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SECTION I
EXECUTIVE SUMMARY

The production and use of Tiquefied gaseous fuel (LGF) and energy
materials provide direct and indirect benefits that improve the quality of
life for individuals in our society. For a material such as Tiquefied
natural gas (LNG), these benefits are accompanied by certain risks because
of its hazardous nature when accidentally released or improperly handled.
While much has already been done to minimize these risks, there is a con-
sensus among representatives of the public, industry and government calling
for more safety-related research and development (R&D) on LNG and other
hazardous materials.

The U.S. Department of Energy, Office of the Assistant Secretary for
Environmental Protection, Safety and Emergency Preparedness (DOE/EP) has a
responsibility for identifying, characterizing and mitigating environmental,
safety and health issues associated with the commercial use of specific
energy materials. The Environmental and Safety Engineering Division (ESED),
in the DOE/EP Office of Operational Safety, is responsible for assessing
some of these materials, including liquefied gaseous fuels. To fulfill
this responsibility, the ESED is conducting an R&D program that includes
safety and environmental control assessments of LNG, liquefied petroleum
gas (LPG), ammonia and hydrogen. The overall objective is to gather,
analyze and disseminate technical information that will aid future decisions
made by industry, regulatory agencies and the general public on facility
siting, system operations and accident prevention and mitigation. This
effort is known as the DOE Liquefied Gaseous Fuels Safety and Environmental
Control Assessment Program(a) and is supported by a number of contributors
including national laboratories, universities, technical institutions and
industrial research contractors. As indicated in the Acknowledgment, the
LGF Assessment Program is coordinated with related R&D sponsored by
other agencies and organizations.

(a) In this report referred to as "the LGF Assessment Program" or "the
DOE Program."
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The ESED requested Pacific Northwest Laboratory (PNL) to assembie this
status report on progress and accomplishments of the LGF Assessment Program
during Fiscal Year (FY)-1980 and FY-1981. This report complements three
previous documents in this series(a) that describe the DOE approach to
safety and environmental research and the status of effort in the DOE
Program from its initiation in FY-1977 to the first quarter of FY-1980.

I.1 SCOPE AND PURPOSE OF THE LGF ASSESSMENT PROGRAM

The need for a comprehensive, integrated R&D program to resolve LGF
jssues was identified by the ESED as a result of discussions with many
experts from government, industry and academia. The development of a
program specifically addressing LNG issues began in FY-1977 building on
information developed in a cooperative program with the U.S. Coast Guard
and the American Gas Association. Further input came from an Energy
Research and Development Administration (ERDA)-sponsored LNG safety
and control workshop (December 1976) which was attended by over 40 persons
selected to represent a cross-section of cognizant experts from industry,
government and academia. In the meantime, responsibility for this Program
passed from ERDA to the DOE. Because many of the safety and environmental
issues identified for LNG apply to the handling of other liquefied gaseous
fuels, the scope was expanded to include safety and environmental concerns
associated with LPG, ammonia and hydrogen.

The purpose of the LGF Assessment Program is, therefore, to develop
additional safety and environmental control information on LNG and other
significant liquefied gaseous fuels and energy materials. The emphasis of
this effort is on information needed by industry, regulatory bodies and

the general public for making decisions relating to the handling, trans-
portation, storage and use of these materials.

(a) An Approach to Liquefied Natural Gas (LNG) Safety and Environmental
Control Research. DOE/EV-0002, February 1978.

Liquefied Gaseous Fuels Safety and Environmental Control Assessment
Program: A Status Report. DOE/EV-0036, May 1979.

Liquefied Gaseous Fuels Safety and Environmental Control Assessment
Program: Second Status Report. DOE/EV-0085, October 1980.
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[.2 PROGRAM OBJECTIVES

An outline of the LGF Assessment Program Plan describing the major
research elements needed to achieve program objectives can be found in
Section 2 of the first LGF Program Status Report (DOE/EV-0036). Three
distinct objectives are identified to meet the goals of the integrated
program:

1. Verify Predictive Capability

Develop and validate analytical modeling capability to provide
firm and technical foundation for the promulgation of regulations
and to adequately support the development of prevention and
control strategies, techniques and procedures. Wherever possibie,
theory and predictive capability will be based on laboratory

experiments,
2. Verify Prevention Methods
Investigate and validate methods to prevent the release to the

environment of liquefied gaseous fuels. The focus is on materials,
techniques, and strategies which are intended to prevent a
release. These are, by nature, essentially "passive" systems.
3. Verify Control Methods
Investigate and validate methods to control the release to the

environment of liquefied gaseous fuels should a release occur.
The focus is on materials, techniques, and strategies which are
intended to reduce the impact of a release. By nature these
will tend to be "active" systems.

I.3 SUMMARY OF REPORTS

This report continues the format of the two previous Status Reports
in containing a collection of reports supplied by contributors to the
LGF Assessment Program. The emphasis of this status report is on LNG
research conducted principally by Lawrence Livermore National Laboratory
(LLNL). Section II contains 13 reports (A through M) on LLNL efforts
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grouped into the following categories:

Details and Results of 40-m3 LNG Spill Experiments
LNG Dispersion Modeling and Analysis
LNG Combustion Modeling and Analysis

Facility Planning and Site Assessments for 500-m> Spill Tests

at Frenchman Flat, Nevada

The LNG Bibliography included in Section II as Report N was prepared as
part of the Literature Surveillance Task in the LGF Safety Studies Project
conducted by PNL. The balance of this Executive Summary Section contains
a review of the LLNL reports collected in Section II and summaries of
other contractor activities contributing to the DOE Program.

[.3.1 Review of Reports A Through D

Four reports are included in Section Il describing details and results
of 40-m3 LNG spill experiments conducted jointly by LLNL and the Naval

Weapons Center (NWC) at China Lake, California.

Report A - Description and Analysis of Burro Series 40-m3 LNG Spill
Experiments

This report describes a series of nine field experiments in the range
of 24 to 39 m3
dispersion following LNG spills on water. An extensive array of instru-

undertaken in 1980 to determine vapor transport and

mentation was deployed both upwind and downwind of the spill pond. Wind
and gas concentration data were collected and analyzed to define the wind
field and gas cloud as a function of time. Wind field, heat flux and
humidity data were analyzed to describe fluid dynamic and thermodynamic
processes associated with gas cloud dispersion.(a)

Several significant conclusions result from this effort. Turbulent
processes in the lower atmospheric boundary layer were found to dominate
the transport and dispersion of gas in all experiments except Burro 8.
Burro 8, conducted under low wind speed conditions, showed that gravity

(a) The data acquisition system, 40-m3 spill test plan and the China Lake
LNG Spill Facility are described in detail by Reports 0, Q and R
respectively, in the Second DOE Program Status Report (DOE/EV-0085).
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flow of the cold vapor displaced the ambient wind field causing the wind
speed within the cloud to drop essentially to zero. Similar results are
expected to occur in larger spills under a variety of conditions.

Large scale differential boiloff was observed resuiting in the progres-
sive enrichment of ethane and propane in the cioud. This is seen as an
additional hazard because it increases the cloud's detonability. Energetic
rapid phase transition (RPT) explosions occurred under different circum-
stances during the Burro 6 and Burro 9 tests. This raises the prospect
that RPTs may increase the hazard potential of some accidents, and the
resultant shockwave may be energetic enough to ignite the more easily
detonable regions of the vapor cloud. Gas concentration measurements
indicate that fluctuations about 5% in volumetric concentration are
common. This implies the flammable extent of a gas cloud will be larger
than is indicated by the mean lower flammability limit contour. Burro 8
data demonstrated that Targer tests are necessary to determine the relation-
ship between spill size and atmospheric dispersion characteristics.

Report B - Burro Series Gas Concentration Contours

Report B contains 110 gas concentration contour plots that correspond
to the dispersion of LNG vapor during the Burro 8 and 9 spill experiments.
LNG vapor-concentration data were used to generate two-dimensional contour
plots as a function of time in both horizontal and vertical formats for
several areas within the sensor array. The contours are of total hydro-
carbon concentration and data from the instruments with faster response
time were averaged so that all data have approximately the same time
constant. The contours therefore describe the 10-s average LNG vapor-
concentration distribution on a surface at a given time. This report provides
details of the data analysis methodology.

Burro 8 was performed under stable atmospheric conditions in average
wind speed of 1.8 m/s and showed most strongly the effects unique to dense
cloud dispersion. Burro 9 was also important because the facility achieved
its highest spill rate, the wind field allowed the cloud to stay within
the array for the duration of the experiment,and nearly all sensors were
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operational. The average wind speed was 5.7 m/s and the gas cloud behaved
in a manner typical of a moderate or high wind speed test. However, RPT
explosions occurred throughout this test throwing mud and water on the
sensors in the 57-m arc rendering data from these sensors unreliable.

Report C - Comparison of Dense Gas Dispersion Model Simulations with Burro
Series LNG Spill Test Results

The predictions from three vapor dispersion models for cold dense gas
releases are compared with the results of several Burro Series LNG spill
experiments. The simplest model (GD), a modified Gaussian plume model,
predicted a vapor cloud ‘that was too high and too narrow by about a factor of
two in all cases. The second model (SLAB), a layer-averaged conservation
equation model, generally predicted the maximum distance to the lower
_flammability 1imit (LFL) and cloud width quite well. However, SLAB
predicted higher concentrations than those observed near the source and a
different vertical concentration profile from that indicated by test
results. The third model (FEM3) is a three-dimensional conservation
equation model that was generally capable of predicting concentration
distributions in time and space.

Report C contains brief descriptions of each model to clarify their
physical bases and differences. Model predictions are compared with four
of the experiments: Burro 3, 7, 8 and 9. The comparison of test results
is based on 10-s average concentration data as described also in Report B.
Burro 3 is unique in that it is the only case in which all three models
underestimate the maximum distance to the LFL (XLFL)' Test results of
Burro 7 show that the GD model underestimates and the SLAB model over-
estimates XLFL by about 50 m and 60 m respectively. Burro 9 was terminated
after 79 s because of RPT occurrence; however, sufficient data were
collected to allow model comparisons. Burro 8 results, judged to be the
most interesting of all the experiments, are compared with the predictions

of each model in detail.

0f three models compared, the FEM3 1is the least limited by various
approximations and restricting assumptions, and provided the best overall
description of the vapor cloud dispersion observed in these four Burro
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experiments. Predictions of the vapor concentration distribution in time
and space over the 5 to 15% flammable range were generally quite good.
Estimates of the X ) are also quite good, or at least conservative. A
particular achievement of FEM3 was the prediction of a bifurcated cloud
structure observed in one experiment conducted with Tow ambient wind speed.
However, the three-dimensional model was found to have numerical difficulties

when it attempted to simulate spills under very low turbulence conditions.

The comparisons described in Report C illustrate the respective
strengths and weaknesses of the three models and identify model components
that require improvement.

Report D - Coyote Séries 4O—m3
and Vapor Burn Tests

Liquefied Natural Gas (LNG) Dispersion RPT

This report provides a brief description of the LNG spill tests known
as the Coyote Series conducted during the period July to November 1981 as
a joint effort between LLNL and NWC personnel. This series investigated
RPT explosions and vapor cloud combustion and dispersion.

A total of 13 RPT spills were observed in five tests, with effort
focused on RPT activity resulting from LNG interactions with water.
Depending on operating and weather conditions, RPT testing was also done
concurrently with vapor fire tests.

The major emphasis of this test series was the vapor burn tests.
Report D shows the position of sensor stations and summarizes the test
conditions of the series. In addition, a detailed listing is provided
describing the instruments used and types of test conducted. The data
produced by the Coyote Series are currently being analyzed and will be
reported later in 1982.

1.3.2 Review of Reports E Through I

Four reports are included in Section II describing progress in the
development of predictive models and data relating to atmospheric dispersion
and combustion phenomena associated with LNG releases.
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Report E - A Three-Dimensional, Conservation Equation Model for Simulating
LNG Vapor Dispersion in the Atmosphere

Report E elaborates on the FEM3 numerical model simulating vapor dis-
persion following LNG releases that was compared with Burro Series test
data in Report C. This report provides more details of the model's basis,
structure and capabilities. The model is based on a finite element
solution of the three-dimensional conservation equations for the simulation
of spreading and dispersion of natural gas released onto water and over
arbitrary topography. Simplicity is emphasized, represented by the choice
of the simplest element, the 8-node isoparametric "brick" employing tri-
linear approximatihg functions for velocity, temperature and concentration
and piecewise constant approximation for pressure. The forward Euler
method is used as the simplest time integration method. Pressure is
treated implicitly, being an inherently implicit variable in an incompres-
sible fluid. The report presents the governing equations and a description
of the time integration methods. The modeling of eddy diffusion and
ground heat transfer coefficients is also described. Several of the cost-
effective techniques used, including subcycling, mass lumping and reduced
Gauss-Legendre quadrature, are discussed.

Report F - Theoretical and Empirical Basis for Experimental Simulation of
Maritime Atmospheric Dispersion at Desert Sites

The problem of experimental simulations of maritime meteorological
conditions is discussed in terms of selecting or modifying a desert atmos-
pheric environment so that particular criteria of dynamic similarity are
met and atmospheric dispersion test results may be generally applied.

This study is an important consideration in determining whether tests
undertaken in small lakes located at remote desert spill test sites in
California and Nevada may adequately simulate LNG spills in a maritime
environment. This report summarizes the similarity conditions, conventional
generalizations and heat and humidity boundary layer effects that must be
represented in a maritime meteorological simulation. A comparison is
presented between conditions measured at desert sites and data taken in

1978 by the Naval Research Laboratory in the vicinity of Point Conception
on the California coast.
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This report concludes that the fundamental variables governing
atmospheric dispersion scale similarly over ocean and inland sites.
A shallow Take in the desert produces a significant atmospheric modifi-
cation with humidity and temperature gradients approaching those observed
over ocean sites. A shallow Take must extend about 1 km upwind to
produce a 10-m deep boundary layer. The depth of the boundary layer
can be selected by choosing the temperature gradient, wind speed and
mean air temperature appropriately. The temperature gradient can be
selected to simulate oceanic conditions by choosing both the season and
time of day. A shallow lake in the desert is aerodynamically smoother
than a rough sea, but the scaling will be correct if experiments are
conducted at higher wind speed. Atmospheric turbulence in the inertial
subrange will scale on the basis of aerodynamic roughness, atmospheric
stability and the depth of the mixing zone. The unique degree of control
for any value of atmospheric stability permitted by a desert Take simu-
lation is seen as an advantage over conditions obtainable at any single
oceanic site. However, further experimental studies are needed for
generalizing conditions of dynamic similarity in the boundary layer over
the normal observed range of atmospheric variability.

Report G - Observed Turbulence Intensities in Desert Boundary Layer

This report complements Report F by providing additional interpre-
tation of meteorological data recorded at desert sites in Nevada and
California. At Frenchman Flat, Nevada, experimental observations were
taken on a 62-m meteorological tower instrumented with vertical
propeller anerometers, wind vanes, cup anerometers, and aspirated
thermistors. Data representative of a 5.5-m height above ground are
discussed. Much Tower turbulence intensities were observed under stable
conditions than are commonly reported. The distinguishing features of
this site are an extremely small surface roughness and a homogeneous
upwind fetch for 3 km due to the flat playa. A vertical turbulence
intensity of 4.1 was observed at Frenchman Flat, which is high compared
to the value of 2.4 observed over rougher surfaces at China Lake,
California.
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Conclusions are that semi-empirical predictive formulas which fit
data over rough surfaces and predict higher turbulent intensities for
neutral and stable cases are not applicable to a smooth desert. Much
better agreement is obtained if the hypothesis of Prandtl-type closure
condition is assumed that would define the characteristic scale.

Report H - Flame Propagation in Gaseous Fuels Mixtures in Semiconfined
Geometries

This report reviews previous work on flame propagation in gaseous
fuels, discusses the phenomena involved and describes recent experiments
performed at LLNL on combustion in semiconfined geometries. Most previous
work on vaporized LNG/air mixtures has been performed in confined geo-
metries to study ignition, flame acceleration transition to detonation
and properties of fully developed detonations or in unconfined geometries
to determine the minimum energy needed to initiate spherical detonations.
Semiconfinement is the condition that most represents actual accidental
spills. It is, however, an area of research that has been essentially
neglected.

LLNL has begun small-scale laboratory experiments in an open semi-
confined test chamber to investigate flame acceleration phenomena.
Report H describes the experimental configuration of the first phase
investigation, including the placement of obstacles in the chamber and
presents results of using ionization probes as time-of-arrival
detectors for the flame front. A comparison of the ionization probe
data with Schlieren records leads to the important observation that the
actual velocity of the flame front may be less significant than the rate
at which the total mass of original mixture is transformed into combustion
products.

The introduction of obstacles into the flow led to higher flame
velocities. Several modifications made progressively during the test
series caused unanticipated increases in flame acceleration. Schlieren
photographs revealed the real cause of sudden accelerations, e.g., the
flame getting through the slot under obstacles and starting the burn-up
process from the bottom up.



The general lack of similar studies by other investigators makes it
difficult to compare or correlate these results. A table is presented
showing final flame velocities and over pressures measured in different
geometries and scales comparing results of these experiments with those
of other investigators.

In semiconfined geometries, flame velocities are expected to be lower
than those in a confined tube. However, inertial confinement provided
by a large cloud may cause a substantial overpressure which otherwise
would not be expected. This research demonstrated the effects of
obstacles on flame propagation in a semiconfined test chamber and
provided a perspective for planning future experiments. The ultimate
aim of this work is to gain confidence in identifying factors that
affect flame acceleration processes so that they can be introduced into
computational models providing a predictive capability for larger, more
complicated cases.

Report I - Chemical Kinetics of Hydrocarbon Oxidation in Gaseous
Detonations

Report I presents research on the chemical kinetics of hydrocarbon
oxidation that extends LLNL investigations described in previous Status

Reportsﬂa)

In this report a theoretical model including a detailed
chemical kinetic reaction mechanism is used to examine detonation
properties for mixtures of fuel-air, fuel-oxygen and fuel-oxygen diluted
with varying amounts of nitrogen. The five fuels considered are methane,
ethane, ethylene, acetylene and methanol. Computed induction Tengths

are compared with available data on critical energy and cfitica1 tube
diameter for detonation initiation as well as detonation Timits in planar,
qy]indrica] and spherical configurations. The reaction mechanisms used

in these calculations have been developed and validated in previous
publications. There is some disagreement regarding the critical initia-

tion energies for fuel-air mixtures suggesting that initiation energy

(a) Report E in First LGF Assessment Program Status Report (DOE/EV-0036).
Report F in Second LGF Assessment Program Status Report (DOE/EV-0085).
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determined using linear tubes and explosive charges cannot be directly
compared.

For the fuels considered in this report, reaction mechanisms are
reliable enough that computation of the induction time is no longer a
limiting factor in understanding detonation processes. The model used
in this report is intentionally simplified to emphasize the kinetic
factors involved. Modifications which have been developed and used by
other authors should be included in a complete detonation model.
However, calculations using the present model are simple and inexpensive
using available computer codes and provide much useful information.
The agreement between completed results and experimental data suggests
that the approach can provide accurate and reliable information on
detonation parameters over most conditions of interest.

[1.3.3 Review of Reports J Through M

The final category of LLNL reports describe preparation and
exploratory investigations relating to the 500-m3 LGF Spill Test Facility

planned at Frenchman Flat, Nevada.

Report J - 500—m3 Spill Test Facility for Liquefied Gaseous Fuels

Report J is the first of four that discuss the conceptual design
and preliminary evaluations to justify the use of Frenchman Flat at the
Nevada Test Site for studying the effects of large LGF spills. The
facility is designed to safely and reliably handle spill tests as large
as 500 m3. Fuels of current interest include LNG, LPG, ammonia and
hydrogen. This report details experimental requirements, including spill
size, rate, and related characteristics, atmospheric conditions, spill
test candidates, and test parameters, including abort procedures and
cool-down times. Site selection criteria are discussed, including
environmental effects, hazards, administrative constraints, atmospheric
conditions, and topography.

The facility design concept consists of two 150-psi LGF storage
tanks installed in Phase 1 of the project as part of a 200-m3 spill
test facility. Two 250-psi LGF storage tanks would be installed later,



bringing the spill test capability up to 500 m3. The tanks would be
connected by a 24-in. diameter insulated underground spi]]_pipe to a 1000-ft
diameter spill pond. A 100-ft long extension to the spill pipe is
planned to provide an opportunity for conducting spills on dry soil.
Various nozzles and splash plates would be installed on the end of the
pipe to vary spill velocity and direction on or below the water. An array
of experimental measuring sensors would be placed up and downwind of the
spill point and the facility controlled and monitored from a safe distance
by remotely located control and recording systems.

Design concerns are detailed in terms of three principal questions
concerning 1) the achievement of desired spill rate, 2) the efficacy of
the delivery system, and 3) the protection of the tankage. The LGF storage
system is described in detail, including the storage tanks, fill and trans-
fer system, and the sub-cooling system. Similar details are given for
the LGF spill system, including determination of pipe size, spill pipe
system design, pipe material, insulation, expansion joints, spill nozzle
system, pig system, dump tank system, and Tiquid nitrogen precooling system.

Hazards control measures described include hazards analysis, gas
detection, fire detection, fire and explosion control, emergency shutdown
systems, safe operating and testing procedures, and a quality assurance
program. Control and monitoring systems include spill size control, spill
rate control and general monitoring to measure temperature, pressure, gas
concentration and liquid level. Planned civil engineering discussed
includes the need for roads, spill basins, tank farm pad, waterlines,
dispersion lake and electrical systems. '

Report K - Ecological Background Relevant to Proposed Liquefied Gaseous
Fuels Test Site Development at Frenchman Flat, Nevada

This report surveys ecological studies of the Nevada Test Site to
determine what is known about ecosystems adjacent to Frenchman Flat. This
background information is used to determine what ecological needs must be
considered to avoid potential impacts of the planned LGF spill tests.
Report K reviews the historical ecology of the Frenchman Flat area,

discusses plant habitat, plant and animal nutritional dependencies, and
animal species considerations.



0f the several species of plants and animals that should be protected,
apparently none are found closer than 5 km from the playa. Two potential
factors of concern are whether the proposed development and associated
human activity will affect animal behavior, and whether the vegetation will
propagate brush fires, or suffer undesirable changes as a result of fires.
Recommendations are made for methods of estimating fuel biomass and other
factors needed to estimate fire propagation, and procedures to document
any changes in animal populations and plant productivity.

Report L - Environmental Issues of the Proposed LNG Spill Tests at
Frenchman Flat

This effort was undertaken in response to a request by the LNG
Working Group to review environmental issues relating to the proposed LNG
spill tests at Frenchman Flat. The report answers 11 questions posed by
the Manager of the Nevada Test Site. The questions relate to the phased
development of a facility capable of supporting spill tests of 500 m3 as
described in Report J. Report L contains a brief overview of intended
LNG operations, including descriptions of spill effects, combustion and
explosion tests. The report addresses questions concerning whether planned
experiments will cause the resuspension of radioactive particles, operational
procedures for protecting endangered plants, and the quantity of dust and
heat flux generated by test events. Other concerns considered are over-
pressures, underpressures and ducting phenomena; the identity and quantity
of released gases and down-wind concentrations with distance and the poten-
tial for explosive gas concentrations extending into surrounding structures.
Finally, the effect of water on radioactive particles, the population and
effects of animals in the area, potential for range fires and the maximum
estimated damage to Nellis property and the Desert National Wildlife Range
are considered.

Not all of the information required is available to answer these
questions conclusively, however, many appear to be of little consequence.
The advantage of the planned phased testing allows the effects of smaller
spills to be observed before commitment is made to larger-scale tests.



This would provide time to review health and safety aspects of larger
and potentially less certain effects of larger experiments. This report
notes areas of ongoing additional work that should lead to the satis-
factory assessment of outstanding issues.

Report M - Selecting Optimum Periods for Atmospheric Dispersion Tests over
Water Surfaces at Frenchman Flat, Nevada Test Site

When LGF spill tests are conducted over water surfaces at Frenchman
Flat, Nevada, it will be necessary to schedule tests so that meteorological
conditions are optimized for experimental control and operational safety.
An operating strategy based on meteorological data collected at Frenchman
Flat is discussed in this report. Factors such as diurnal flow patterns,
temperature structure, wind speed variation and variation in stability over
water surfaces are considered. Report M also discusses seasonal factors,
such as evaporation rates, wind and stability over a water surface, and
temperature effects.

General conclusions are that for atmospheric dispersion testing over
water surfaces at Frenchman Flat, the optimum daytime periods are between
11 a.m. and 6 p.m. from March through November, because of a consistent flow
pattern and undirectional flow, as well as moderate, regularly increasing
wind speeds. Using this time period as optimum, the atmospheric stability
over water surfaces will be unstable in March-April, neutral in May, mildly
stable through summer, and strongly stable in October-November. Two
periods are identified, March-May and October-November to prevent freezing
and to obtain favorable precipitation/evaporation ratios. These are also
the periods of minimum thermal stress on equipment and personnel.

[.3.4 Review of Report N

Report N is the updated LNG Bibliography prepared by PNL as part of
the Literature Surveillance Task in the LGF Safety Studies Project (see
also subsection I1.4.7).



I.4 SUMMARY OF WORK BY OTHER LGF ASSESSMENT PROGRAM CONTRACTORS

Although the principal emphasis of this Status Report is on work led by
LLNL, other contractors contributing to the DOE Program have reportable
achievements in FY-1980 and FY-1981. The following summaries review contri-
butions to the LGF Assessment Program made by the Aerojet Energy Conversion
Company (AEC), the Applied Technology Corporation (ATC), Arthur D. Little,
Incorporated (ADL), C, International, Incorporated (CVI), the Institute of
Gas Technology (IGT) and the Massachusetts Institute of Technology (MIT).
The final summary describes work in the LGF Safety Studies Project conducted
by PNL. '

[.4.1 Study of Gelled LNG (AEC)

The objective of work performed by the AEC was to investigate the
feasibility of using gellation to reduce hazards associated with LNG storage,
transportation and handling. Potential safety advantages of gelled liquefied
natural gas (GELNG) were examined and the practicality of gelation on an indus-
trial scale was studied.

The project involved gel characterization, optimization, safety tests,
preliminary design of an industrial-scale gelation system and a preliminary
economic assessment of the gelation process. LNG gels of varying concen-
tration, using both water and methanol as gelants, were prepared and
characterized. Selected gels were used in safety comparison tests and a
preliminary design was made for an industrial-scale gelation system which
would provide the basis for an economic assessment.

The preliminary economic assessment results showed the increased dollar
cost of gelation for LNG tank truck applications to be small (~5%).

’Vaporization rates determined from 0.4 gallon confined spills on sand,
concrete, and water were found to be considerably lower for GELNG than for
LNG. The GELNG could not be driven through a simulated crack with up to
20 psig driving pressure, whereas LNG was found to flow freely at all
pressures. Plastic "yield strengths" were further improved using modified
gelation techniques. A shear diagram was defined for future hydrodynamic
calculations. Perforation leakage tests showed rapid cessation of GELNG
flow at all driving pressures investigated while LNG flowed freely.
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Confined water and land spill tests were conducted and vaporization
and spread rate data obtained. Variation in spill orientation and energy
clouded the results; however, the GELNG increased vaporization time signifi-
cantly in water spill tests.

This effort was completed with the publication of the Final Technical
Report.(a) Work in this area continued under sponsorship of the Gas
Research Institute.

I.4.2 LPG Spill and Safety Studies (ATC)

Efforts conducted by the ATC included (1) research on vaporization,
dispersion and radiant fluxes from LPG spills and (2) a study of LPG land
transportation and storage safety.

Vaporization, Dispersion and Radiant Fluxes from LPG Spills

Both burning and non-burning spills of LPG (primarily propane) were
studied. The non-burning spill studies included boiloff tests, dispersion
tests, and liquid spray tests.

Boiling rates for propane spilled on soil, concrete, insulating concrete,
asphalt, wood, sod, and foamed polymers were measured during both the transient
and steady-state boiloff periods. Most of the transient tests were run in
5—ft2 circular pits. Some of the tests were covered to exclude atmospheric
effects. Simple one-dimensional heat transfer theory was used to determine
the thermal conductivity of the substrate and the heat transfer coefficient
between the substrate and the propane. Thermal conductivities were usually
higher than the literature values for similar materials at ambient temperature.
Heat transfer coefficients varied with substrate material, but were in the
range expected to occur for propane. Mass transfer coefficients were
determined for a range of variables and correlated as a function of the
Reynolds number.

Vapor concentrations were measured downwind of propane pools 25 to
1600 ft2 in area. The vapor concentrations along the plume centerline at
ground level could be correlated satisfactorily with a Gaussian model. The

(a) Rudnicki, M.I. et al. 1981 Study of Gelled LNG, Final Technical
Report. DOE/TIC-11452, prepared by the Aerojet Energy Conversion
Company for the U.S. Department of Energy, Washington, D.C.
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vaporization rates for the dispersion tests were near steady-state values
because the pits had been cooled for at least a half hour before the vapor
concentrations were determined. Pool temperatures were usually in the range
of -70°F or less.

In a few tests, pressurized propane was discharged into the open air in
an attempt to determine what fraction would vaporize or atomize and what fraction
would collect as a pool. Even at rates up to 180 1b/min, no pooled propane could
be collected.

Emitted and incident radiant heat fluxes were measured for fires with
2 to 1600 ftz. Simplified radiant flux models were found
to be adequate to represent the results. The maximum effective radiant flux
emitted by the propane fires was about 50,000 Btu/hr—ftz. Fluxes for smaller
fires can be expressed by

g, = 50,000 ( _ 10126 D)

2

base areas from 25 ft

where qg is the effective surface flux (Btu/hr-ft°)and D is the flame diameter
(ft). Flame heights could be predicted using the Thomas equation. A simple model
based on an assumed cylindrical shape for the flame and the surface fluxes

given by the equation above predicted the incident radiant fluxes surrounding

the fire with good accuracy.

A final report on this study is being prepared for publication. WNo further
work is planned in this task.

LPG Land Transportation and Storage Safety

Effort in this task was completed in 1981 with the publication of the

Fina]hReport.(a)

This report contains an analytical examination of fatal accidents involving
LPG releases during transportation and/or transportation-related storage.
Principal emphasis was on accidents during the nine-year period 1971-1979.

(a) Martinsen, W. E. and W. D. Cavin. 1981. LPG Land Transportation and
Storage Safety. DOE/EV/06020-T5, prepared by the Applied Technology
Corporation for the U.S. Department of Energy, Washington, D.C.
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Fatalities to members of the general public (i.e., those at the scene of the
accident through coincidence or curiosity) were of special interest.

Transportation accidents involving railroad tank cars, trucks, and pipe-
lines were examined as were accidents at storage facilities. The main source
of the necessary historical accident data were accident reports submitted to
the Department of Transportation by LPG carriers, National Transportation
Safety Board accident reports, articles in the National Fire Protection Associ-
ation journals, other literature, and personal interviews with firemen, company
personnel, and others with knowledge of certain accidents.

The data indicate that, on the average, releases of LPG during transpor-
tation and intermediate storage cause approximately six fatalities per year to
members of the general public. The individual risk is about 1 death per
37,000,000 persons; about the same as the risk of a person on the ground being
killed by an airplane crash, and much less than the risk of death by lightning,
tornadoes, or dam failures.

I.4.3 Novel Concepts for Preventing LNG Releases (ADL)

ADL is investigating three novel concepts to establish their potential
applicability as LNG release prevention systems.

Sealed Safety Monitor (SSM) for LNG Trucks

The objective of this study is to evaluate the SSM concept designed to
monitor and record various parameters of LNG truck operations and, possibly,
to anticipate and compensate for certain aspects of driver behavior in potential
accident situations. The SSM would consist of a series of transducer, monitoring
and recording devices coupled by a microprocessor control and packaged in a
crash-resistant container. The results of this study are expected to include
a preliminary SSM design and assessments of its cost effectiveness and
implementation feasibility.

Work completed includes the identification of credible accident scenarios
and critical monitoring functions. Fault tree and multi-Tinear event sequence
analyses were applied to these accident scenarios to identify key monitoring
parameters. A technical literature review and engineering analyses were conducted
to refine the parameter selection and the selection of appropriate sensors was
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undertaken. Analysis of accident mechanisms was focused on the following
scenarios: 1) rollover while negotiating a gradual curve, 2) the "sudden lane
change" maneuver, 3) brake lock, 4) brake system failure, and 5) steering

tire failure. The first three scenarios were selected for the closest
examination because they involve driver-vehicle interactions that may be
anticipated and mitigated using the SSM.

Engineering analyses were performed for the steady-state cornering
maneuver and brake lock. -While the sudden lane change involves dynamic
analysis beyond the scope of this study, the anticipation of rollover was
amenable to analysis. A physical model was used as a means for predicting
imminent rollover as a function of rear spring displacement. It was found
that, although brake lock can be anticipated with wheel deceleration measure-
ments on the vehicle, warning could not be provided fast enough to allow a
driver response. Because active control systems appear to be more effective
for preventing brake Tock accidents, this scenario was not pursued further.
The measurement of wheel rotation was, however, found to be an effective means
of computing a variety of performance and investigative parameters. It is
therefore considered an important parameter to be monitored. The results of
analyses performed to date provide a basis for the proposed SSM design.

This study is about 65% complete.

Flexible Membrane Inside LNG Cargo Tanks

The objective of this concept is to investigate the feasibility of
installing a bladder or curtain-type membrane in an LNG cargo tank to prevent
or control spillage of LNG following a breach of the cargo containment structure.
This study consists of three tasks: 1) examination of mechanical and structural
feasibility, 2) selection of materials and 3) a cost effectiveness assessment,

'WOPk completed to date includes review of major structural features of
membrane and spherical cargo containment tank systems and a feasibility
determination of installing and supporting curtain-type membrane systems within
these tanks. It appears that a sufficient number of potential attachment
points are available in the Technigaz and Gaz Transport design configurations
to allow suspension of a curtain structure without interfering significantly
with the motions or stress levels of the primary container due to thermal and
product loads. For the spherical Moss cargo tank systems, attachment of a
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curtain barrier at locations in the upper half of the sphere should present
no significant stress or deformation problems.

Curtains or internal bladder systems will effectively separate the
volume of the cargo tank to some degree. Such systems may interfere with
the efficiency or thoroughness of inerting techniques currently in use.
Alleviation of this problem may require additional or reconfigured piping
within the tank.

The composite materials identified as potential containment membranes
include ‘a fiberglass cloth/aluminum foil composite presently in use as a
secondary barrier in liquefied gas tanker applications; a fiberglass cloth/
mylar composite used for flashing in architectural applications; a fluoro-
carbon coated fiberglass cloth material used in weather dome structures
and a coated aramid fiber fabric. A test program has been developed to
evaluate the important properties of each of these materials in a cryo-
genic environment. These tests will include the determination of tensile
strength, notched tensile strength behavior (tear resistance), flexure
cycling, and resistance to penetration.

Work in this project is approximately 35% complete.

LNG Flare System for Offloading a Disabled Vessel

The objective of the third ADL study is to evaluate the feasibility of
a flare system for the rapid and safe incineration of the cargo in a disabled
LNG tanker. This study is organized into six tasks: 1) design criteria and
performance specifications, 2) selection of the preferred system configuration,
3) investigation of LNG transfer methods and procedures, 4) désign of the flare
system flotation, 5) preliminary design of the combustion system and 6) calcu-
lation of the radiant heat flux distribution. This project is about 95%
comp1éte.

In the work completed to date, design criteria and performance specifi-
cations have been established, alternative flare configurations were evaluated
and the optimal system configuration was selected. Design criteria included

a burn capacity of 5.7 x 108

scf in 24 hours and a target cost less than
$4 million. Four approaches for flaring the LNG cargo were considered:
1) a free burning pool in a satellite array, 2) a large flare mounted on the

LNG tanker, 3) an inerting system, and 4) a remote flare array. The remote
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flare array was chosen as most feasible system. The design includes an

array of small burners mounted on a catamaran. Based on an analysis of the

costs and equipment associated with LNG vaporization, it was concluded that

the LNG cargo should be transferred to the burners as a cryogenic liquid.

A transfer line currently manufactured by Coflexip of Paris, France, was selected
as the basis for design and costing.

A burner currently available from the National Air 0il Company was
selected as part of the flare array design evaluation. The most promising
design consists of an assembly of 1,350 burners spaced 1.5 ft apart on pipe
strings. The dimensions of the burner array would be approximately 300 ft
long and 55 ft wide. Preliminary estimates were made of the radiative heat
flux received at the stern of the LNG tanker from an array of catamaran-mounted
flares. It appears that the required standoff distance of the flare vehicle
will be greater than 400 ft.

The overall conclusion of this effort is that LNG flaring appears to be
feasible. There are no components of the conceptional flare system which
are significantly beyond the state-of-the-art. The most critical elements in
the design are the floating cryogenic LNG transfer lines and the sensitivity
of the LNG tanker to radiation from the flare array.

I.4.4 Coaxial Cryogenic Pipeline (CVI)

CVI is conducting a cryogenic demonstration of a novel coaxial pipeline
design. In concept, a coaxial system for transporting cryogenic fluids,
such as LNG, appears to have safety advantages over single-wall pipe. The CVI
coaxial system has a number of essential elements including: 1) the inner and
outer concentric pipe spool pieces; 2) the spider that holds the relative
position of two pipes, provides thermal coupling and allows vapor flow
between them; and 3) the external insulation jacket. Both inner and outer
pipe elements are maintained at a minimal differential temperature. This
allows the pipe to be fabricated as fixed coaxial element in which thermally
developed stresses are held at lTow allowable values. Liquid is transferred
through the inner pipe, and vapor is circulated in the annular area. The
annular space between the pipe elements provides containment for liquid
released as a result of leakage or failure of the inner piping element.
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The concept includes an isolation valve arrangement that can be separately-
or slave-operated as the system design dictates. The emergency valve assembly
allows for -water hammer shppression in the event of a rapid valve closure
during LNG transfer. As the iso1atfon valves close, a synchronized third or
emergency bypass valve opens transferring the liquid continuously from the
inner pipe through the annulus between the piping back to storage. This
allows the pumps to wind down without creating a significant pressure surge
in the piping system.

The coaxial pipeline demonstration project is being conducted in four
phases. Phase 1 has been completed and included the identification of state-
of-the-art test hardware and special transition components. Thermal and
structural analyses of the hardware and test Toop configuration were performed
using the ANSYS finite element program. These analyses identified the parameters
necessary to demonstrate the performance of the hardware in the cryogenic
temperature regime and also provided guidelines in the design of the final test
loop configuration and LN2 flow control systems. Phase 2, also completed,
included the procurement of material and standard components, preparation and
approval of shop fabrication drawings and hardware fabrication, and the
selection and placement of the instrumentation. A1l of the preliminary
activities in Phase 3 are complete and conduct of the cryogenic test cycles
is imminent. Phase 4 will include a review of the test data and the prepara-
tion of a final program report that includes the conclusions and recommendations
relating to the further development of this concept.

I.4.5 LNG Storage Tank Studies (IGT)

Two projects are being conducted by IGT with the goal of improving release
prevention systems in LNG storage tanks.

Tank' Dynamics

The first of these projects involves the improvement of practical release
measures by developing design and operating procedures beyond current practice.
The objective is to obtain quantitative data necessary to model the physics of
tank vapor space pressure responses to boiloff compressor operation and
atmospheric pressure changes. It is expected that this information may aid
the specification of LNG storage tank operations and equipment to 1imit the
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possibility of vapor venting or rollover. Data will be obtained from LNG
storage tanks during periods when liquid is neither being added nor withdrawn
from storage and during periods of LNG production. Tank vapor-pressure will

be obtained using commercially available pressure transducers that are capable
of directly measuring absolute pressure. Analysis and model development will be
conducted to describe the physics of tank responses. This model will enable
review and evaluation of tank operating parameters. The model prepared in

this project will be compared with the observed behavior of an existing
instrumented LNG storage tank over a period of two months.

Tank Sealants

The objective of the second IGT project is to assess the feasibility of
using sealant additives to prevent LNG from leaking through defects in metal
tanks. Sealant additives could be used in metal tankage at storage and
transportation facilities, including self-supporting and membrane marine
cargo tanks. This study will include: 1) the selection of candidate materials
(e.g., polystyrene, polyacrylamide, and silica); 2) an evaluation and ranking
of specific sealant additives; 3) an evaluation of equipment and methods for
producing dispersions at cryogenic temperatures and 4) a determination of
sealing efficiency and compatibility and stability of additives in the liquid
phase. The exposure of sealant candidates to Tiquefied methane will be
undertaken to demonstrate their behavior in the presence of hydrocarbons
characteristic of LNG. Field performance projections and applications
economics will be developed in this work.

. 1.4.6 LGF Safety Research at MIT

The DOE Program has supported two areas of research conducted at MIT.

Scale Effects in Liquefied Fuel Gas Hazard Analysis

This research was directed towards constructing a general method of cor-
relating physical variables observed in experiments on the atmospheric dispersion
of dense gases. The principal variables of interest are the maximum ground-level
concentration of the released gas within the cloud, the width, length and
height of the cloud, and drift speed. Cloud drift distance and time since
formation would be the principal independent variables. The approach tried
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was a combination of dimensional analysis and use of a simple entrainment
model to suggest potentially useful methods for correlating the data.

In the analysis the atmospheric motion was characterized by three-
dimensional variables: friction velocity (U,), roughness height (ZO),and
the Monin-Obukhov length scale (L), which measures atmospheric stability at
ground level. The initial state of the negatively buoyant cloud (assuming
it to have been formed rapidly) is characterized by its buoyance (B) and
volume (V). The simplest hypothesis that can be made regarding the
dispersion of the cloud is that its behavior at times sufficiently long for
the cloud to have been diluted to a small fraction of its initial concen-
tration is 1ndependént of the details of its formation and can depend only
upon the parameters U,, Zo’ L, B and V. Furthermore, in describing the
motion of the cloud relative to its mass center, if the effect of wind
shear can be neglected compared with the effects of gravity, then ZO (and
probably L) would be eliminated as parameters. For an observer drifting
with the cloud, the observable variables would be a function of the

]/2, where t is the (dimensional) time. The

1/2

dimensionless time UEt/B
corresponding dimensionless concentration is B X/UEV, where y is the
concentration of the released gas. These hypotheses thus form the basis

for correlating cloud gas concentration with time.

To develop a correlation of the observables as a function of drift
distance from the origin of the cloud, it was necessary to resort to a
dynamic model of the cloud spread and entrainment. Because of wind shear
(which depends upon ZO and L), the local drift speed will depend upon
cloud height and hence upon the cloud evolution. The dimensionless para-

meters which measure the effect of wind shear ameU*ZO/B]/ZU*L/B]/Z.

.This work correlated data obtained in field experiments and wind
tunnel tests using dense gas or liquid gas vapors. As a part of this
review, a catalog of test observations was compiled for both wind tunnel
and field tests. Despite some scatter in the data, considerable progress
has been made in the correlation of maximum concentration in the cloud as
a function of time and distance from the spill origin.
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Effort in this project was completed with the publication of the
(a)

Final Technical Report.

Simultaneous Boiling and Spreading of Liquefied Petroleum Gas on Water

The second MIT research project involved an experimental and theoretical
investigation to study the boiling and spreading of liquid nitrogen, liquid
methane, and LPG on water in a one-dimensional configuration. Primary
emphasis was placed on the LPG studies.

Experimental work involved the design and construction of a spill/spread/
boil apparatus which permitted the measurement of spreading and local boiloff
rates. With the equations of continuity and momentum transfer, a mathematical
model was developed to describe the boiling-spreading phenomena of cryogens
spilled on water. The model accounted for a decrease in the density of the
cryogenic 1iquid due to bubble formation.

The boiling and spreading rates of LPG were found to be the same as those
of pure propane. An LPG spill was characterized first by very rapid and violent

boiling and then highly irregular ice formation on the water surface. The
measured local boiloff rates of LPG agreed reasonably well with theoretical

predictions from a moving boundary heat transfer model. The spreading velocity
of an LPG spill was found to be constant and determined by the size of the
distributor opening. The maximum spreading distance was found to be unaffected
by the spilling rate. These observations can be explained by assuming that

the ice formation on the water surface controls the spreading of LPG spills.
While the mathematical model did not predict the spreading front adequately,

it predicted the maximum spreading distance reasonably well.

Publication of the Final Technical Report(b) in December 1981 marked
the completion of this effort.

(a) Fay, J.A. and D. Ranck. 1981. Scale Effects in Liquefied Fuel Vapor
Dispersion. DOE/EP-0032, prepared by the Massachusetts Institute of
Technology for the U.S. Department of Energy, Washington, D.C.

(b) Chang, H.R. and R. C. Reid. 1981 Simultaneous Boiling and Spreading
of Liquefied Petroleum Gas on Water. DOE/EV-04548-1, prepared by the
Massachusetts Institute of Technology for the U.S. Department of Energy,
Washington, D.C.
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[.4.7 LGF Safety Studies at Pacific Northwest Laboratory

The LGF Safety Studies project conducted by PNL combines two previously
separate projects: the LNG Safety Studies Project and the LPG Assessment
Project. The combined Project provides research on LNG release prevention
and control, technical surveillance and prograin development information
supporting the DOE Program. This project also provides assessments of
safety and environmental control issues relating to the production, trans-
portation, storage and use of LPG and ammonia. The LGF Safety Studies
Project is structured around five major tasks:

LNG Release Prevention and Control Studies

LNG Technical Surveillance

Ammonia Safety and Environmental Control Assessment
Assessment of LPG Research and Deve]opment‘Needs

Special Studies
(a)

Progress in these tasks is summarized below.

LNG Release Prevention and Control Studies

The objective of the LNG Release Prevention and Control Task is to
develop an adequate understanding of LNG release prevention and control
systems and the factors which may defeat them. Work in the LNG Release
Prevention and Control Tasx focused on 6 subtasks: 1) facility scoping
studies, 2) import terminal analysis, 3) peakshaving plant analysis,

4) storage tank analysis, 5) fire prevention and control assessment, and
6) human factors analysis.

A draft final report outlining results of a scoping assessment of LNG
release prevention and control system was completed for DOE review.
The report characterizes the basic types of LNG facilities and their release
prevention and control systems, identifies possible weak links in research
needs and provides an analytical framework for more detailed analyses.

Building upon this scoping assessment, PNL initiated more detailed
assessments of release prevention and control systems in LNG import terminal

(a) Cbmp]ete reports on most of these tasks are planned for inclusion in
the next DOE Program Status Report.
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and peakshaving facilities. Draft final reports summarizing the import
terminal and peakshaving facility analyses were completed. A comparative
safety analysis of LNG storage tanks was also completed. Representative
above-ground metal and concrete tanks were defined and their response to
release-initiating events compared. Release-initiating events considered
include overfill, overpressure, underpressure, foundation failure, crack
propagation, earthquake/tornado, impact and adjacent fires. The assessment
of LNG fire and vapor control devices continued. Import terminal and peak-
shaving analyses provided a basis for examining the reliability and effect-
iveness of current fire and vapor control strategies.

Human factor engineering (HFE) practices in the LNG industry were
reviewed using extensive bibliographic research followed by several site
visits to peakshaving plants. Possible human error contributions to
previous LNG accidents and incidents were analyzed in an attempt to assess
the potential contributions of HFE to LNG safety. Conclusions of this
study phase are that factors such as operator training, operating and
maintenance procedures, alarms and warnings, and controls and displays are
generally worthy of further examination.

LNG Technical Surveillance

The LNG Technical Surveillance Task was initiated to assist the ESED in
establishing and maintaining technical surveillance of research and develop-
ment activities relating to LNG safety and environmental control. Literature
surveillance and the development of an LNG library continued. Four
quarterly supplements to the LNG annotated bib]iographj (included in this
Status Report as part of Report N) and additions to the LNG safety and
control literature and research updates were completed and distributed to
the sponsor and other contractors. A survey of information contained in
European LNG literature continued under a subcontract performed by Battelle-
Insfitut e.V. in Frankfurt, West Germany. '

Ammonia Safety and Environmental Control Assessment

The objective of this task was to contribute program planning infor-
mation by identifying potential problem areas related to ammonia safety and
environmental control. This effort was initiated in FY-1979 and completed
in FY-1981. The final assessment report was published and includes

1) a characterization of the ammonia industry, 2) a review of current
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knowledge of ammonia release and dispersion phenomena and impacts, 3) the
identification of safety and environmental problems, and 4) recommendations

for R&D to mitigate these prob]ems.(a)

Assessment of LPG Research and Development Needs

The objective of this assessment is to evaluate safety and environmental
control issues relating to the production, transportation, storage and use
of LPG. This task has involved the efforts of three subcontractors: Battelle
Columbus Laboratories, the Institute of Gas Technology, and the Applied Tech-
nology Corporation. . Battelle Columbus Laboratories provided system descriptions
of LPG transportation by pipeline, rail and truck and an assessment of the
state-of-the-art of release prevention and control in the LPG industry. The
Institute of Gas Technology contributed descriptions of production, import/
export and peakshaving plants, and barge and ship transportation systems.
Both of these subcontractors and PNL identified and evaluated R&D needs and
recommended R&D program elements that address LPG safety and environmental
concerns. The Appliied Technology Corporation provided an additional review
of the draft final report.

This work has resulted in the collection of information on LPG charac-
teristics, hazards and risks, release phenomenology and the state-of-the-
art of release prevention and control. Based on the knowledge gained in
developing this information, specific R&D projects are recommended that
address knowledge gaps in LPG release phenomenology and needed improvements
in release prevention and control.

Special Studies

The special studies task provides information that contributes to the
p]annﬁng and development of the DOE Program. In FY-1981 a special study
was undertaken to assess the use of water as a simulant for modeling LGF
boiling liquid expanding vapor explosion (BLEVE) conditions. In this study,
information was developed on dimensionless parameters associated with
BLEVEs and RPTs. The initial analysis of this work indicates that water
at the right vapor density and temperature difference, i.e., difference in

(a) Brenchley, D.L., et al. 1981. Assessment of Research and Development
(B&p) Needs in Ammonia Safety and Environmental Control. PNL-2006,
Pacific Northwest Laboratory, RichTand, Washington.
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the initial 1iquid temperature and saturation temperature, may be used
effectively as a simulant for modeling vapor growth in LGF thermal non-
equilibrium vapor generating processes.

Other information requested by the sponsor was provided as needed to
assist the development and technical surveillance of the DOE Program.

[.5 STATUS REPORT PURPOSE AND ORGANIZATION

The purpose of this report is to provide a detailed status review of
current research addressing issues and needs jdentified in the DOE's
coordinated Assessment Program on the safety and environmental control of
liquefied gaseous fuels. Information developed in this Program should assist
decisions regarding future facilities, the upgrading of existing facilities,
and new hazard control techniques.

The balance of this report consists of a compilation of individual
reports describing work that supports the objectives of the DOE Program,
These reports are contained as Reports A through N in Section II of this
report. To remain topical and preserve the perspectives of individual
authors, these reports are presented without appreciable editing or format
standardization. Collectively, they provide an update on the status of
the principal activities in the LGF Assessment Program, and complement
reports published in the previous Status Reports of this series.
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SUMMARY

The U.S. Department of Energy sponsored a
series of nine field experiments (Burro series) con-
ducted jointly in 1980 by the Naval Weapons Cen-
ter, China Lake, California, and the Lawrence
Livermore National Laboratory to determine the
transport and dispersion of vapor from spills of
liquefied natural gas (LNG) on water. The spill
volume ranged from 24 to 39 m>, the spill rate from
11.3 to 18.4 m*/min, the wind speed from 1.8 to 9.1
m/s, and the atmospheric stability from unstable to
slightly stable. An extensive array of instrumenta-
tion was deployed both upwind and downwind of
the spill pond. Wind speed and direction, gas con-
centration, temperature, humidity, and heat flux
from the ground were measured at different dis-
tances from the spill point and at different eleva-
tions relative to ground level. The wind and gas-
concentration data were processed and analyzed to
define the wind field and gas cloud as a function of
time. Wind-field, heat-flux, and humidity data
were analyzed to further define the fluid dynamic
and thermodynamic processes associated with the
dispersion of the gas cloud. Data pertaining to dif-
ferential boiling of LNG and observed rapid phase
transition explosions were also analyzed.

The principal conclusions are summarized as
follows: The turbulent processes in the lower at-
mospheric boundary layer dominated the transport
and dispersion of gas for all experiments except
Burro 8. Burro 8 was conducted under very low
wind-speed conditions, and the gravity flow of the
cold gas displaced the ambient wind field upward
by about 1.5 m, causing the wind speed within the
cioud to drop essentially to zero. We believe that
what was observed to occur only during Burro 8,
under very low wind conditions, is likely to occur
on larger spills under a variety of conditions. The
ability of large masses of cold dense gas to displace
the normal atmospheric flow has profound im-
plications for hazard prediction from large acciden-
tal spills. Larger spills are badly needed to deter-
mine if this phenomenon is likely to be important
in case of an accident.

Large-scale differential boiloff of LNG was
observed with resultant enrichment of ethane and
propane in the cloud at late times. This ethane-
enriched region propagates downwind and repre-
sents an additional hazard since it is more easily
detonated than the methane-rich majority of the
cloud.

Energetic rapid phase transition (RPT) explo-
sions were not expected but did occur under at least
two different circumstances during the Burro 6 and
9 tests. The explosions were quite violent and
caused some damage to the facility. Two disturbing
possibilities associated with the occurrence of RPTs
arise: First, RPTs could be energetic enough to turn
a small accident into a large one, and, second, the
RPT-produced shock wave might be energetic
enough to ignite the ethane-rich and more easily
detonatable region of the vapor cloud. More large
experiments at higher spill velocities will be re-
quired to determine how severe this hazard might
be.

High-frequency (3-5 Hz) gas-concentration
measurements indicate that fluctuations about 5%
volumetric concentration are common with 10-s-
average concentrations above 1%. This implies that
the flammable extent of a gas cloud will be larger
than is indicated by the mean lower flammability
limit contour generated from either the experimen-
tal data or computer model calculations.

The goal of the program is to be able to predict
the hazards associated with accidents involving
LNG or other liquefied gaseous fuels. To that end
data are being used for detailed comparisons with
computer models, but it is clear that we do not have
enough information on hand to draw general con-
clusions about the effects of varying atmospheric
and spill conditions. The Burro 8 data have
demonstrated to us that larger tests are necessary if
the relationship between size and atmospheric dis-
persion is to be understood. Additional field experi-
ments to investigate RPTs and vapor fires are
currently underway, as is further analysis of the
data and comparison with theory and models.



INTRODUCTION

The Burro series of LNG (liquefied natural
gas) spill experiments was performed at the Naval
Weapons Center (NWC), China Lake, California,
between June 6 and September 17, 1980. These ex-
periments were conducted jointly by personnel
from NWC and the Lawrence Livermore National
Laboratory (LLNL) as part of U.S. Department of
Energy (DOE) research into LNG safety. In the
first experiment, Burro 1, approximately 35 m® of
liquefied nitrogen was spilled onto water to develop
a fog-correction algorithm for the infrared gas sen-
sor. In the eight remaining experiments, Burros 2
through 9, 24 to 39 m® of LNG was spilled onto
water to measure the dispersion of the LNG vapor
cloud in the atmosphere under various conditions.
Only Burros 2 through 9 are considered in this
report, with emphasis on Burros 3, 7, 8, and 9.

A more-detailed description of the Burro series
is presented in Ref. 1, together with an extensive
compilation of data. The “Experimental Descrip-
tion" section of this report is based largely on se-
lected portions of Ref. 1 and contains brief descrip-
tions of the test facility, instrumentation, data base,
and spill experiments. The remainder of the report
presents observations and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>