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Chapter lintroduction

The global increase in energy consumptidorecasted demand in developing
countries diminishing supplies iimany counties, shale gas discoverieand global
environmental concerns over traditional power generation sources has propelled the
expansion of liquefied natural gas (LNG) import and export terminals around the

world.

The Federal Energy Regulatory Commission (KBERs the leadfederal agency
responsible for the siting of LN@nport and exportacilities located onkore, or in

state waters, and LNG peakaving facilities used in interstate commefti[3].

FERC requires applicants under Title 18 Code of Federal Regulations (CFR) Part
380.12(0)(14)[4] to demonstrate how the proposed LNG facility complies with
49 CFR 193[5] regulatilms promulgated by thPipeline and Hazardous Materials
Administration (PHMSA) of the Department of Trangation (DOT), which, in part,
adopts portions of the 2001 and 2006 editions of the National Fire Protection
Association (NFPA) 59AStandard for theProduction, Storage, and Handling of

Liquefied Natural Ga§6][7].

The DOT regulations require owners/applicants to model LNG vapor dispersion
under 49 CFR 193.2@5 and prescribethe use ofan integral dispersion model,
DEGADIS, a computational fluid dynamics model, FEM3A, or an alternative model

subject to the approval of the PHMSA Administrgtjr.



Changes in the regulations atiee use of different LNG storage tanks have resulted
in the realization of limitations using DEGADI8] and difficulties using FEM3A.
These challenges have led FERGQd PHMSA to recognize the need for the use of
alternative models. As a result, PHMSA, in consultation with FERC, issued an
Advisory Bulletin on how to obtain alternative model approval based on the Model
Evaluation Protocol (MEP) described in the Fire Protection Research Foundation
reports, Evaluating Vapor Dispsion Models for Safety Analysis of LNG
Facilities[9], andValidation Database for Evaluating Vapor Dispersion Models for
Safety Analysis of LNG Facilities: Guide to the LNG Model Validation Database

[10].

Similar to other model assessment standards and guidgling$17], including
ASTM E 1355, Standard Guide for Evaluating the Predictive Capability of
Deterministic Fire Mdels to which FDS has styled its Technical Referencenivi
[19]-[23], the MEP consists of scientific assessment, model verification, and model
validation. The outcongeof the three stageare tten compared to qualitative and
guantitative assessment criteria and recorded in a Model Evaluation Report (MER) to

determine the suitability of the model for LNG vapor dispersion applications.

This thesis evaluates the publically available CFD modet& Bynamic Simulator
(FDS), Version 5.5.1developed by the United States Government National Institute
of Standards and Technology (NISD3] as it relates to LNG vapor dispersion

hazards



Chapter2: Natural Gas and Liquefieddatural Gas

Natural Gas

Natural gas is a naturally occurring gaseous fuel, often associated with petroleum.
Conventional natural gas isften classified as a fossil fuel because it is most
abundantly found deep beneat hontlliores ofear t hoés
years of decomposition of organic material are necessary. However, unconventional
natural gas sources are becoming an increasingly important part of the market and

may be found at landfills, sewage plants, and other areas of decaying ongsier.

The majority of recoverable natural gas comes from the decomposition of organic

material. As organic materidecomposes may deposit into a subsiding basver

time, the subsiding basin is #illed with sedimentto form sedimersry layes over

the organic matter Anaerobic (fAwithout airo) met hal
consume the organic matter and produce methane as a metabolic byproduct in this
anoxic (Awithout oxygeno) condition. Thi s
known & biogenic gas, or biogas, and is the source of marsh gas and other biogenic

sources

As theorganic material is deposited under additisediment layerscompressiorof
the organic material caresult in lithification of the organic material intéabk shale

and coalbeds. After several million years, the sediment layers reach deeper depths of

! Methanogesalso producenethane gas in the guts of humans and ruminants
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6,000 to 18,000 feet and heat the organic material to 150°F to 350°F, which results in
a slow thermal decomposition of the organic material into crude oihahdal gas

[24]. This type of natural gas is known as thermogenic natural gas, and is why natural
gas is often associated with petroleum. Deeper depositions will be subjected to
higher temperaturesnd pressuresnd will tend to produce more natural gas relative

to crude oil.

The crude oil and natural gas will rise to the surface if unabated. When natural gas
rises to the Eartho6s surface it wi || di ss
reaches t he [ &ghterthydocarbon chaigseferentially evaporate

and leave behind a tar residue composed of only the large complex heavier
hydrocarbon chains and asphaltenes. Otherwiaéural gas and crude oil can

become trapped or dissolved within its source (@cl§. shale gas and coalbed gas) or

trapped underneath ngoorous sedimentary layers to creatgas or oil reservoir,

also known as gasor oil field or well[24].

The amount of natural gas and crude oil produced will dperthe organic material
involved. If the original source of the organic material is mdsitier ordemplants,

such as trees, shrubs, and grasses, natural gas will be the dominant petroleum product
generated with lesser amounts of crude oil, andefdhginal source of the organic
material ismostly plankton, such aalgae, copepods, and bacteria, crude oil will be

the dominant petroleum product generated Veiser amounts of natural g§2b]



The actual composition afatural gas will vary from gas field to gas field, but is
typically comprised of a mixture of hydrocarbons, constituted primarily of methane,
CH,, with smaller varying amounts of other hydrocarbons, such as ethardg, C
propane, GHsg, butane, GHip, and some norhydrocarbons, such as water,(H
nitrogen, N, carbon dioxide, C& hydrogen sulfide, v5, and mercury, Hgwith

trace components of heavier hydrocarbons and variousyanocarbons. Crude oll

is composed of a much larger number of differegtirbcarbons of alkanes,
cycloalkanes, aromatic hydrocarbons, asphaltenes, and other more complicated
chemicals. The alkanes from pentangH{, to octane, gH;s, are refined into
gasoline, or petrol; heavier hydrocarbons from nonasid,;§°to hexadecane; gHaa,

are refined into diesel and kerosene (primary component of jet fuels); and even
heavier hydrocarbons are responsible for fuel oil, lubricating oil, paraffin wax

(C25+), and asphault products (C35+).

The value of natural gas and other petroleusid, such as gasoline,pgmarily due

to the energy chemically stored in the structural arrangement of the atoms and/or
molecules. The stored chemical energy may be converted to thermal energy (heat) by
locally initiating the oxidation of the fuel vian ignition source (i.e. spark, pilot
flame, hot wire, temperature increase, pressure increase, etc). Once a fuel is ignited,
it may then selsustain a chain of rapid exothermic oxidation reactions driven by its

own heat release rate. This complex precesbetter known as combustion. The

2 Higher order plants are composed mostly of cellulosic carbohydratég@pand lignin (1525%)
with lesser amoustof protein (3% or less), while plankton are composed mostly of protein (50% or
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transferring of chemical energy to thermal energy can then be harnessed to do
mechanical work, such as utilizing the expansion of gaske® to the increased

temperaturd to spin a turbine or generator shaft. The coriblescharacteristic of

fuels is what makes it an important energy source and drives the extraction of natural

gas and other fossil fuels from the earthi

means. However, the usefulness of natural gas and caglaot always known.

During ancient times, natural gas would rise to the surface and would ignite from
natural phenomena, such as lightning, avas agreat mystery. One of the most
famous instances of these natural gas leaks would be documented iB.COQvhen

a goat herdsman on Mount Parnassus discovered a fire mysteriously burned atop rock
without an apparent sourf24]. The Greeks, believing it to be of divine origin, built

a temple on the flame, and would eventudlgcome the place where the Oracle of
Delphi would preach her prophecigst]. Similar occurrences ohatural gas leaks

and fires would becom@ocumentedn other parts of the WorldFive hundred years

later, the Chinese wodldiscover the true origins of the firesydthe natural gas was
transported via pipelines made of bamboo to areas used to boil sea water t@ separat

the salt from the watéo make it drinkablg26].

Presentlythere aremore than2,30Q000 miles of pipelinghat help supply petroleum
and natural gas throughout the United St§2€$, which account foapproximately
62 percentof the United States primagnergyuse[29]. Moreover, approximate§6

percent ofthe transportationsector, 94 percent of the residential and commercial

more) and lipids (825%).[25]



sector, 81 percent of the industrial sector, and 20 percent of the electric power sector
use petroleum and natural gas for end2]. In addition,many pharmaceuticals,

plasticsresins, and chemicals are derived from petroleum pro{Reks

Source Total = 98.0 Sector
Percent of Sources Percent of Sectors

" Transportation
Petroleum 27.4

36.0 Ll 5 (28%)
(37%)

Natural Gas?

Residential & Commercial®
11.0
(11%)

Electric Power’
39.6
(40%)

(21%)

Renewable Energy*
8.0 (8%)
Nuclear Electric Power
8.4 (9%)

Figure 1 - Primary Energy Consumption by Source and Sector

(Quadrillion BTUSs)[29]



Liquefied Natural Gas

Prior to the 1970s, natural gas was often considered a valueless byproduct during
petroleum extraction and was commonly flared because it could not be profitably
sold. Since thematural gas prices have exceeded transportation costs and natural
gas is commonlyransported to local markets using pipelines oreifjected into

geological formations for enhanced oil recoveryor later recovery and transport.

However, in many auntries the supply of natural gas and petroleum products is more
than the local demandMoreover, many of the top proven reserves are situated in
areas where supplies exceed demand, ssich the Middle EastNorth Africa, and
Russig30]. At these locationspipelines may no longer become economically
feasible to transport thal and gado thelarge established demand markessich as

in the European UnionUnited States Japan,or developingAsian markets[30].
Therefore, m order to be able to transport the gas economicallye®ecountriesthe

gas isliquefied to reduce its volum® 1/600" the gasvolume and transported by

ship’.

However, unlike propane, butane, and some otheriérehaydrocarbons, natural gas
cannot become a liquid at ambient temperattiremugh pressurizatiomnd therefore
must becooledto its atmospheric boiling point of approximateB60°F ¢162°C)by
large refrigerant systems at liquefaction plartttoweve, before the gas is liquefied

the gas is processad removecommonimpurities, such as nitrogen, watearbon



dioxide, hydrogen sulfideand mercury, which can freeze out during the liquefaction
process and damage or plug downstream equipment, catopdestream pipingnd
equipment, lower the heating value of the natural gaslbr pose toxic hazards
Additional processing may occur to strip ooore valuablenatural gas liquids
(NGL), such as propane, ethane, butame pentane+, tdransport andell to other
markets. Once the processing equipment extracts the impuetidsNGLs out of the
natural gas, the gas cooled tobecome liquefied natural gas (LNG}ored in large
well-insulated LNG storage tanks, and thieansferred td_NG ships for ransport to

LNG import terminals around the world

Typical LNG compositionsmportedto the United States are -889% methane, -5

10% ethane, -B% propane, with less than-426 coming from other heavier
hydrocarbons and nemydrocarbon constituents. Howesy shipments have been
receivedwith methane concentrations as low as 8@%ane concentrations as high

as 17%, and propane concentrations as high as 4%. The range in composition is due
to the extraction of natural gas in various locations of the woFlgese differences

have important impacts ogas interchangeability and the propensity of certain

hazards.

The LNG offloadedrom the shigs transferrednto large weltinsulated LNGstorage
tanks until it is regasified and sent into a natural gasepie The gas is then

transported along &ast network ofpipelinesvia compressor stationsvhere it

3 Comhpressed natural gas is compressed to typically-3B00 psi, reducing its volume to 1/150
1/250



eventually supplie residential, commercial, and industrial demand Interspersed
along the pipeline networkatural gas storage fields abNG peakshaving facilities
provide &onomical surge capacity during high periods of demasuimpared to
constructing additional pelines. The LNG pealshaving facilitiesliquefy the
natural gas (or receivhe LNG viatrucks) during lowcostoff-peak demand perisd
(typically in summer,) stoe the LNG, and then rgasify and inject the natural gas
backinto the pipeline networkuring higher pricepeak demand periodgypically in

winter).

Presently, there are twelve LNG import facilities, one LNG export faclin
Alaska), and over onkundred LNG peakhaving facilities in the United States. In
addition, there are another six facilities approved for construction and six proposals
pending in the United States. However due to market shifts from shale gas
production, many of the import facilities are actuallyesgorting the LNG that is
imported from other parts of the worldacting as international peakavers. In
addition, there are two proposals for two of the existing import facilities to install
liquefaction equipment to become export facilities with additional facilities expected

to follow.
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Chapter 3: LNG Hazards

As with all fuels, he combustible characteristic affuelthat makes it an important
energy sourcés also the source of many of h&zards. An uncontrolled release of
LNG can result in harm and damage from the extremely cold temperature of the

liquid spill, the dispersion of the vapors, and the ignitioa wdipor cloud

Cryogenic Spill

The first hazard from an uncontrolled LN&ease would be from its extremely cold
temperatures. A release of LNGcould pioduce both liquid and vapor ithe
immediate area.Low pressure releases of LNG would primarily result istable

liquid jet, while high pressurereleasesof LNG would produe a mechanically
fragmentediquid jet and vapor. The inertia of the liquid from pressurized releases
would exceed surface tension forces and cause mechanical fragmentation of the liquid
into fine aerosl droplets. In addition, pressurized releases aftmvihe liquid to be
superheated above its normal boiling point, which can cause the liquid to flash into a
vapor upon its release.h@& inertia of the expanding vapor from flashing releasag

also exceed surface tension forces and cause mechanicatéftagion of the residual

liquid into fine aerosol droplets. The aerosol dropfetsned from the jetting and
flashingwould vaporize along their trajectory in the warm surrounding air until they
reached the ground and began to form a ,padlich is knownas rainout The
resultantliquid pool would spread with gravity anduickly cool any materialst
contacs. As pressure and temperature increases, finer droplets and higher amounts of

flashing will occur, resulting in less liquid rainout.
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If LNG contacs water abreakdown from film boiling to nucleate boiling can result in
direct contact with the water and much higher heat transfer rates. The Inégher
transferred to theryogenicliquid induces a virtually instantaneous phasshange

from the liquid $ateto the vapor statknown as aapid phase transition (RPT)'he

rapid expansion from th&PT can cause overpressures. In some test cases, the
overpressures generatathy bestrong enough teausedamageo equipment in the
immediate vicinity of theLNG release point. The averageverpressurerecorded

duringthe Coyotdestshave ranged from 0.2 psi to 11 psi.

Human contact witheither the cryogenic liquid or cold vapoould cause freeze
burns and, depending on the length of exposure, more seingury, or death.
Contact with surrounding equipment coutdsult in extreme thermal stresses,
brittleness,loss of tensile strength, dracturethat could lead testructural damage

and cascading failures Cascading failuresalso known as domino ornkck-on
effects, of adjacent equipment and storage vessels could further exacerbate the

consequences of the initial hazard.

Vapor Dispersion

Once the cryogenic LNG is released, it viliimediatelybegin to vaporizérom the
convective heat transfer witthe warm surroundingair. Additional vaporization

would result fromconductive heat transfer wilurfaceghe liquid contacts

12



As the LNGpreferentiallyvaporizes, aold denseithanair vapor cloudconstituting
primarily of methanevould begin to fam. The cold densahanair vapors would
travel along the groundvith the prevailing windand condense water vapor in the
surrounding air, resulting in a white fogAs the cloud disperses, it will contintie
entrain air, condense water vapomnyvarm, and dilute. As a result, igher
concentrations and colder temperatuoesur near thevapor sourcesand lower
concentrations and higher temperatucesur near the edge of the vapor cloud.
Depending on the ambient conditionise tower concentrations nedretedge of the
cloud mayno longer be cold enough to condense water vapor in the air, but may still
be within the flammable limits. This can result in colorless, odorless, but flammable
portions of the vapor cloudxtending beyond the visible portion d¢fetcloud The
vapor would continue to disperse and warm as it travels downwind uweithéer
encountes an ignition source or dispersbelow thelower flammablity limit (LFL) .

The LNG vapors would eventually warm, become buoyant, and rise in the air;
however, LNG vapor dispersion experiments and modeling indicate that the LNG
vapor cloud would not exhibit positive buoyancy characteristics (i.e. lift off from the

ground)before it disperses belois LFL.

The potential harm attributed to the vapoout! is from thedispla@mentof air and
cold temperaturesinhalation of the vapocan result in oxygen deprivation effects,
including asphyxiation and deathIn addition, thecold vapors may cause freeze

burns

13



Vapor Cloud Ignition

If the flammable pdion of the vapor cloud encounters an ignition souat®mve its
minimum ignition energyhe cloud will ignite The flame generatedvill propagate
through thepre-mixed flammable portions of the cloudelfdriven byheat generated

by the flameront. This phenomenon is known as a deflagration.

For aLNG vapor cloudthat isunconfined andgnited, the flame front willtravel at
speed too slow to produce significant overpressurasad would becategorized aa
flashfire. Although flashfires do not prodce significant overpressures and are
relatively shortin duration exposure to a flasfire could still cause severe burns and
death. In addition, ombustible materials within thignited vaporcloud could be

subsequenthgnitedby the heat generated the flame front

The flashfire may propagate back to the spill site if the vapor concentration along
this path is sufficiently high to support the combustion proc&¥hken this occurs, it
would be termedas a flashtback light-back or burrback Obstructions within a
vapor cloud (i.e. congestion) will result in additional turbulence that results in flame
wrinkling and higher heat transfer rates and flame spe&ds.a LNG vapor cloud
that is confined and ignited, the flame front vélsotravel ata higher rate of speed
due to theexpansion of the confinddabt prodwets of combustion The expansion of

the products of combustion pushes the flame frontcaudes additional turbulence
and flame wrinkling that resultsin higher heat transfer rates amaster flame

propagation. As the flame accelerateshigher rates of speethe flame front will
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begin to produce pressure waves that may cabhaenful and damaging
overpressure When damaging overpressures begin to occur, the deflagration is
typically classifiedas an explosionlf the flame front approaches sonic speeds, shock
waves will develop an@ deflagration to detonatiamansition may occur At this
point, the flame will be driven by shock compressiand attach itself to the shock

wave

In addition to thehermalhazards posed bylaw-speeddeflagration(i.e. flashfire),
the overpressures generatby ahigh-speed deflagration (i.e. vapor cloud explosion)
can cause serious injury or deathlhe overpressures may also casseictural

damageand cascadintpilures, which can further exacerbate the initial hazard

If the flame front reaches vapor concentrations above the upper flammability limit
(e.g. near the fuel sourgdjansitionfrom a premixed combustion deflagration to a
diffusion combustiorfireball may occur. In this case, the flame will attach itself to
the outside of the fuel rich vapor, burning around its edgé®re the fuel has
diffused with the airto form a flammable mixture. As the outsiderns,the fireball

will ri se due to buoyancy and diminishsize due to consumption of fuel

Similar to flashfires, fireballsdo not produce overpressures ard relatively short

in duration,but they can still cause severe burns or deatind have the potential to

ignite addiional materialsiearby.
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As the fireball dissipates, tltkffusion fire may attach itselat the fuel sourceto form
a jet fire or pool fire. The fire will continu® burnuntil thefuel sourceis eliminated

andtheremainingfuel isconsumed

Pool fires andjet fires may also cause severe burns, death, or ignition of additional
materials, but will also last mudbngerin duration compared to deflagratioasd
fireballs. The longer durations result in longer exposure times to surrounding
equipment causing a higher potential afascadingfailures of structural steel,

equipment, and pressure vessels.

Failures of pressurized vessel could cause fragments of material to fly through the air
at high velocities (i.e. projectiles or missiles), resultingserious injury, death or
damage to surrounding structures. In addition, failure of a pressurized vessel where
the liquid has been heated significantly above its normal boiling point would cause
flashing of the superheated liquid into a vapor uporeitsase into the lower ambient
pressure. This phenomenon is calledaling-liquid-expandingvaporexplosion
(BLEVE). Theenergyfrom the expansion of thigquid to vapor s transformed into
mechanical energy in the form of blasavesin addition to thegeneration ohigh
velocity projectilefragmentsof the failed vessel BLEVEs of flammable liquids
would alsoproducea subsequent firebaftom the released vapandadditionalpool

firesor jet fires, resulting in even moascading failures
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Figure 2 - LNG Hazardous Sequence of Events

a) release, b) dispersion, c) ignition, d) deflagration, e) fireball, f) pool fire
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Chapter 4. U.S.Regulatory Requirements

Federal Energy Regulatory Commission

In the mid-1920s and 1930s, low natural gas production costs in the southwest and
high natural gas demand nationwide coupled with improved pipeline technology
spurred the creationf mew interstate gas pipeling26]. In fact, he toal interstate
andinternationaltransportatiorof natural gas rose approximaté@ percent in just

one year, fron346,816400,000 cubic feet in 1933 to over 400,000,000,000 cubic
feet in 1934[31]. Ths rapid increase inunrggulated interstatenatural gas
transportationcausedfear of potential monopolies,and led the Federal Trade
Commission toinvestigate the natural gas indust§2], resulting in Congress
enacing the Natural Gas Ac(NGA) of 1938 The NGAgave the Federal Power
Commissionpr FPC (now delegated to thEederal Energy Regulatory Commission,

or FERCY authority to grant certificates allowing construction and operation of
facilities used in interstatand foreign commerce of na#irgas transmission and
authorizing the provision of serviceB 1969, passage of the National Environmental
Policy Act (NEPA) provided anational framework for consideration of
environmental impacts prior to major federal action. In order to fulfitt p&its
NEPA obligations, FERC requires LNG facility applicants to file information
specified in 18CFR 8380.12. FERC staff uses this information, in part, to review the

safety and reliability of LNG applications to determine any public impact.

* After the 1973 oil embargo crisis, Congress passed the Department of Energy (DOE) Organization
Act of 1977 that created DOE and consolidated enegtated agencies, including the FPC. However,
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Department of Transportation

On March 41965,a catastrophic failure of a natural gas pipeline caused an explosion
that killed 17 people in Natchitoches, LouisigBa]. This event along with previous
incidents led Congress to pathe Natural Gas PipeknSafety Act of 196834,
which gave the promulgation of safety standards for natural gas facilities to the
Department of Transportation (DOT)In 1972, DOT issued its first regulatory
requirementsfor LNG facilities under Title 49 Code of Federal Regulations ,192
which wholly adopted thel972 National Fire Protection AssociatioNFPA) 59A,
Standard for Production, Storage and Handling of LNG 1980, DOT amene@dand
movel its LNG facility requiremats to Title 49 Code of Federal Regulations (93

CFR 193)[5].

Interagency Coordination

In 1985, the FERC and DOT entered a memorandum of understanding (MOU)
regarding each agencyos | ufacilitesd iAs gait @f n a |
the MOU, FERC is able to impose additional reliability requirements, and, in
consultation with DOT, more stringent safety requiremenigith the onset of a
projected increase in LNG import terminatee FERC, the DOT, and the USCG
entered an Interagency Agreement to ensure that they work in a coordinated matter

regarding safety and security of LNG terminals, and established the FERC as the lead

a need to retain an independent regulatory agency resulted ieléigatibn of many responsibilities to
the FERC.
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agency responsible for the preparation of the analysis required under the NBRA. T
Enegy Policy Act of 2005and Department of Enerd¥pOE) Delegation Order No
00-004-00A, effective May 16, 2006, re-affirmed the FERC as having exclusive
authority over applications to site, construct, and opedtsefacilities in anLNG
terminal.

As partof the FERCrequirements ir18 CFR 380owners/operators of LNG facilities
must demonstrate compliance wi# CFR 193and NFPA 59A, whiclrequire siting
analyss of potential hazards, including the dispersion of flammable LNG vapors
The dispersion of NG vaporsis required to be evaluateasing DEGADIS or
FEMB3A, or analternativemodel subject tdhe requirementsn 49 CFR §193.2059
and the approval of theOT Pipeline and Hazardous Material Safety Administration
(PHMSA) Administrator Limitations of DEGADIS, difficulties using FEM3A, and
requirements established the FERC and PHMSA have led industry to propose the

use of alternative models.

In order to evaluate alternativdispersion models for LNG applicatignthe LNG
Technical Committeeresponsike for NFPA 59A requested e Fire Protection
Research Foundation (FPRE) provide a methodology to approve alternative
models The FPRFassembled a technical committee, including FERC, PHMSA,
USCG and other stakeholdem@ndcontracedthe United Kinglom Health and Safety
Laboratory (HSL) of the Health and Safety Executive (HSEdablisha protocol

for evaluating dispersion models to assist in the decision making process for

acceptable models for LNG applications. The protocol, entitled the Motle
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Evaluation Protocol (MEP), is based earlier work of Hann435][36], the Model
Evaluation Group (MEG)37][38], and structured based an previous protocol
developed by HSL during the European Union Scientific Model Evaluation of Dense
Gas Dispersion Models (SMEDIS) projd8©][40]. The major difference being that
theMEP has beespecifically tailoredor the dispersion of LNG vapors.

Similar to other model assessment standards and guid¢liag$l7], including
ASTM E 1355, Standard Guide for Evaluating the Predictiveag2bility of
Deterministic Fire Modelsto which FDS has styled its Technical Referenanual
[19]-[23], the MEP consistsf a scientific assessment, model verification, and model
validation. Theoutcome of the scientific assessment, model verification, and model
validation stages are then compared to qualitative and quantitative assessment criteria
and recorded in a Model Evaluation Report (MER) to determine the suitability of the

model for LNG vaor dispersion applications.

After the FPRF report was issued, PHMSA commissioned the National Association
of State Fire Marshals (NASFM) to independently review the FPRF ré¢fbjt
NASFM assembled its own panel of techhiegperts to review the MEReard the
concerns of FERC and other participarasd raised a number okw concerns in

implementing the MEP.

In response to the comments issued on the FPRF report by, FERE technical
committee membeysand the indeperht review by NASFM, PHMSAI in

consultation with FERG issuedan Advisory Bulletinon how to obtain approval of
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alternative dispersion models used to site LNG facilities. The Advisory Bulletin
requires that alternative dispersion models be subjectdtefdEP in addition to a

number ofother provisions
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Chapter 5. Scope

This thesis evaluates thaitability of theFire Dynamic Simulator (FDSNMersion
5.51, for LNG vapor dispersion hazardsAs required by the MEP and Advisory
Bulletin, the evaluatin includesthree distinct phase$ scientific assessment,

verification, and validation

The scientific assessment is used to examine the physics of the model, the
mathematical and numerical basis of the model, and theouseted aspects of the
model. The scientific assessment is then measured against 11 qualitative assessment
criteria to determine if the model accounts for the key physical phenomena in LNG
vapor dispersion applications that are based on a proper mathematical and numerical

basis as wéhbs designed to meet certain user oriented needs.

The model verification is used to confirm that the model accurately and correctly
implements the model algorithms. The MEP allows for passive verification of the
model, meaning that insteadtbe evaliatorcarrying out a specific exercise to verify
that the model has been implemented correctlyyvérdication assessmens based

on previous documented efforts demonstrating that the model has been verified
adequately and the development has adequaktyyassurance and quality control
procedures in place Relying on previous documented efforts does rely on the
honesty and integrity of the model developer and/or model verifier, but it is not
necessarily less stringentthcarrying out the model végation for oneself and does
allow for a broader verification in a much shorter amount of time to be examined.
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The model validation is used to qualitatively and quantitatively compare the model
predictions with experimental datum. The MEP calls domparisors of model
predictions withlarge-scalefield trials andsmallscalewind tunneltests Using both

field trials andwind tunneltess maximizes thepositives of both types of experiments

and helps reduce bias errors associated avthrticulaitype of experiment.

Once the model predictions have been compared to the experimental data using
statistical performance measu(&°Ms)set out in the MEP the outcomecismpaed
against quantitative assessment criteria to determine if the fidelity of ddel s

adequate.

FDS has undergone similar evaluations as the MEP for its fire model, including
ASTM E 1355, Standard Guide for Evaluating the Predictive Capability of
Deterministic Fire Models However, thescientific assessment anehlidation
documatation appropriately focuses on fires, and only briefly references dense gas
dispersion. This thesis provides an evaluation oHDE& Version 5.51 as it relates to

LNG vapor dispersion.
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Chapter 6: Scientific Assessment

FDS is a publically available &nputational Fluid Dynamic Model (CFD) developed

by the National Institute of Standards and Technology (NIST) of the United States
Government. FDS was developed to modeldingen fluid flow with an emphasis

on smoke and heat transport. FDS is widegdiin the fire protection engineering
industry for design of smoke handling systems and sprinkler/detector activation
studies, as well as residential and industrial fire reconstructions. However, the
hydrodynamic model can be used to model otherdpea fluid flow®, such as vapor

dispersion[23]

A release of LNG will form a denseghanair vapor cloud that will initially spread by
gravity and thentravel with the prevailing windrad mix with the surrounding air

until the vapor ignites or is diluted below itd=L. The rate at which the vapor cloud
dilutes below the flammability limits is dependent on the mixing of the vapor cloud
with the surrounding air that is entrained as it is carried with the wind. Higher wind
speeds,Jower wind stabilities, and higher surface roughness (i.e. rougher ground
surface with larger obstructions) will promote turbulent mixing of the vapor cloud
with the surrounding air and decrease the duration that a flammable vapor cloud
exists and decreaghe distance that a flammable vapor cloud travels. It is imperative
that a vapor dispersion model accounts for these phenomena based on accepted
published science using numerical methods that are based on accepted published

good practices.
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Correspondigly, the MEP and Advisory Bulletin specifies 11 qualitative assessment
criteria used to evaluate the scientific basis of the model

1. Key details of the model are available for scientific assessment;

2. Model is based on accepted/published science;

3. Model acce a credible source term;

4. Model accounts for the effects of wind speed,;

5. Model accounts for the effects of surface roughness on dispersion;

6. Model accounts for the effects of atmospheric stability on dispersion;

7. Model accounts for passive dispersion;

8. Model acounts for gravitydriven spreading;

9. Model accounts for the effects of buoyancy on dilution;

10Numerical methods are based on accepted/published good practice; and

11Model produces output suitable for assessment against MEP statistical

performance measures.

FDS satisfies all of the above criteria and is described in more detail below, including
the scientific basis of the hydrodynamic model, turbulence model, heat transport
model, spatial discretization, numerical methodology, spatial discretization, user
input/output, liquid flashing and jetting, liquid pool spreadingyind profile,

atmospheric stability, surface roughness, sloped and varying level terrain, and

obstructed flow.

5 Mach numbers less than 0.3
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Hydrodynamic Model

FDS numerically solves thaartial differential equationf®r the conservation ahass,
momentum, and energy, better known as Nevier Stokes equationss shown

below in tensorial notatiofi9].

Conservation of mass (continuity equationjhe gas phase
%+DC)E— i = 0 [19]

where r is the density of the fluidyl is the velocity vector of the fluid, andiji is

the mass flux of a fluidue to phase change.g. evaporating droplets).

Conservation of momentum,

ul7u

Neo . C
r +DOQuu+bp- DO, - rg, - f, =0 [19]

wherep is the pressureg is the gravity vector,f, is a force vector representing
external forceqe.g. drag exerted by liquid droplgtsand #; is the stress tensor,

defined by,
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wheremis the dynamic viscosity of the fluid

Transport of Sensible Enthalpy,

C
u(;hs)+90hsg+%- l?GDp+E)C'éﬁi+q5i- e=0[19]

wherehs is the sensible enthalpy of the flui%i is the conductive and radiative heat

(energy) fluwes, dji is the phase change energy (e.g. evaporating drdplets) e is

the dissipation rate, defined by

T
h, =& Y,h,,:h,,(T) = . (Ti)dTi;
To

V._ ~ V-. e
¢i=-kbT- q h,,rD,DY, +di; e, @u [19]

whereT is the temperature of the fluid, is the specific heat of the fluid, akds the

thermal conductivity of the fluid.

Equation of State for a Perfect Gas,

® FDS does not account for the condensation of water vapor and subsequent heat gain.
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rRT
=——[19
p="~ [19]

The pressure is decomposed into f@veraged component associated with the
Abackgroundodo pressure (e.g. atmospideri c st

afluctuating componerassociated with fluid flowsuch that

p(x y.zt)= p(zt)+ B(x v, zt) [19]

The pressure in thstateequation is replaced by this simplified averaged pressure.
The temperaturenay then be solvedia the Equation of State (assumes perfect gas)
from the density anthec al cul at ed 0 atha is afgnetidroof time &nd s u r

height above the grounduch that

plzt)=rATE Y, W, [19]

The solution of the incompressible Navier Stokes equations and pressure assumptions

is appropriate to model LNG vapor dispersapplications The incompressibility

and Abackgroundd pressure simplification
incompressible fluid flows, such as the case for LNG vapor dispersion, and greatly
reduces computational costs associated with otherwisaghaw temporally resolve

the pressure waves that travel at the speed of sound. This assuntutidalsobe
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appropriate for turbulent diffusion combustion dod speed deflagrations, however

these are out of the scope of the current study.

Turbulence Model

Turbulenceis modeled by Large Eddy Simulation (LES) or by Direct Numerical
Simulation (DNS). LES directly solves for fluid flow fluctuations for turbulent
length scales resolvable by tlergest dimension of thepecified mesh and utilizes
modelsfor fluid flow fluctuations for turbulent length scales smaller than those that
are explicitly resolved by the meshAlternatively, FDS has an option to directly
solve all turbulent length scalesing molecular propertidsy DNS; howeveDNS is
intendedfor research blaboratory scale becautiee grid size requiremengsypically
1mm grid spacing or lesg)akes DNS too computationally costlgnd inpractical for

industrial scalegtypically ~1,000,000 ).

Unlike the more commonly used Reynolds Averhgeavier Stokes(RANS)
approachthat directly solves for the average fluid flow and utilizes models for fluid
flow fluctuations for all turbulent length scales, FB®® es not fAsmoot ho
fluctuations that are resolvable by its mesh, allowingbfetter fidelity of fluid flow
behavior from turbulent fluctuationsin theory, this should reduce potential safety
factors associated with peak to mean concentrations as a result of turbulent
fluctuations. Therefore, LES is more scientifically accuratan other popular CFD

turbulence solver approaches, such as RANS, buoi® computational expensive.
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The LES technique and Smagorinsky sgifid scale turbulence modelould bean

appropriatechoiceto model LNG vapor dispersion.

Lagrangian particlesra used to simulate smoke particles, sprinkler discharge, and
fuel sprays. Although many facilities use water curtains as a means for vapor
dispersion mitigationand LNG vapor dispersion trials have been conducted with the

use of water curtainghis isout of the scope of the current study

Heat Transport Models

Convective heat transféetween fluid flows (e.gair and LNG vapor)s modeled via

the solution of the basic conservation equatiodswever, FDS does not account for

the heat transfer assated with the condensation of fluids (e.g. LNG vapor
temperatures condensing water vapor in air). Neglecting the heat transfer associated
with condensation of fluids would result in lesser heat transfer to an LNG vapor cloud
and higher concentrations dnfarther downwind distances. Therefore, the
convective heat transfer modelould be appropriatefor LNG vapor dispersion

applications

Convective heat transfer between fhed flow and boundaries (e.§NG vapor and

ground) isobtained from

¢ =h(T, - T,) W/m?[19]
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Where ¢, is the convective heat transfer ralg, is the temperature of the gag, is

the temperature of the wall boundary, anid the convective heat transfer coefficient

defined by thanaximum of natural and forced convective heat transfer correlations

h=max&.52T, - Tw\l’s,%o.osme‘”?’ P2 QwW/m?K [19]
g -

This empirical approximation is a weaker poiim FDS However the convective

heat transfer between fluid flows is dominant due to the low velocities experience at
the ground, therefore this approximation is netgmificantlimitation for LNG vapor
dispersionapplications. In addition, undepredction of the heat transfer should

result in higher concentrations and farther downwind dispersion distances.

Radiative heat transfer ia significant portion of the model, since the main
application is for fire events, of which approximately a quartex third of the heat
release is radiative. The radiative heat transfenadeled by the radiation transport

equation

s®I, (x,8)=-[k(x,/)+s (x/)I, (x,5)+B(x,/ )+ 55512/ ) if (s si)l, (x,si)dsi [19]

To reduce computational costhe default radiation model in FD&sumes that the
radiation is dominated by th@nscatteringcontinuous radiation emission frothe
sootgenerated by the firand thereforassums the radiation behaves ageey gas

such that,
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S (x,9) = KIS 1, (x93 19)

A

é U

Alternaively, a six and ninewide band modsl assuming the fuel is methaisealso
available The mean absorption coefficierst modeled usinghe RADCAL narrow
band model. The absorption and scattering of liquid droplets are modeled based on

Mie theory[19].

The radiative heat transfer modelee much more robust than necessary for LNG
vapor dispersion and comprises a significant portion of the computational resources.
However, FDS has the option of turning off the radiative hesatsfer submodel.

Since convective and conductive heat transfer typically dominates the heat transfer in
cryogenic vapor dispersion, this is an appropriate approach to use wodld be

appropriateo turn off forLNG vapor dispersion applications

Conduction heat transport is modeled assumingdimensional heat conduction into

the solid, such that,

Hg WG, i, + i, [19]
ut HX(; PX +

Solid surfaces are treated as-siip smooth surfaces and can be specified with

thermalboundary conditions Heat and mass transfer to and from solid surfaces are
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modeled with empirical correlationdD) when using the LES solver, but can be
modeled directly when using the DNS solvEhe onedimensionalconductive heat
transfer models consistent with other models and would &gpropriate to model

LNG vapa dispersion

Spatial Discretization

FDS uses a finitglifferenceapproach on a hexahedral 3D Cartesian grid to discretize
the domain (i.e. study area) into control volumes over whickoives the LES
equations. FDS is not capable of automatic mesh generation or refidegneht
generation and refinement must be done manually. The structured grid may cause
inaccuracies when modeling curved or sloped surfaces. Sloping terrain may be
approximated by changing the gravity vector direction. However, approximations of
undulating geometries or sloped surfaces relative to the gravity vector will result in a
stepped Cartesian mesh. This may introduce artificial obstructions and restrict flow
from moving upgrade(i.e., stepping blocks flow). Grid refinement will reduce some

of these errors.In order to compensate for this artificialanifestation FDS has a
Asawt oot hd f unct i preventtvbrcity fromsbeirdyegsnergtedead t o
shap corners; however it is not recommended for evaluation of boundary layer

effects[19]-[23].

In addition,FDS wi | | automatically fAsnapd vents
which can cause uniemded consequences if an object does not span an entire grid

cell or doesot align with the grid, such asags in closed surfaces a reduction or
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elimination of a ventd.g.gaseous source termlror this reason, the user must verify
that closed surfas or corners remain closed within the grid and that openings in
walls remain open within the grids. This may be done by visually confirming the
objects in the visualization software package supplied with FDS, Smokeview, and
adjusting the grid or objecbtcreate a solid boundaryent dimensions should also

be verified to ensure that there is not a significadtiction in the totaihass flow rate

into the domain. In general, it is recommended that grid sensitivity analyses be
conducted for CFD modeling demonstrate a grid independent result or convergence

to a grid independent result.

Numerical method

FDSnumerically solvethe LES partial differential equations for incompressible flow
using the finite difference approacthnat is second order acate in space and an
explicit predictorcorrector scheme that issecond order accurate in time.The
convective terms are written as upwibiised differences in the predictor step and
downwind biased differences in the corrector stepA flux transport coection
scheme is used at the predictor and corrector steps to manage local overshoots and
undershoots at higher gradients, where values would otherwise exceed physical
limits (e.g. mass fraction less than zero). These correction schemes are usedfin lie
more accurate higher order solvers to save computational time. Howbkeer,
accuracy of the numerical solver is expected to be consistent with other CFD
numerical solvers and is not expected to be a source of inaccuracy or a limitation of

the model 6r LNG vapor dispersioapplications.
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Temporal Discretization

FDS time steps areonstrainedin terms of the Courant Friedhs Lewy (CFL)
number and Von Neumann (VMumber. The CFL numbecriterion prevents the
time step from exceeding the time it takefluid particle from crossing more than
one grid cell based on convective transgoet fluid flow velocity). The VN number
criterion prevents the time step from exceeding the time it takes a fluid particle from
crossing more than one grid cell basad diffusive transport. The time step is
calculated such that the criterion relating to the CFL \@Ndnumbers are both met.
However, for most industrial scale applications, the CFL condition will dominate and
therefore the VN condition is only invokedrf LES calculations with grid cells
smaller than 5mm. For dispersion calculations, a CFL4s recommended. If
stability problems ensue, the user guide recommends that the CFL numbers be

reduced by a factor of2[23].

User Input/Output
FDS users must specify the following parameters in defining the scenario to be
modeled:

1 domain (i.evolumetric region of study);

1 initial conditions;

1 boundary conditions (e.g. wind profile based on speed, direction, etc.);
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1 gaseous leak sowes (i.e. size/area, location, directioelease rate or velocity
as a function of timgemperature, composition);
1 optional structures and objects; and

1 any optional mitigation (e.g. waterspray, etc).

The FDS UserManual[23] provides guidance on the selection of these parameters in
its user manual for several different types of examples. Based on information
supplied,FDS provides results according to the 3D, 2D, or scalar data spetafies
outputtedby the user (e.g. \ecity vector field, maodr fractioniso-contour surfaces,
temperature at a specific location, etdyfDS can model multiple concurrent gaseous

leak sources.

Liquid Flashing and Jetting

FDS does not have any saibdels fordeterminingflashingfrom superleated liquid
release®r the mechanical fragmentation of liquid jets into aerosol droplets ign
pressurdiquid releases. A separate model would need to be used to modskthe

phenomenand input the resultant gaseous source term into FDS.

When a @seous source term is providetl,is generally recommended thatbe
aligned to the Cartesiagrid andthat the grid be refined in the area of the source
term If the grid is not refined and too low of a grid resolution is applied in the jet

source cellthe gas concentrationay beartificially reduced. It is also recommended
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that gaseous source ternt not span across different meshes that are solved on

different processors when using mugtiocesesrs.

Liquid Pool Spreading

FDS does not have any suoibdels for liquid pool spreading that can be used as
input. A separate model would need to be used to determinpablespread and
subsequent/aporization The vaporizatiorrate and pool dimensions (i.eource

term) could then be used iaput into FC5.

Wind Profile

FDS is able to simulate steadygr unsteady (i.e. transient) wind profilesThe
magnitude of the wind velocity and wind directioan be defined by specifying the
velocity in the %, y-, and z directionsalong the domain boundarieRampfunctions

can then be used to fluctuate the velocity component in the normal direction.
However, the ability to fluctuate the normal velocity only, makes it difficult to
reproduce the transient wind field. A more accurate approach would be to create a
vent and corresponding ramp function for each time step; however, this is much too
tedious for longer duration events, and may exceed computational requirements.
Using the ramp function orsauming a steady state or periodic wind speed and
direction is ofte sufficient for hazard analyses, but can pose some limitation in
validation against experimental data where varying wind speed and direction cannot

be replicated by such simplificationsAssuming a steady wind direction will
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generally produce highedownwind concentrations, because there would be less
cloud meander and turbulent mixing caused from the change in wind direction.
However, this is not always the case as large turbulent eddies, sometimes allow for

higher concentrations to be momentarily cardednwind.

Assuming lower wind speeds will generally result in higher downwind concentrations
and assuming higher wind spseavill generally result in lower downwind
concentrations.FDS should be specified with the lower wind speed that is reflective
of the area to produce conservative results. For most applications pertinent to this
study,FDSwould be used in accordance with 49 CFR Part 193.2059, which specifies
the lowest wind speed that occurs 90% of time for the area or 2 m/s. HotheV2r,

m/s was partially based on the use of an integral model, DEGADIS, that produced the
farthest downwind concentrations at 2 m/s; therefine user should demonstrate the

2 m/s assumption produces the worst case resolt$=DS This is especially
important for liquid flows in trenches where the wind speed and direction that

produces the farthest downwind distance is much more variable.

Atmospheric Stability

FDS is able to be specified with a linear temperature lapse rate and wind profile
exponent to modea range ofatmospheric stabilities. However, the wind profile
exponent must be determined by the user and inputted into FDS.r howespheric
stabilities (i.e.lower wind profile exponents) generally produce lower downwind

concentrations and dispersiorstdnces, and higher atmospheric stabilities produce
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higher downwind concentrations and dispersion distances. The F stability prescribed
in 49 C.F.R. 8§ 193.2059 would generally provide conservative results for LNG

releases that disperse over land.

Surface Roughness

FDS does not explicitly use surface roughness as an input, but rather allows the user
to specify an atmospheric wind profile with an exponential power that is based on
surface roughnesand atmospheric stability Therefore, FDSis limited to the
specification of a upwindwind profile that is reflective of aurface roughnesa the
boundary conditions only FDS cannot account for terrain with varying surface
roughness length. However, assuming an unobstructed flow field with uniform
surface roughness is often sufficietd produce conservative resultdn addition,

FDS can be specified to explicitly model obstructions within the flow fieldvttoatd
betaken into accourtb determindghe surface roughness. Assuming a higher surface
roughness will generally result in lower downwind concentrations and assuming a
lower surface roughness will generally result in higher downwind concentrations.
FDS should be specified with the lowest surface roughness that is reflective of the
area to produe conservative results. For most applications pertinent to this study,
FDS would be used in accordance with 49 CFR Part 193.2059, which specifies the

surface roughness of 0.03 m, so this limitation of the model is not a concern.
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Sloped and Varying LevelTerrain

As previously discussed, FDS can account for sloped terraihdnyging thegravity

vector orientationo r by using the fAHlKowevedr,clahgmgthef uncti o
gravity vector would only allow for a constantly sloped terrain, and using the
fisavtoothd function is limited to sequential stepping anday also result in

inaccuracies near the boundary layer where the highest concentr@tiandenser

than air vapor cloud typicallgxist. Generally, assuming a flat surfaicelieu of an

upward slopewvould overpredict downwind congwrations, but undepredict cloud

widths, and vicerersa for downward slope3herefore, FDSshould belimited to

modeling constant grades and upward slopes, and FDS shotilde usedfor

undulating terrain that may rdsin farther downwind dispersion distances.

Obstructed Flow

FDS models turbulence generated in the flow field and can take into account the
change in flow field around obstructions. For most instances, downwind
concentrations assuming unobstructed terraill be overpredictive since less
turbulence, and subsequent mixing, would be generated in the flow field and no
obstructions would restrict the movement of the dispersing vapor. However, there are
instances where downwind concentrations could be rypréelictive due to wind
channeling effectsr a reduction in momentumind subsequent mixing of a gaseous
releasg42][43]. FDSis able to model these wind channeling effects that may occur
betweenadjacent LNG storage tanks, buildings, or large structuf&sS is also able

to model losses of momentum and subsequent entrainment and dilution due to
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impingement of a high momentum gaseous jet onto an obstruciibarefore,for
obstructionsthat cancause wind channelingnd obstructions thahigh momentum

jetsmay impinge upon and reduce the momentum of thehtld benodeled

Atmospheric turbulent mixing and dilutias solved in FDSoy directly solving for
fluid flow fluctuations for turbulentength scales resolvable by the specified mesh
(i.e. large eddies) and utilig subgrid-scale models for fluid flow fluctuations for
turbulent length scales smaller than those that are expliegbived by the mesh (i.e.
small eddies).Since LES direity solves for large eddiesind small eddies are not
expected to provide significant concentration fluctuations, a fatt®rsafety margin

associated with the turbulence model may not be necessary

Scientific Assessmen€onclusion

FDS includesmahematicalmodels that encompasdl 11 qualitativecriteria under
the MEP and Advisory Bulletin, and therefore has an appropriate scientific basis to
describe the physics of the dispersion of LNG vapors when used within the described
constraints and limiteons. Nonetheless, LNG vapor dispersion modeling in FDS
could benefit from the following:
9 built-in source term model(s) for superheated and high pressure liquid
releases, including associated aerosol formation, rainout, liquid pool spread

and vaporizati;
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initial condition option for atmospheric wind profiles to reduce computational

costs associated with establishing a qgésady state wind field prior to

initiating a gaseous source into the domain;

turbul ence par ameters f ation ofi tuulents 0 f or
sources (e.g. wind fields in atmospheric boundary layer);

ramp functions for each of the,»-,andzc omponent s of MAventso
replication of transient sources (e.g. wind fields in atmospheric boundary

layer);

heat transfer éfcts from condensation of water vapor in atmosphere; and

nontCartesian grid at boundaries and obstructions to reduce errors associated

with fAisteppingo of grid.
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Chapter 7: Verification

Similar to many other designed acahstructedgroducts, mathematitand computer

models should have a quality assurance and quality control (QA/QC) program in

place in ordeto ensure that the design (iteeoretical physics/science of the model)

i's i mplemented correctly and f rmoelwel of erroc

during the construction (i.eomputer coding) of the design.

Since many computer program codes are proprietary that would not allow for a line
by-line evaluation to assure the model is coded corremtly such an endeavor would
be overly cumbesome the MEP evaluates the documented QA/QC programs and

efforts in place to ensuraodel has been verifiealequately

Although there are nexplicit requirements within the MEP or Advisory Bulletin for
verification, the QA/QC programs in place mdyeat the approval conditions of a
particular model, such as third party verification of the model results vip@&(@C

programs ar@ot present.

NIST has a quality management system that helps assure the models have been
translated into the code correctlyNIST follows many of the generally accepted
guality assurance publications, certifications, and standards, as well as quality
management systems which require a number of software development and
maintenance specific itemi.is not clear ifNIST is ISO 9001 certifiedor whether

their software division adheres to all of the requirements in ISO 90003 or TickIT.
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However, mality assurance measures are in place, such as using version control

systems when writing source code.

NIST hascompiled a FDS Vefication Guide[20] that indicatesFDS numerical
resultshave been verified or a numbenm def sdot §efigubradi ati
solver, onedimensional heatonductionequation, hydrodynamic solver, etc) against

a number o f Asi mpl eo anal ytical solutions (e
incompressible Navier Stokes, stationary compression waves in 1D and 2D). For
more fAcomplexodo scenarios where anal ytical
out tests to check symmetand directional similabehavior of numerical schemes.

This is done for every version relead@@]. Identical simulations are performed to

compare results on various softwdree. Unix, Linux, Windows, Mac OSXand

computer platforms (e.g. IGM, HP, Sun, Apple, Digital Equipment Corporation,

Silicon Graphics, Dell, Compagqg, etc)Similar tests are also provided for different

compiles (e.g.Lahey Fortran, Digital Visual Fortran, Intel Fortran, IBM XL Fortran,

etc), andoptimizations to discovecompilerando pt i mi zati on error s.
assurance prograaisocontairss o f t wssu®e t fi a cskapartgd by wseys of

the software and version control programswhich addresses some of the
requirements in ISO 90003 anecHIT. Althoughit is not clear if NIST iertified to

ISO 90001, NIST appears to have an acceptanddity assurancsystem in place to

assure FDS is properly implemented and any bugs are resolved in a timely fashion.
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FDSis not proprietary and its egutable and source code files are freely available to
the public, which makes it possible for users to modify the source code and recompile
the executable, making quality control unmanageable from a regulatory standpoint.
To address the lack of quality mool possible with FDS, it is encouraged that
simulations beconfirmed by an independent partyagency or authority having

jurisdiction

Verification Conclusion

NIST hasan acceptablguality assuranceystem in place to assure FDS is properly
implemerted, but is limited in quality control from a regulatory standpoint by being
an open source code. Therefore, FDS results shouddriiemedby an independent
party or authority having jurisdictioio ensure that the source code has not been

modified
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Chapter 8: Validation
In order to assess the validity of a model, the model is compared to experimental data
that it is intended tgredict The model validation is used to qualitatively and

guantitatively compare the model predictions with experimeiataind.

The MEP and Advisory Bulletin includethirty-three experimentsfrom eight
different datasetsomprised of field trials and wind tunnel tests. The experiments are

categorized into an unobstructed group (Group 1) and an obstructed group (Group 2)

and bymeasurementthat are based on shoendlong-time averages.

Field trials

and unscaled wind tunnel experimental data aremgngled as part othe Groups

but there isa separate categorization for scaled wind tunnel tests.

Table 1 - MEP Datasets and Tests

Dataset/Series| Tests Type Group Time-Average
Maplin Sands | 27, 34, 35 Field Unobstructed | Long
Burro 3,7,8,9 Field Unobstructed | Short
Burro 3,7,8,9 Field Unobstructed | Long
Coyote 3,5,6 Field Unobstructed | Shot
Coyote 3,56 Field Unobstructed | Long
Falcon 1,3, 4 Field Obstructed Short
Falcon 1,3, 4 Field Obstructed Long
Thorney Island| 45, 47 Field Unobstructed | Long
CHRC A Wind tunnel | Unobstructed | Long
CHRC B, C Wind tunnel | Obstructed Long
BA Hamburg | DA0120, DAT223 | Wind tunnel | Unobstructed | Long
BA Hamburg | 039051, 039072, | Wind tunnel | Obstructed Long

DA0501, DA0532,

039094, 039097
BA Hamburg | DAT647, DAT631, | Wind tunnel | Unobstructed | Long

DAT632, DAT637
BA TNO TUVOL, FLS Wind tunnel | Unobstructed | Long
BA TNO TUV02 Wind tunnel | Obstructed Long
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FDS is able to simulate dispersion over unobstructed and obstructed flow fields,
including sloped terrain. Therefore, the current validation study includas allthe
trials:
1 LNG Field Trials: Maplin Sands 2743 35; Burro 3, 7, 8, 9; Coyote 3, 5, 6;
Falcon 1, 3, 4
9 Other Field Trials: Thorney Island 45, 47; and
1 Wind Tunnel Experiments: CHRC A, B, C; BAamburg DA0120
(Unobstructed), DAT223 (Unobstructed 2); 039051 (Upwind Fence), 039072
(Upwind Fence 2), DA050{Downwind Fence), DA0532 (Downwind Fence
2), 039094/039095 (Circular Fence), 039097 (Circular Fence 2), DAT647
(Slope 1), DAT631 (Slope 2), DAT632 (Slope 3), DAT637 (Slope 4); and

BA-TNO TUVO01, TUVOZ2, FLS.

The wind tunnel experiments tests were evatlébe scaled scenarios only better

evaluate gricizeat the scales of interest

A description of each experiment, subsequent modeling approach, and a qualitative

examination of the model results are described. Statistical performance measures

(SPM3g are therprovided fora more quantitative examination of the model results.
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Maplin Sand Series

The Maplin Sands trials were conducted in 1980 by Shell Research Liatiteol
experimental establishment of the UK Ministry of Defense located on tislineaof

Foulness Island, about 50 miles east of London

o SCOTLAND

ENGLAND

> Maplin Sands

Figure 3 - Maplin Sands Trials Location

49



The trials consisted of 34 spills of liquefied natural gas and liquefiedapegas
released onto water and dispersed over mwvatoth continuous and instantaneous
releases were conductetllowever, nany of theinitial continuous LNG experiments
had too little of a volumetric flow rate and quantity to provide useful results. Other
trials suffered from wind directions that didtnmincide with the sensor arrays or
ignited prematurely.Furthermore,nstantaneous tests are not relevant for NFPA 59A
or 49 CFR 193.2059 applications. Therefomldwing the MEP, only Maplin Sands

27, 34, and 35 were selected for evaluation.

Table 2 - Maplin Sands Trials

Trial | Material | Release Ratg Quantity | Notes
(m*/min) (m°)
27 LNG 2.83.2 12.6 Ignited after 183s at 88m45°.
34 LNG 3.0 10.2
35 LNG 3.84.7 18.3

The MEP[10] repors a surface roughness of 0.0003m for Maplin Sands consistent
withthe Mo del er 0 435]|DErmak et Alf44] repoxtsea surface roughness
of 0.000058 m. Thévaplin Sands Reportgl5]-[48] provides a surface roughness
estimate of 0.00002 m based oth:20 scale wind tunnel experiment to determine the
effect on the surface roughness fréine pontoons that were fitted with the sensor
arrays. Based onphotographic observatiorend knowledge of the tesite, most
users could reasonably assume sleface roughness to correspond to open calm
water or sea in coastal areasich typically are reported to haaesurface roughness

of 0.0001 m forcalm open seas and 0.001m for seaoastal areasBrutsaert[49]
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reportsa surface roughness 6f0001m to 0.0006m for large water surfacds.
accordance with the MEP ,sairface roughness of 0.0003m was used to deterimene t
wind profile. In addition, the pontoons were explicitly included in the FDS input

files.

The continuous spills were supplied by a 335m longcB diameter cryogenic line

with 6-inch diameter vertical discharge pipe that could flow up td/®in with an
approximate 8rhtotal capacity of which approximately 8roapacity between the
valve located at the seawall onshore and discharge of the pipe. Offshore winds
between /s and 8m/s were necessary to provide safe and desirable experimental
data. Unfortnately, these wind conditions most often coincided with low tide, which
spurred the construction of a 300m diameter low lying dike to hold the seawater to a
minimal depth of 30cm at low tideNo measurements were made of the rate of flow

of liquid from the end of the spill pipe, but rather all flow instrumentation was at the

landward end of the pipe.

Seventyone instrument stations with a total of approximately 360 sensors were
located on masts atop aluminum pontoons. The instrument stations colleaied va
ambient data in addition to gas concentration and temperature data. A total of
approximately twehundred gas concentration sensors were located on 4m instrument
station masts at elevations of approximately 1.0m, 1.5m, and 2.5m above the water

surfa@. The accuracy of the gas sensorstabeilated
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Table 3 - Maplin Sands Trials Gas Sensor Uncertainty

Observed concentration % | 90% confidence level
5 -1.9,+1.9
10 -3.4, +3.2
15 -4.8, +4.5
30 -8.7, +9.7

Sixty-six thermocoples were located to collect vapor cloud temperature data. The
thermocouples were made of Ni/Cr, Ni/Al with a 0.5mm bead and had a range of

-100°C to 500C.

Wind speed and direction were measured at 10m with cup anemometers, ultrasonic
anemometers, @nwind vanes. The cup anemometesse accurate within 2% or
0.1m/s and ultrasonic anemometers within 1%. Ambient and seawater temperatures
were measured at various elevations by platinum resistance thermometers with a
range of 850°C and accuracy withi®.3°C. Relative humidity was measured at 10m
with a temperature controlled capacitance device, however these devices often failed
and data from the Foulness Island Meteorological station located 5km away were

relied upon. Insolation was measured withrithepile solarimeters.

The sensors were located concentrically around the spill point at distances of

approximately 58m, 90m, 130m, 180m, 250m, 325m, 400m, 525m, and 650m from

the centeof the spill location
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Figure 4 - Maplin Sands Instrumentation Locations

Maplin Sands 27

For Trial 27 the LNG composition taken before discharge was 93.2% methane, 5.4%
ethane, 1.1% propane 296 iscbutane, 0.1% 4#butane. Prior to the release, the pipe
was precooled with liquid nitrgen to reduce vaporization within the discharge
pipeline. The discharge lasted for about 4min with about 160seconds of steady state
flow at 3.2nm/min with an initial driving gas pressure of approximately 500kPa and
final driving gas pressure of 400kPa.helr6inch diameter vertical discharge pipe
terminated approximately 0.5m above the water surface at low tide. A timeline of the

release is tabulated below.

53



Table 4 - Maplin Sands 27 Spill Sequence

Timeline Description

Sept 9, 980 10:37:34 (t=0) Start of data collection

Sept 9, 1980 10:40:05 (t=151) Liquid valve at sea wall opened
Sept 9, 1980 10:41:24 (t=230) Full steady state flow established
Sept 9, 1980 10:44:04 (t=390) Full steady state flow ends

Sept 9, 1980 10:44:074393) Liquid valve at sea wall closed
Sept 9, 1980 10:44:08 (t=394) Ignition at 88m;45deg

Using the flow rate and duration, tHERC commissioned, American Bureau of
Shipping (ABS/FERCpool spread mdel [50][51] was used to determine the source
term to be inputted into FDS. The pool spread model is based upon the shallow water
equations inGas Accumulation Over Spreading PooGASP [52] and a mass
balance usingan empirically derived vaporization rate of 0.167 Kgm Selected

ABS/FERC pool spread calculations are included in Appendix A.

Pool Spread and Vaporization v Time
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Figure 5 - Maplin Sands 27ABS/FERC Pool Spread and VaporizationResults
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The test was conductetliring wind speeds ranging from 3.3 ns9.2 m/s with a
domain average of 5.6m/s and standard deviation of 0.7 m/s. The wind direction
relative to the array axis ranged fre89.9 degrees te15.4 degrees with an average

of -57 degrees and standard agwmn of 5 degrees. Atmospheric stability was
category CD. Ambient temperaturéhad amean of 288 Kwith little fluctuation
Relative humidity rangedhad a mean of 52%with little fluctuation Insolation
ranged from 301W/Mmto 566W/nf with a mean of 43W/n7* and standardeviation

of 2 W/nf. The sea temperature was approximately 289 Khe average
temperature, average relative humidity, and upwind transient wind field data were
used as input into FDS and compared well with the experimental measureifigats
FDS simulations were run until a steady or qisdsady wind profile was established
throughout the domain in each test before starting the disperBienFDS input files

are included in Appendix B. Pomtise data wind sensor data can be founmd i

AppendixC.
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Figure 6 - Maplin Sands 27Upwind Wind Field Data

(red: experimental data; green: FDS data)
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The corresponding vapor concentration of the visible clwad calculated53] and
compared to the visible cloud contour reported in the data report. FDS generally
shows good agreemeint the trajectory of the vapor cloudutshows anarrowerand

shortervapor cloudhan the experimental data

HETRES

-0.6 200 | -200.0 TS0 0.0 0.0

-150.0 -100.0
MPTRFS

Figure 7 - Maplin Sands 27Instantaneous VisibleVapor Cloud Contours at
Z=2m over 450m (horizontal axis) by 350m (vertical axis) domain at 378 seconds

(left: experimental contour; and right: FDS contour)

In addition, FDS included all sensors that were included in tperarental trials.
Maximum arewise gas concentratioreggree very well Maximum pointwise @s
sensor data can be found in AppenBix Temperature sensor data can be found in

Appendix E.
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Maplin Sands 27 Measured vs Predicted
Maximum Arcwise Concentration
Short Time Average
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Figure 8 - Maplin Sands 27 Maximum Arcwise Concentrations

Maplin Sands 34

For Trial 34 the LNG composition taken before discharge was 95.9% methane, 2.6%
ethane, 0.9% propane, 0.3% isobutene, 0.3%nbutane. Prior to the release, the pipe
was precooled with liquid nitrogen to reduce vaporizatiovithin the discharge
pipeline. The discharge lasted for about 3 minutes and 25 seconds with about 95
seconds of steady state flow at 3.0m”3/min with an initial driving gas pressure of
approximately 560kPa and final driving gas pressure of 450kPa. -ifioh @iameter
vertical discharge pipe was outfitted withrir@h diameter flexible hose that
terminated approximately 0.7m above the water surface at low tide. A timeline of

therelease is tabulated below.
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Table 5 - Maplin Sands 34 Spill Sequence

Timeline

Description

Sept 17, 1980 10:03:00 (=0)

Start of data collection

Sept 17, 1980 10:07:54 (t=294)

Liquid valve at sea wall opened, gas fl¢
visible

Sept 17, 1980 10:09:03 (t=363)

First liquid onto sea

Sept 17, 1980 10:09:25385)

Full steady state pool established

Sept 17, 1980 10:11:00 (t=480)

Full steady state flow ends

Sept 17, 1980 10:11:02 (t=482)

Large increase in gas source.

Sept 17, 1980 10:11:16 (t=496,504)

Liquid valve at sea wall closed

Using the flow rate rad duration, the ABS/FERC pool spread mof€l][51] was

used to determine the source term to be inputted into FDS. The pool spread model is

based upon the shallow water equations in GA&IP and a mass balance ngian

empirically derived vaporization rate of 0.167 k@m SelectedABS/FERC pool

spread calculations are included in Appendix A.

Pool Spread and Vapornization v Time

30

20

10—+

Evaporation Rate (kg/s)

|
T
Pool Radius (m)

0 50

Vaporization Rate (kg/sec)
----- Pool Radius (m)

100

Time (s)

Figure 9 - Maplin Sands 34ABS/FERC Pool Spreadand Vaporization Results
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The test was conducted during wind speeds ranging from 6.@rm/8 m/s with a
domain average of 8.5 m/s and standard deviation of 0.6 m/s. The wind direction
relative to the array axis ranged froi7 degrees t6106 degrees ith a domain
average of96 degrees and standard deviation of 4 degrégmospheric stability

was category D.Ambient temperatur@ada mean of 288 Kuwith little fluctuation
Relative humidityhada mean of 72%with little fluctuation Insolation rangd from

427 Winf to 461 W/m® with a mean of 449 W/Mmand standard deviation of 8.5
W/m?. The sea temperature was approximag39 K. The average temperature,
average relative humidity, and upwind transient wind field data were used as input
into FDS andcompared well with the experimental measuremeni&he FDS
simulations were run until a steady or qustgiady wind profile was established
throughout the domain in each test before starting the disperBi@nFDS input files

are included in Appendix B.Pointwise data wind sensor data can be found in

Appendix C.
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Figure 10- Maplin Sands 34Upwind Wind Field Data

(red: experimental data; green: FDS data)
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The corresponding vapor concentration of the visible clvad calcuhted[53] and
compared to the visible cloud contour reported in the data report. FDS generally
shows good agreement, but is narrower than the experimental data and does not

intersect as many sensors
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Figure 11 - Maplin Sands 34Instantaneous VisibleVapor Cloud Contours at
Z=2m over 700m (horizontal axis) by 600m (vertical axis) domain a72 seconds

(left: experimental contour; right: FDS contour)

In addition, FDS included all sensors that evancluded in the experimental trials.
Maximum arewise gas concentratiordoes not agree very well, most likely due to
the vapor cloud missing the sensor arraygaximum pointwise gas sensor data can

be found in Appendi®. Temperature sensor data denfound in Appendix E.
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Maplin Sands 34 Measured vs Predicted
Maximum Arcwise Concentration
Short Time Average
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Figure 12 - Maplin Sands 34 Maximum Arcwise Concentratiors

Maplin Sands 35

For Trial 35 the LNG composition taken before discharge was 97.8% methane, 1.7%
ethane, 0.4% propane, 0.1% isobutene. Prithéaelease, the pipe was jm@oled

from Trial 34 to reduce vaporization within the discharge pipeline. The discharge
lasted for about 3 minutes and 50 seconds with about 135 seconds of steady state flow
at 3.9m/min and then an increase to 43min for about 41 seconds with an initial
driving gas pressure of approximately 570kPa and final driving gas pressure of
350kPa. The 4hch diameter vertical discharge pipe was outfitted wiimdh
diameter flexiblehose that terminated approximately 0.5m\abthe water surface at

low tide. A timeline of the release is tabulated below.
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Table 6 - Maplin Sands 35 Spill Sequence

Timeline

Description

Sept 17, 1980 11:04:45 (=0)

Start of data collection

Sept 17, 1980 10:07:00 (t=135

Liquid valve at sea wall opened

Sept 17, 1980 10:08:30 (t=225)

steady state flow established

Sept 17, 1980 10:10:45 (t=360)

steady state flow ends

Sept 17, 1980 10:10:49 (t=365)

Control valve opened further from 50
60% to increase flow from 3.9¥min to
4.7nt/min

Sept 17, 1980 10:11:31 (t=406)

Liquid valve at sea wall closed

Using the fow rate and duration, the ABS/FERC pool spread m{&¥[51] was

used to determine the source term éarputted into FDS. The pool spread model is

based upon the shallow water equations in GA&IP and a mass balance ngian

empirically derived vaporization rate of 0.167 k@m SelectedABS/FERC pool

spread calculationg@included in Appendix A.

Figure 13- Maplin Sands 35ABS/FERC Pool Spread and VaporizationResults
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