0576 | 5.296102 5525
10 1 12.533 2702 0.647 | 6.296103 6.467
11 1.1 13.785 2.901 0.521 | 5296103 7.454
12 1.2 15.036 3.085 05| 6285103 2.435
13 1.3 16.288 3284 0.481 | 52985102 5558
14 1.4 17.538 3.47 0.463 | 6.295103 10671
Plat evaparation rate versus time
5000
4000
E 3000
=B
o
g
=
g 2000
k
1aaa
0
200 400 600 200 1000 1200 1400 1&00 1200 2000
Tirae (=)
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Plot pool radius wersus time

20

@0

Pool Bading (m)
&

20

o 200 400 a0 200 1004 1200 1400 laan 1200 2000
Time (5}

Pool Fire

Functions for pool radius and diameter from spread results

t) = ]jnterp(punl{n},puul{z},ij-m dif) = 2.1t)
SeC
Flame Length
oo w16
Mondimensional wind velocity ) = 1
(MFPA, 1885, Sec. 3, Ch.11, Egn. 149) -
3
gy, dit)
Hv
m 0&7
Flame length a] -021
NFP#, 1885, Sec. 3, Ch.11, Egn. 14 ah) =55y | ——— | [u,0)
WIFFA 1855, Sor. 5, G T, Ban 19 PV D
Flame Tilt
0.431
Tilt angle fram vertical tan(g) g
2(t) = too - 313 S8 . Odez, didez|-rad
(Rew, 1996, Eqn. 2.18) (0 cosl8) = dh B.foces
Flame Drag
Extension of base of the flame 0.063 0.4s
dowrwind. This function gives ratio of Dety = 135 Vi e
extended diameter to base diameter (=125 2 d(t) I
(MFPA, 1885 Sec. 3, Ch.11, Egn. 22) 8
C-12
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Atmospheric Transmissivity

Define function for saturation pressure 5328

of water Py water Ta) = | 1013.25-(RH) exp| 144114 -

BAICHE, 2000, Egn. 2.2.43, p. 209 8
K

Define function for atrmospheric ) i
transmissivity i) = E.DE-[RH-P terh T Pa (m :I
(AICHE, 2000, Eqn. 2.2.42, p. 209) w_wate{ Tl

- 009

For shart distances, the carrelation may (%) = tn(xj-(tn(xj < 10) + I-D'ETD':X:] > 1.0)
calculate a transmissivity = 1

Cylindrical Flame Model Geometric View Factors

alt)
Flx .t] = — ==
() s
X = t-CDeH - 1)
.&
Geometric view L)
factor for a 8« 8rf)
cylindrical flam 5 5
(MFP4, 1995, Se A (0% + (T + D% - 22307 + 1) -sinfe)
3, Ch11)

B« (:{;.2 + (¥ - 1;12 - 2H(Y - ) -sinl8)
Ce 1+ [Y2 - 1)--:.:5[9)2

¥ocos(e) _{(}gz F(T+ 17 = 27 (1 + Xsinle)) _&tm[ AT - 1)
Y - X-sin(@) n+f& B

v cos(e) st Z¥ - [Y2 - 1)-sm(ej} .\ &tm[\l"rz - 1-sm[ej]
Ve ——X-cns(e:l -atan[ u]

7V - Xosinla)) ¥ +1
].'-"1‘r — Hl + 1;}'2 + HE

1 Y+ 1
Hl‘:——-atan[ Al ]

TJ1<—

T -1
2 2
Hg(__{(}g +(F+ D7 =2(7T + 1 + XV sinlo) }atm[ MY—D}
n+f4B B(Y + 1)

—_

Hy sinfg) | XY - - 1)-sin(e)] . &M[JYZ - -sm(ejJ
o Jv - 14fC VC

Fh<—H1+HE+H3

2 2

Fv +Fh

C-13
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Calculate Thermal Flux Downwind
Function far thermal flux Ith(xr,t) = T(xr - D(t)-r(t))-F(xr,t)-Es

Calculate flux at a series of points using the maximum poal radius

Look up time for maximum radius ¢ ‘total

THA

(initisl guess)  t, = rDDt(rmax - r(tﬂnax:j ,tmax:l

Calculate flux at a series of points i=0.30 w o= [+ 1)-200-m] + 10-m

Ii = Ith[xi erale

Plat incident flux versus distance for maximum pool radius

1107
100 =
l:"u
Y
L 10 II'“,\
Ik'\
) 3
W) AN
0.1 =
0.01 . .
1] 2000 4000 aaon 2000 1-10 12-10
A
m

Waximum flame length a(tnna.xj = 282m a(trmm‘l = 9241t

Tilt angle at time of maximum length e(trmaxj = 3603 deg

Flame drag at time of maximum length D(trmaxj =124

(ratio of extended diameter to base diameter)

C-14
ez -
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bhotal

Plot incident flux versus time at 300, 500, and 1000 m t = i+ 1)
100
i "“-—___‘__-‘__
Ly, (300 10, ;) 7 —
[kWJ J'f 1 x HH‘--.
) - S
K - -
_m 10— — \\‘
Ly [ 500 -ru,, ;) i ——
[ka * T s "‘-.\‘
2 e, ~,
m ". ‘Ihil""' aa,
Iy 10000t 1 =F ==
[kw]
y
il
0.1
1] 200 400 G600 200 1000 1200 1400 1400 1200 2000
t;
SeC
Determine the ground-level distances to the thermal flux level(s) of concern using maximum radius
X, = 200-m (initial guess) Rluc(llnc) = rnut(IIDc - Im(xr,tﬂnﬂ:l xrjl
Distances to the thermal flux levels of concern
38 KWim? 25 KWim? 12 KW/ mZ 5 KWim?
kW kW kW KW
LOC e =3 — loey = 25— loe3 = 12— loea =5
defined - - - -
BTU BTO BTO BTO
ey = 12048 — Lo = 7225 — Hoes = 3804—2 opa = 1585 —
heft b £t b £t b £t
g.altculate Figer = Rln:nc(llncljl Figez = RIDCI[IIDCEII Fyges = RIDCI[IIDCEII Figeq = Rln:nc(llnc-’-ljl
istance

R].IIIC]. =37im
Fipe = 123080

Figpy = 023 mi

R].IZICE = 430 m
Fipey = 1476 0t

Figep = 028 mi

C-15

R].EICE = g0dm
Fipez = 198280

Figez = 038 mi

R].EIC-’-I- = E835m
Fipeq = 280410

Fipq = 0.53 mi
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LNG Source Term and Pool Fire Calculations

* Vessel Release and Deinventory
* Pool Spread and Evaporation (Webbher Methodology)

« Pool Fire
Scenario Definition
Spill Definition

Instantaneous pool volume
Hale diameter
Initial liquid height above the hole

Yolume to release through hole
(i.e., volume above the hole)

ol
instant = M

Byole = Jm

hi.nit =13m

v

3
Vopin = 12500m

Ambient Conditions for Pool Fire Analysis

Armbient pressure
Armbient temperature
Relative humidity
Wind speed

Ref. height for wind speed

Wind speed at 1.6 m
(povwer of 0.3 forwind profile

assumes urban conditions and class
F stability)

bolecular weight of air

Armbient air density

p, = 101325-Fa

T, =20 + 43967 R
FH =07

u,., = 20-mph

Zr = 10-m

_ L6m"
By 16 |

T

kg
kgmole

L. = 25964

ait

Py M th

p,=0074—

R, T, &2

adt

Pa

Constants and Conversion Factors

LInit conversions

Universal gas constant

Material Properties

bolecular weight

Mormal boiling point

Kl = 1000 joule

Ihttole = 1

ft-1hf
Ihmale B

R, = 1545

kg
kgmole

LI = 16043

Ty, = 11186-K
C-16

kg
kgmole = — - Thmole
E I

dy g = 1641

by = 4278

Py =147 psi

T,=539467R

m
= 55941 —
o sec

. 1 g=115mph

pa=1178—2

KA = 1000 watt

Ty, = 200985 R

<« ABS Consulting
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. 13 k It
Yapor density Py= : Po = 1751 & Py = 0109 —
fat T, using ideal gas lawi RLI m3 f't,3
—T
T L
. . -
Yapor viscosity cat T K= 436210 Pasec
2
Kinematic viscosity v, = M v, =2491 % 10 om_
of vapor (at Ty R See
. - kg
Density of Liquid cat T pp= 4225 —
m3
Ce . -4
Liguid viscosity (at T, py = 1165810 "Pasec
2
Kinematic viscosity = ! vy = 2764 x 10 m
of wvapar (at T =1} sec
Heat of vaporization hp_ = 5093319 joule
[ kg
Surface Tension (at Ty o = 00133 2EFOn
m
Thermmal conductivity of vapor A= 001269 etk
I
Heat capacity of vapor o, = 207556 joule
I3 kg K
Ay il rrl2
Yapor thermal diffusivity O, = o, =349l x 10~ —
F'v'cp sec
. kg
Seawater density Py = 1025 —=
m3
YWater viscosity W o= 102110 *Pasec
2
YWater kinematic viscosity Vo = P V= 9961 x 10 m
of vapor Py sec
Vessel Release and Deinventory
Hale diameter dh o1e = Fm dy g = 16411

Specified above under Scenario Definition

Total valume in the tank above the hole
Specified above under Scenario Definition

3
Vopi = 12500

Cc-17
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Initial liquid height above the hole hyo=13m

Specified above under Scenario Definition

Tank area in horizontal plane _ 1iJTspi]l
Aszsuming that cross sectional area of tank (in ‘&:‘ta_n_k = ]
harizontal plane) is approximately constant. t
Discharge coefficient Cq=1

Function for flow through an orifice driven only by gravity

Time step dt =01 sec

2
Ay g = 96210

Deterrmine flow rate versus time, taking flow = |V« ?SPm

into account the decreasing head

I

I

I

C-18

11
while Hi>EI

h «—
1

i1} -

i -

M{g} -

by = by
iy ¢ Qo)
LEI +— 0-sec

ie—i+1
ti<—i-dt

Vi
S ank
g+ Qu[hij
{0

t

SEC

F1

V.0 if V. <0
1 1

e
e
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q W h

] 1 2 3

N ] 1.32510%9 1.2510% 13

1 0.1 1.323105 1.247104 12.867

2 n:z 1.321-10%9 1.244104 12.834

3 na 1.32-106 1.241104 12.802

4 0.4 1.318-10%9 1.237104 12.87

a na 1. 316105 1.234104 12.837

G NE 1.31510%9 1.231104 12.804

flow=| 7 n7 1.313105 1.228104 12773

g na 1.311-10%9 1.225104 12.74

4 ng 1.31-105 1.222104 12708

10 1 1.308-10%9 1.219104 12.676

11 1.1 1.306-105 1.216-104 12.644

12 1.2 1.305-10%9 1.213104 12.611

13 1.3 1.303105 1.21-104 12.5749

14 1.4 1.301-10%9 1.206104 12.547

15 1.4 1.3-105 1.203104 12.814

Plot release rate versus time
1510
o1
=
:
% 510t
1]
] 10 20 30 40 50 all T 20
Time (zec)

Tirme to release entire volume

Function far evaporation
rate as a function of time
for use in pool spread
calculations

o = max[ﬂuw{n}jl -1

o = T9 3en o = 1 3min

kg
0— if t=>t
. e

galt) =

linntetp (ﬂaw{n} i ﬂaw{l} i i] . ke

C-19
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Burning rate and surface emitted flux for an LNG pool fire on water

Burning rate
Chosen based on review of
experimental data

Surface emitted flux
Chosen based on review of
experimental data

Heat flux to produce above
burning rate

bass burning rate as a function
of pool radius

Spread Equations

Reduced gravitational acceleration
(TR, 1987 Eqgn. 3.34)

Minirum frontal depth based on
surface tension
(TR, 1987 Eqgn. 3.48)

Minirum frontal depth based on
viscous effects
(TR, 1987 Eqgn. 3.11)

Choose minimurm depth
(TR, 1987 Eqgn. 3.49)

Pool shape factor

Gravity term coeficient
(TR, 1987 Eqgn. 3.63)

THO, 1397, Egn. 3.46

my, = 0282

E_ =265 —
# 2

Qfire = mh'h'f'g

myr) = ﬂ-rz-mh

k I
£ my, = 0058
th -sec ft-sec
KW BTU
E, = 34005 ——
f ft-hr
KW BTU
Qfie = 1436 — Qe = 45531 ——
th fi b
Py~ F ft
g, = E.M gr=5_?r5% g =189 —
P 2 2
b= |— b = 0.1 cm b, = 00705 in
21
vy 0.25
vy
hc(qS;I =
PI7E
bmard D = max{by 1o(2)
s{u.h,hgp o) = |1 h<00Im
otherwise
Fr« 1.078
2
e —— i u>0
2Frgeh

M« 0 otheraise

2
D5 =(l-N(s5D + [%J(s > 7)

8 =1s=z2+ E-[:s <3
3
C-20
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Fesistance for laminar flow
(TR0, 1987, Egns. 3.64, 3,65k,
.66, 268, and 3.69)

Fesistance for turbulent flow
(TR, 1987, Egns. 3.70 and
271

Fesistance term
(THO, 1987, BEgn, 3,72

Acceleration of the leading
edge of the pool
(TR, 1987 Eqn. 3.62)

Acceleration as a function of
current speed, radius, height,
and mass addition rate

filuh,s,6) = |1 if t=0m

otherarise
1 iff h<0001-m

otherwise
1 if w< 0000001 2=
gec
atherwrise
f«102
Yy
root] —-
Hagr

m .
CFL(u,h,s,rj = I:I-—g if h=0
sec

2.35-j[sj-ﬂ.66-u1-%-(1 - fflu,h,2,4)) otherwize
h

Cpr(u,h,s) = |0-—— if h<0D

449.1(5)-00015u°
h

othetwise

Cplu.Cpr.Cpr) = sign(u) max{Cpp, Cpp |

4.0 h
al® h,1,Cp) = 7% -Cp

acc( b, o) = fhng = B a9
g S[u=h=hﬂmax:|

D B(s)

CFT — CFT[:'LJ-,h,S:I
CFL(— CFL(u,h,s,rj
Cp < CF{u.Cpr.Cpy

a(® ,h,1,C)

Cc-21
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Spill Definition for Pool Calculations

" 3
Initial pool volurme V=V Vi =0m
I~ Yinstant I
Specified above under Scenario Definition
Spill rate as a function of time Defined above under

Yessel Release and Deinventary

Time step dt =01 sec

Pool Spread and Evaporation Algorithm

pool = tD — 0-zec

4y gl -sec)

hmj.nﬂ = hﬂmax[qn)
N — acc[uﬂ,rn,hﬂ,qﬂj]

8g & m'f{rlil)
4 dt

v —_——
d
adD Py

e -dt
1]
vevapl:l(_ o1

i1

— 3
while (1< 1) w TJi:-EI-m
ie—i+1
toe— it
1

1;I;r1 — TJ1—1 + v&ddl_]_ - HEV&P1_1

TJi~:—lil-m3 if Tni’i<lil

toe—t ., +u -dt
1 i-1 i-1

C-22
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1

rifr (TJJE if t= 0-m

k&
h. & ——

el

nwe—u o, +a -dt
1 1-1 -

g, ¢ ogliod)

o € mef

SR a“[“i’frhi’qij'
g it

Vadd & —
1 |:|1

g dt
T”revapi = ol

i -

5

5.
T

i

=
.T.

{3k

=
.T.

=5
£
T

{5)

=
T
|£|m §|£|ﬂ Ble 2l 2 < 8|~

Lo
o
L]
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Pool Spread and Evaporation Results

total = ma:c(p o DI{D}) -1 1

Time for complete evaporation byt = 417 sec tyotal = 6.7 min
Maximum pool radius = [ 1{2}) =134 =440t
4 ey = MENPOO M Ty = m fax =
t i r h fq g
0 1 2 3 4 ]
0 1] 0 1] O 1.325108 1]
1 0.1 31.353 3153 1.004 | 1.323105 8.804
2 0.z 62.664 3153 2006 | 1.321109 8.804
3 0.3 93.936 3.222 288 1.32-108 8.197
4 0.4 125168 3.4249 3.389 | 1318108 10416
g 0.5 186,362 3.795 3486 | 136105 12.758
pool = G 0.6 187.515 4253 33| 1318108 16.026
7 07 218.628 473 311 1313105 19.821
8 0.a 249701 5.2M 2839 1311108 23.962
g 0.4 280.733 5.661 2,788 1.31-108 28.39
10 1 31.725 6.11 2688 | 1.308109 33.076
11 1.1 342677 f.5449 2543 1.306105 38.0M
12 1.2 3a73.588 6.9749 2441 1.306-108 43.154
13 1.3 404.458 7.401 23581 1.303105 48.521
14 1.4 435288 7814 2269 | 1.30110%9 54.094
Plat evaparation rate versus time
210t
1510
E
=B
R
E 1-10
E'
k
S000
1]
0 50 100 150 200 250 300 350 400 450
Tirne (z)
C-24
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Plot pool radius wersus time

150
100
E
3
E
(w1
50
. 0 50 100 150 200 230 300 350 400 430
Time (s)
Pool Fire

Functions for pool radius and diameter from spread results

t) = ]jnterp(punl{n},puul{z},ij-m dif) = 2.1t)

SEC

Flame Length

Mondimensional wind velocity
(MFPA, 1985 Sec. 3, Cho11, Egn. 15) =

067
Flame length My, -021
MNFPA, 1895 Sec. 3. Ch11 Egn. 14 ) = 55dD) | ———| [(u D)
WIFFA 1855, Sor. 5, G T, Ban 19 pavEdD |

Flame Tilt
0.431

Tilt angle fram vertical _ tan(g) g
{REW. 1995, Eqn 21 E:I el:t-j = oo 3 13 ,e ,Ddeg,-’-ﬁd&g -I’ﬁd

cus(ej . g-dit)

Flame Drag

Extension of base of the flame 0.063 0.4s
dowenwind. This function gives ratio of Vg Hr

: . Dty = 125 —— 1=
extended diameter to base diameter 2 d(t) o
(MFPA, 1985 Sec. 3, Ch1, Egn. 22) a
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Atmospheric Transmissivity

Define function for saturation pressure 5328

of water Py water Ta) = | 1013.25-(RH) exp| 144114 -

BAICHE, 2000, Egn. 2.2.43, p. 209 8
K

Define function for atrmospheric ) i
transmissivity i) = E.DE-[RH-P terh T Pa (m :I
(AICHE, 2000, Eqn. 2.2.42, p. 209) w_wate{ Tl

- 009

For shart distances, the carrelation may (%) = tn(xj-(tn(xj < 10) + I-D'ETD':X:] > 1.0)
calculate a transmissivity = 1

Cylindrical Flame Model Geometric View Factors

alt)
Flx .t] = — ==
() s
X = t-CDeH - 1)
.&
Geometric view L)
factor for a 8« 8rf)
cylindrical flam 5 5
(MFP4, 1995, Se A (0% + (T + D% - 22307 + 1) -sinfe)
3, Ch11)

B« (:{;.2 + (¥ - 1;12 - 2H(Y - ) -sinl8)
Ce 1+ [Y2 - 1)--:.:5[9)2

¥ocos(e) _{(}gz F(T+ 17 = 27 (1 + Xsinle)) _&tm[ AT - 1)
Y - X-sin(@) n+f& B

v cos(e) st Z¥ - [Y2 - 1)-sm(ej} .\ &tm[\l"rz - 1-sm[ej]
Ve ——X-cns(e:l -atan[ u]

7V - Xosinla)) ¥ +1
].'-"1‘r — Hl + 1;}'2 + HE

1 Y+ 1
Hl‘:——-atan[ Al ]

TJ1<—

T -1
2 2
Hg(__{(}g +(F+ D7 =2(7T + 1 + XV sinlo) }atm[ MY—D}
n+f4B B(Y + 1)

—_

Hy sinfg) | XY - - 1)-sin(e)] . &M[JYZ - -sm(ejJ
o Jv - 14fC VC

Fh<—H1+HE+H3

2 2

Fv +Fh

C-26
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Calculate Thermal Flux Downwind

Function for thermal flux

Li(%-t) = o{x, = DCO-oC)) Bl 1) B

Calculate flux at a series of points using the maximum poal radius

Look up time for maximum radius

tatal

—— (initial gues=s)
2

1

A -

trmax = r':":'t(rma:c - r(tﬂnaxj ’tnnaxj

Calculate flux at a series of points i=0.30 w o= [+ 1)-200-m] + 10-m

Plat incident flux versus distance for maximum pool radius

1-10°
100 "'l"
l.l'l.'
*,
L 10 I\
[kWJ
2
m 1
0.1 —_—
———
nol . .
1] 2000 4000 alon 2000 1-10 1210
A
I
Waximum flame length a(trmm‘l = 438 m

Aty o) = 143782
Tilt angle at time of maximum length e(trmax:l =308 deg

Flame drag at time of maximum length D(trmaxj =119
(ratio of extended diameter to base diameter)

C-27
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bhotal

450

Flat incident flux versus time at 500, 1000, and 2000 m to=(i+ 1)
100
Ly, 500 10, ;) o
KW
—_— 10 —F = i m o mm R
, e
Ty, (100010, t5) =
] il
kW [
_2 : Jr .....................
Im 7 T e i e
- ;l' __.-"”
Ly [2000-m,t) 1 —
[kw] P
2
I
50 100 150 200 as0 300 250 400
i
Sec

Rl.:.c(Ilcn:]' = r-:ucut(Ich - Ith(xﬁtﬂnax:l ’xr]I

Determine the ground-level distances to the thermal flux level(s) of concern using maximum radius

%= 200-m (initial guess)
Distances to the thermal flux levels of concerm
38 kW/m? 25 kW/m? 12 KW/m? 5 kWi m=
I3 W W W
LOC e =3 — loey = 25— loe3 = 12— loea =5
defined - - " -
BTU ETU ETU ETU
Hoep = 12046 —2 Hppz = 7923 —2 Haes = 3804—2 Hppa = 1385 ——
hr-ft hrft hrft ht-ft
Calculate PFige1 = RIDC(IIDCIII Piogz = RIDC(IIDCEII Pioez = RIDC(IIDCEII Pioeq = Rln:nc(llnc-’-ljl
distance
Fygel = #97m Flogz=T743m Fipez=9%82m Ryqoq = 1406 m
Rger = 196581 Rigez = 2373 11 Fygez = 32236t Ry, qq = 46148
Figoq = 037 mi Figqg = 045 mi Fygq3 = 061 mi Fygoq = 087 mi
C-28
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Appendix D

Example Source Term Calculations for
Flammable Vapor Dispersion
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LNG Source Term and Dispersion Modeling Input Data

Film Boiling Heat Flux

Scenario Definition
Spill Definition

Instantaneous pool volume
Hale diameter
Initial liquid height above the hole

Yolume to release through hole
(i.e., volume above the hole)

Ambient Conditions

Armbient pressure

Temperature of water

Vessel Release and Deinventory

Pool Spread and Evaporation Webber Methodology)
DEGADIS Source Term Input Data

3
Vinstant = 01t

Bale = 1
by = 153-m

3
Vopin = 12500m

p, = 101325-Fa

T, = (70 + 459 67) R,

Constants and Conversion Factors

LInit conversions
Universal gas constant

Material Properties

Molecular weight

Morrmal boiling point

Yapor density

(at T, using ideal gas lawi

YWapor viscosity cat T

Kinematic viscosity
of vapar (at Ty

Density of Liquid cat T,

Liguid viscosity cat T,

Kl = 1000 joule

k
Ihitole =1 kgmole = l—f-lhmnle
ft-Ibf
= 1545 ———
Moy Ihimole R
k
M = 16043 —©
kgmole
Ty, = 11166 K Ty, = 200925 R
B k
Py — p,= 1751 =
R, 3
=T m
IlulI b
-
.= 4362-10 "Pasec
Her
V= — v = 2491 % 10
Far
k
py= 422.5-—2
tm

by o= 116810 TPasec
D-2

Bale = 32451

by = 4278

Py =147 psi

T = 2296TR

WA = 1000 watt.

I
Py =0109 —

2

—ftm

sec
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Kinematic viscosity v =

v =276 x 10 " —
of vapar (at Ty

K 7 m2
P gec

N joul
Heat of vaporization g, = 509331 9.1
2 kg
Surface Tension (at T, o = 00133 2EF0On
imn
- wratt
Thermal conductivity of vapor A, = 001269 —
-k
. joal
Heat capacity of vapor C, = 207556 1oar
P kg K
A -6 HF
Yapor thermal diffusivity B = o, =349 x 10~ —
F'V'Cp sec
. kg
Seawater density Py = 1025 —
i
. . -3
Water viscosity o = 1021-10 "Pasec
2
YWater kinematic viscosity Vo = Fw V= B961 3 100 m
of vapar P sec
Vessel Release and Deinventory
Hole diameter dhofe = 1m S ote = 32811
Specified abowve under Scenario Definition
Total volume in the tank above the hole Vo = 12500 m3
Specified abowve under Scenario Definition P
Initial liquid height above the hole b= 13m
Specified abowve under Scenario Definition
Tank area in harizontal plane _ vspﬂl 2
Aszzuming that cross sectional area of tank (in ‘a‘ta_-n_k = ] ‘a‘taﬂk= FEdm
harizontal plane) is approximately constant. t
Discharge coeficient Cg=1
iy, 2
. . . . 1
Function for flow through an orifice driven only by gravity Q) = Cd'PI'“'[ - EJ ~f2gh

Time step dt=0.1-sec

D-3
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Deterrnine flowe rate versus time, taking flow = |V, «—¥V__.
. . 1] spill
into account the decreasing head

By ¢ Bynig

g ¢ Qo)
tD « 0-sec

i< 10
while Hi>EI
ie—i+1

ti — i-dt

i
hi~:—
tank
% < Qo[by)
t
M{n} b
SeC
M{l} o4
kg
SeC
W
M{z} o
3
m
h
M{g} )
m
Il
t fq [ h
1] 1 2 3
1] 1] 5.299-103 1.25104 13
1 0.1 5293103 1.25-104 12.994
2 0.z 5.298-103 1.25104 12.997
3 0.3 5293103 1.25-104 12.996
flow = [ 4 0.4 5.298-103 1.249-104 12.995
] 0.4 5.297-10% 1.249-104 12.993
ki 0.6 5297103 1.249-104 12.992
7 0.7 5.297-10% 1.249-104 12.991
g n.a 5297103 1.249-104 12.99
4 0.4 5.296-103 1.249-104 12.938
D-4
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Plot release rate wversus time

a0
& 4000
=
=
&
%
& 2000
n
0 s00 1ooa 1500 2000
Tirme (3ec)
Time to release entire volume = [ﬂ {D}) = 1993 = 332 mi
tend = max)flowr J-1-1o tend_ SRC tend_ R (iis]
Function far evaporation kg

galt) = |0— o t>1,.4

rate as a function of time sen
for use in pool spread
. t k
calculations ]jnterp(ﬂaw{n},ﬂaw{l},—]-—g athetwrise
SEC SEC
Film Boiling Heat Flux and Evaporation Rate
Lse the modelfcorrelation of Klimenka, as given by THO (19597,
5
Length =cale for vapor bubble formation l,=1n S — 1, =0011m
g (P Py
3
. gl i
Galilea number a = . Ca = 2268 =« 10
Vo
, PP
Archimedes number Ar = Ga-M Ar= 5451 = 1IZI8
Hsr
uV
Frandt! number P, = — Py =0713
ol
w
Dimensianless heat of vaporization Lp= i L.p=134
Cp (T = T
P wr
D-5
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Musselt numhber

! i
3 2
LR TR
Fy=1{L,p 514 + [H [Lyp > 14) Fy=1{L,p 52+ — {Lyp > 2)
! !
Mu = 0.19-{ Ar-Pr ] : -Fl-[m <10%) + n.nnsa-\.'ﬁr-lﬂrf -[m > 10 Hu = 179.4
. Mu wratt
Heat transfer coefficient by = A — hgyy, = 2018
I m K
Heat flux Qftten = Pty [T — T Qe = 369
mI!
. Uit kg
Evaporation mass flux Mg, = —— Mgy, = 0072
hfg M -gec
2
Mass evaporation rate as a " sz )'Qﬁ]m
function of pool radius ml) = fup
2
Spread Equations
P~ P
Reduced gravitational acceleration (TRO 3.34) g, = g-( ki III
Py
binirmum frontal depth based on h = 2 b, =018cm
surface tension (THO 3.48) 2P
025
. 6vy g
binirmum frontal depth based on hc(qu =
viscous effects (TNO 3.11) PrTE
Choose minimum depth (THNO 3.49) b @) = max(hc,hc(q)]l
Paal shape factor S(u=h=hﬂma.x:| = |1 if h<00lm
otherwise
Fr« 1078
2
N« if ux0
E-Frz-gr-h
M« 0 otherwise
2
g+ M+ N2+ (hﬂmu]
h
3
D-6
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4
Gravity term coefficient (TNO 3.63) ®is) =(1-(s2D + [%J(s )
THO (3.48) (9 =122 + 2(s <)
B
Resistance far laminar

flow (THO 3.64, 365h, ff(wh,s.0 = |1 if r=0m
366, 368V, and 3.69) otherwise

1 if h<000l-m
othetarize
1 if u< 0000001 ——
SEC
othetuize
fe 02
_ 3
M [uh® 1
root]| —. |2 L2 iy
g o ¥yt 108
) mn . <
CpL(mh,s.0 = [0—= i b0
Sec

2.35-j(sj-[l.rﬁrﬁ-u1-%-(1 - ffiu,h,2,£)) otherwize
h

FResistance for turbulent flow

mo.
(TMO 3.70 and 3.71) Cpr(u.h,9 = |0 — if h=0

sec

449.i(5)-0.0015u°

othersize
h
Resistance term (TNO 3.72) CF(u,CFT,CFLJ = Siglliu)'mﬂx(CFTscF]_J
Acceleration of the leading _ 4d-grh
edge of the pool (TNO 3.62) (% h,1,0p] = ——— - Cp
Acceleration as a function of current acclu,t,h, ) = by B a0
speed, radius, height, and mass
addition rate 4 S(u’h=hﬂmax:|
b« d(3)

CFT — CFT[u,h,sj
CFL — CFL(u,h,s,r)

Cp ¢ Cp[u.Cpr.Cpp )

al® . h,1,C)

D-7
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Spill Definition for Pool Calculations

. 3
Initial pool volurme V=V Vi =0m
I~ Yinstant I
Specified abowve under Scenario Definition
Spill rate as a function of time Defined above under

Yessel Release and Deinventary
Time step dt=0.1-sec
Pool Spread and Evaporation Algorithm
pool = tD & 0-zec

1.10*:—|:I-ﬂ
sec

4y gl -zec)
4 — acc[uﬂ,rn,hu,quj]
&y € melzrnj]
qD-dt
vaddn — Tl

g -t
n
1;’Tnenraf:ul:l{_ o1

Aourcehdatched «— 0
i1

. . 3
while (i< 17w ?i> 0-m
ie—i+1
t. o+ idt
1

1;.;'1 — ?1_1 + v&dd]__]_ - vev&F‘i_1

vi<_|:|.m3 if Tai'i{III
if Sourcellatched =1

t. it
1 i-1

D-8
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a. +— ace u.,r.,h.,q_jj]
1 1171

#|lv0) )

Aourcellatched «— 1

SEC
qi-dt
Vadd, & —
1 |:I1
ei- dt
vEV&pi{_ )
ot
SEC
M{l} — 1
3
n
M o b
n
h
M B
m
M{4} o 4
kg
Sec
M{j}{— £
kg
SeC
I

D-10
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Pool Spread and Evaporation Results

total = ma:c(p o DI{D}) -1 1

Time for complete evaporation by opal = 2028 sec tyotal = 338 min
Maximum pool radius = [ 1{2}) =131 =430t
4 Ly gy = MAGPOO Bl Loy = m Loy =
t b r h q e
0 1 2 4 ]
0 1] 0 1] O 5298103 1]
1 0.1 1.254 1.074 0.343| 5298102 0.264
2 0.z 2.a08 1.078 0686 | H.298103 0.264
3 0.3 3762 1.146 0912 5298102 0.2598
4 0.4 5.016 1.342 0.886 | H.298103 0.41
] 0.4 6.27 1.604 0775 | 5287102 0.586
pool = G 0.6 7.523 1.842 0.706 | H.297103 .77
7 07 8.rIy 2.0649 0653 | 52487102 0.973
8 0.a 10,03 2287 0.611 £.297103 1.184
g 0.4 11.284 2.4497 0576 | 5.296102 1.418
10 1 12.537 2702 0.647 | 6.296103 1.66
11 1.1 13.749 2.901 0522 | 5296102 1.913
12 1.2 15.043 3.085 05| 6285103 2178
13 1.3 16.296 3284 0.481 | 52985102 2.453
14 1.4 17.548 3.47 0.464 | 6285103 2734
Plat evaparation rate versus time
4000
3000
E
=B
g 2000
=
A
5
k
1000
0
o 200 400 a0 200 1ooo 1200 1400 1600 1800 0 2000 2200
Tirae (=)
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Plot pool radius wersus time

150
100
E
3
E
(w1
50
0
0 200 400 600 200 1000 1200 1400 1600 1300 2000 2200
Time (s)
Transient Source Term for DEGADIS
Time step step = tt;:l step = 53379 5

For each time step, use the evaporation rate and pool radius for the midpaint

deg = |for ie0.37
1.

t i 8

1 sec

step

mld(—t +

2z
ei<—]jnte ( |:u:|1 pu:u:ul d)

1 linterp (pu:u:-l .po |:|1 d)

38 step

—
t‘EE sec

by tyg + 1

M{D} — 1t

{13

MW e

M{z} —r

it
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0 1 2 Write data to text file far input to DEGADIS
] n.oo 17220 27482
1 53.38 569.00 a0.03 WERITEPEHN("degtid" ) := deg
2 106.76 97g.a0 Bo.62
3 160.14 1397.89 7.4z )
T s A e
al 26684 223628 8918 to DEGADIS, a new line should be added to
B 20,27 2646 29 107.89 the top ofthis file with the number 40.
7 37364 304532 114.74
g 427.03 343027 122.84
q 480.41 3798.20 129.26
10 533.749 3907.11 131.10
11 aaT AT 3907.11 131.10
12 640.55 3907.11 131.10
13 69393 3907.11 131.10
14 7473 3907.11 131.10
14 200.68 3907.11 131.10
16 854.06 3907.11 131.10
17 90744 3907.11 131.10
18 960.82 3907.11 131.10
19 1014.20 3907.11 131.10
20 1067.58 3907.11 131.10
21 1120.96 3907.11 131.10
22 1174.34 3907.11 131.10
23 122772 3907.11 131.10
24 1281.049 3907.11 131.10
25 133447 35T6.64 12643
26 1387.845 2945 41 113.83
27 1441.23 247013 104.24
28 1494 61 2101.46 9614
29 154799 180519 8911
a0 1601.37 1567.63 a2IT
1 1654.74 134252 TE.85
32 170813 1148.67 71.08
33 1761.81 963.44 6527
34 1814.88 79667 5920
34 186826 B30.25 a2.64
36 1921.64 470.493 4552
ar 1975.02 40491 4218
38 2023.40 n.oo 0.0o
39 2029.40 n.oo 0.0o
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LNG Source Term and Dispersion Modeling Input Data

Film Boiling Heat Flux

Scenario Definition
Spill Definition

Instantaneous pool volume
Hale diameter
Initial liquid height above the hole

Yolume to release through hole
(i.e., volume above the hole)

Ambient Conditions

Armbient pressure

Temperature of water

Vessel Release and Deinventory

Pool Spread and Evaporation Webber Methodology)
DEGADIS Source Term Input Data

3
Vinstant = 01t

Bale = I

by = 153-m

3
Vopin = 12500m

p, = 101325-Fa

T, = (70 + 459 67) R,

Constants and Conversion Factors

LInit conversions
Universal gas constant

Material Properties

Molecular weight
Morrmal boiling point

Yapor density

(at T, using ideal gas lawi

YWapor viscosity cat T

Kinematic viscosity
of vapar (at Ty

Density of Liquid cat T,

Liguid viscosity cat T,

Kl = 1000 joule

k
Ihitole =1 kgmole = l—f-lhmnle
ft-Ibf
= 1545 ———
Moy Ihimole R
k
M = 16043 —©
kgmole
Ty, = 11166 K Ty, = 200925 R
B k
Py — p,= 1751 =
R, 3
=T m
IlulI b
-
.= 4362-10 "Pasec
Her
V= — v = 2491 % 10
Far
k
py= 422.5-—2
tm

by o= 116810 TPasec
D-14

ot = 1641

by = 4278

Py =147 psi

T = 2296TR

WA = 1000 watt.

I
Py =0109 —

—rﬁm2

sec
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2
Kinematic viscosity vy = ! v =2764 % 10 m
of vapor (at Ty P1 SEC
N joule
Heat of vaporization hp, = 5093319
2 kg
Surface Tension (at T, o = 00133 2EF0On
i
- wratt
Thermal conductivity of vapor A, = 001269 —
-k
Heat capacity of vapor C, = 207556 jouls
P kg K
lV -f m2
Yapor thermal diffusivity B = o, =349 x 10~ —
F'V'Cp sec
. kg
Seawater density Py = 1025 —
m3
. . -3
Water viscosity o = 1021-10 "Pasec
2
YWater kinematic viscosity Vo = Fw V= B961 3 100 m
of vapar P sec
Vessel Release and Deinventory
Hole diameter thofe = Fm Aot = 1640411
Specified abowve under Scenario Definition
Total volume in the tank above the hole Vo = 12500 m3
Specified abowve under Scenario Definition P
Initial liquid height above the hole b= 13m
Specified abowve under Scenario Definition
Tank area in harizontal plane _ vspﬂl 2
Aszzuming that cross sectional area of tank (in ‘a‘ta_-n_k = o ‘a‘taﬂk= FEdm
harizontal plane) is approximately constant. t
Discharge coeficient Cg=1
iy, 2
. . . . 1
Function for flow through an orifice driven only by gravity Q) = Cd'PI'“'[ ; EJ ~f2gh

Time step dt=0.1-sec

D-15
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Deterrnine flowe rate versus time, taking flow = |V, «—¥V__.
. . 1] spill
into account the decreasing head

By ¢ Bynig

g ¢ Qo)
tD « 0-sec

i< 10
while Hi>EI
ie—i+1

ti — i-dt

H1
V.0 i V.<0
1 1

Vi
hi~:—
B ark
% < Qo[by)
t
M{n} o b
SEC
M{l} o4
e
Sec
WV
M{z} o
3
i
h
M{g} )
m
i)
t fq [ h
1] 1 2 3
1] n 1.325-105 1.25-104 13
1 0.1 1.323109 1.247104 12.967
2 nz 1.321-105 1.244-109 12.935
3 n.3 1.32105 1.24110% 12.902
flow =| 4 0.4 1.318-105 1.237109 12.87
] 0.5 1.316-10% 1.234109 12.837
4] 0.6 1.315-105 1.231-104 12.805
7 ny 1.313-10% 1.228109 12773
a n.sa 1.311-105 1.225-104 12.74
4 n.a 1.31-105 1222109 12.708
D-16
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Plot release rate wversus time

1.510°

Belease Bate (kafsec)

Tirme to release entire volurme

Function far evaporation
rate as a function of time
for use in pool spread
calculations

topd = max[ﬂuw{n}jl -1

30 40 0 Gl

Tire (sec)

kg
0— if t>t,4

SEC

0 iy ot

]jnterp(ﬂn:nw Sow ™, — |-

Film Boiling Heat Flux and Evaporation Rate

Lse the modelfcorrelation of Klimenka, as given by THO (19597,

]
Length scale for vapor bubble formation l,=1nm S A—
g (P Py
3
. glc
(5alilea number Ca = :
Vo
. PL- P
Archimedes number Ar = Ga-( : VII
Har
UV
Prandt] number Pr, = —
Boar
N o by,
Dimensianless heat of vaporization Log =
Co [Ty — Ty)
P wr
D-17

&l
topg = 1.3 min
l,=0011m
&
Ga= 2260 = 10
1
Ar=5402=10
Pr,, = 0713
Lp = 1344
r t =
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Musselt numhber

! i
3 2
Ler Lvr
Fy :=1-(L\,1;{51.4]|+[H [Lyp > 14) Fy=1{L,p 52+ — {Lyp > 2)
! !
Mu = 0.19-{ Ar-Pr ] . -Fl-[m <10%) + n.nnsa-\.'ﬁr-lﬂrf -[m > 10%) Hu = 179.4
. Mu wratt
Heat transfer coefficient by = A — hgyy, = 2018
L m K
Heat flux Qftten = Pty [T — T Qi = 6.9 Ll
mI!
. Qfiten kg
Evaporation mass flux Mg, = —— Mgy, = 0072
hfg tm-gec
2
Mass evaporation rate as a 3 “'(f )'Qﬁ]m
function of pool radius mel) = by
2
Spread Equations
P~ P
Reduced gravitational acceleration (TRO 3.34) g, = g-( kil III
Py
binirmum frontal depth based on S b, =018cm
surface tension (THO 3.48) 2P
025
. 6vy g
binirmum frontal depth based on hc(qu =
viscous effects (TNO 3.11) PrTE

Choose minimum depth (TNO 3.49)

Fool shape factor

s(u,h,hnmmJ =

By = max( By b))

1 if h<00l-m
otheraise
Fr« 1073
2
> if uz0
2-Fr -gr-h
]2

M «—

M« 0 otheraise

[

N2+

g+ M+

e
h
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Gravity term coefficient (THNO 3.63)

THO (3.45)

Resistance for laminar
flow (TN 3,64, 3.650,
.66, 3.68YY, and 3.69)

FResistance for turbulent flow
(TROD 370 and 3.71)

Resistance term (TNO 3.72)

Acceleration of the leading
edge of the pool (TNO 3.62)

Acceleration as a function of current
speed, radius, height, and mass
addition rate

2
s =(l- (55D + [%J(s > 7)
5 =1(s22 + E-[:s =y
E

ffluh,s,6) = |1 if t=0m

otheriise
1 if bh<000l-m
othetarize
1 if u< 0000001 ——
SEC
othetuize
fe 02
5 3
Mo [uk® 1
root]| —. |2 L2 iy
g o ¥yt 108
) mn . <
Cpriu,h,s,0) = D-—2 if hel
Sec

2.35-j(sj-[l.rﬁrﬁ-u1-%-(1 - ffiu,h,2,£)) otherwize
h

m .
Cpr(u,h,9) = |0— if k<0
sec

449.i(5)-0.0015u°
h

othetwise

Cplu.Cpr.Cp) = sign(t) max{Cpy,Cpp |

dd.o h
a[IEI:' ,h,r,CF] = Br

-C

¢ F

ace(, b o) = g B a9
g+ S(u=h=hﬁmax:|

D e B(s)

CFT — CFT[u,h,sj
CFL(— CFL(u,h,s,r)
Cp & Cp{u.Cpr.Cpy)

al® . h,1,C)
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Spill Definition for Pool Calculations

. 3
Initial pool volurme V=V Vi =0m
I~ Yinstant I
Specified abowve under Scenario Definition
Spill rate as a function of time Defined above under

Yessel Release and Deinventary

Time step dt=0.1-sec

Pool Spread and Evaporation Algorithm
pool = tD & 0-zec

4y gl -zec)

hm.i.nﬂ = hﬂmax[qnj
7 ¢ eee{vo iy i)
£ — melzrnj]
qD-dt
Haddn — Tl

e -t
n
1;’Tnen.rapul:l(_ oy

1< 10

o 3
while (i< 1w Hi:-lil-m
ie—i+1
t. < i-dt
1

1;I;r1 — vl—l + v&ddl_]_ - HE‘?&Pi_]_

Tni’i<—lil-rn3 if TJi{EI

t.e—t ., +u -dt
i i-1 i-1
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1

ri& (HJE if £ = 0-m

i
e — 1

el
woeu bt
o, & gl dD
o ¢ my(1)
Y a“[“i’fi’hi’qi:'
o dt

Vadd, & —
1 pl

g dt
T”Fevapi = o1

M{n} -

{1

5
T

{2h

=
.T.

{3k

=
.T.

E.-""\-\.
£
T

{5k

=
.T.
#|e glwle 21E B0 muls g

W
o
L]

I

Pool Spread and Evaporation Results

Time for complete evaporation total = max(pnnl{n})-sec tyogat = 1100 sec tyopa = 183 min
. , _ [ {2})
blaximum pool radius ty gy = Maxipool ™ J-m Ly = 166146 m
D-21
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b r h q !
1 3 4 ]
0 1] 0 1] O 1.325108 1]
1 0.1 31.353 3153 1.004 | 1.323105 225
2 0.z 62.666 3153 2006 | 1.321109 226
3 0.3 893.939 3.222 288 1.32-108 2.36
4 0.4 125174 3.4249 3.389 | 1318108 2673
g 0.5 186,368 3.795 3486 | 136105 3.274
pool = G 0.6 187.524 4253 33| 1318108 4112
7 07 2158.64 473 311 1313105 5.086
8 0.a 249.716 5.2M 2839 1311108 £.149
g 0.4 280.752 5.661 2,788 1.31-108 7.285
10 1 31175 6.11 2688 | 1.308109 2.438
11 1.1 342707 f.5449 2543 1.306105 §.752
12 1.2 IT3.625 6.9749 2442 1.308105 11.074
13 1.3 404.503 7.401 23581 1.303105 12.451
14 1.4 43531 7814 2269 | 1.30110%9 13.881
Plat evaparation rate versus time
2000
G000
E
=B
‘% 4000
A
:
k
2000
0
200 400 ana 200 1000
Tite (g}
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Plot pool radius wersus time

200
150
E
&
3 100
E
(w1
50
0
0 100 200 300 400 500 400 700 200 900 1000 1100 1200
Time (s)
Transient Source Term for DEGADIS
Time step step = tt;:l step = 28.955 5

For each time step, use the evaporation rate and pool radius for the midpaint

deg = |for ie0.37
1.

t i 8

1 sec

step

mld(—t +

2z
ei<—]jnte ( |:u:|1 pu:u:ul d)

1 linterp (pu:u:-l .po |:|1 d)

38 step

—
t‘EE sec

by tyg + 1

M{D} — 1t

{13

MW e

M{z} —r

it
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1] 1 2
1] 0.00 419.43 4294
1 20.96 171492 8685
2 57.91 27561 110.11
3 g6.87 37533 11818
4 1145.82 333498 12112
] 14473 348711 123.85
] 17373 363294 126.41
¥ 20269 377332 128.83
] 23164 3ag08.82 13113
4 26060 4039.84 13331
10 28955 4166.85 13538
11 318.51 448994 13737
12 347 46 440937 13927
13 37642 452524 141.09
14 405.37 4537 .82 14283
15 43433 4747.04 144.50
16 46328 4853.03 146.11
17 49224 495583 147 64
18 52119 5055449 14912
19 55014 5152.M 140.54
20 57911 524540 141.90
21 BO05.06 5335.66 153.20
22 B37.02 542276 144 44
23 BES.97 5506.67 15564
24 F94.93 558733 16677
25 74388 S664.70 147.85
26 75284 573870 158.88
27 T81.79 5809.22 159.85
28 210.74 587616 160.77
29 839.70 5939.37 161.64
a0 863 66 5998.68 162.44
31 897 .61 A053.84 163.149
3z 02657 B104.72 163.87
a3 495552 B150.83 164 .49
34 45448 B191.76 165.03
35 1013.43 B226.85 165.50
36 1042.39 F254.38 165.87
a7 1071.34 B271.06 166.09
a8 1100.30 0.00 0.00
39 1101.30 0.00 0.00

D-24

Write data to text file for input to DEGADIS

WERITEPRN(" deg tt") = deg

Mote that DEGADIS reguires the number of
data points atthe top of the file, so before input
to DEGADIS, a new line should be added to
the top of this file with the number 40.
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