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Wind-tunnel transient concentration data were
obtained from modeling tests which reproduced
gaseous dispersion from five different field
liquefied natural gas (LNG) spills performed at
China Lake Naval Weapons Center during the spring
and summer of 1980. Comparisons of the transient
concentration data obtained in the modeled tests and
those obtained in the field tests indicate which
parameters are dominant in the modeling process.
The model test that reproduced the wind shear and
turbulence structure of the approach wind reproduced
the concentration patterns measured at the field
site. This result reinforced the predictive
reliability of wind tunnel modeling of larger volume
spills.

A larger number of field experiments should be
performed over sites that exhibit a greater

effective surface roughness and lower wind speeds.
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Description of
Work Completed

From this data base and data collected from the
wind-tunnel modeling of each spill, a more quantita-
tive estimate of the accuracy of physical modeling
can be determined. Since the results from the wind
tunnel models of the present field test series are
quite acceptable, the results from wind tunnel
experiments covering a larger range of release
conditions should be used to validate numerical
models.

A terraced 1:240 scale model of the China Lake Naval
Weapons Center and a set of eight aspirated hot-wire
katharometer probes to measure transient concentra-
tions of modeled LNG spill situations were con-
structed. Numerical programs were written to sample
and hold instantaneous data from hot-wire anemometer
probes for real time analysis on a Hewlett-Packard
System 1000. Measurements of mean velocities,
turbulent intensities, spectra, and correlations
over the naval weapons site model have been
documented. Laboratory measurements of concentra-
tion for ten pre-field tests were completed and
presented in the Interim 1979-1980 annual report.
Laboratory measurements on the physical simulations
of the forty cubic meter LNG spill series were
completed. Five different field tests, Burros 4, 5,
7, 8, and 9, were simulated. Burro 8 was modeled by

three different methodologies, two being at a model

iv



GRI Comment

length scale factor of 1:240 but different source
gas specific gravities and one at a scale factor of
1:85. Burro 9 was also modeled by two different
methods, one at a model scale factor of 1:240, the
other at a scale factor of 1:85. Burros 4, 5, and 7
were each modeled by one test only at a scale factor
of 1:240. The data from these runs were reduced
into tables of pertinent values. From these tables,
plots of ground-level peak concentration contours,
time progression curves of the Tlower flammability
limit (LFL), and the flammable zone as a function of
centerline distance and time were prepared.
Simulated concentration time histories of the
different modeled tests were plotted for downwind
spacial positions similar to those obtained during
the actual field tests.

Previous studies had indicated that the wind tunnel
would be a useful tool for predicting the extent of
downwind hazards associated with the release of
heavy gases. Utilizing 1inert gaseous mixtures,
Colorado State University had used wind tunnel
experimental results to predict mean and transient
vapor concentration contours and the overall plume
geometry and behavior under various weather condi-
tions and hence help the U.S. Department of Energy
plan its Tlarge-scale field experiments to validate

dispersion theories. The post-field-test wind



tunnel experiments reported here were conducted and
analyzed to validate the predictive reliability of
wind tunnel modeling of larger volume spills. CSU's
results have verified that the wind-shear and
turbulence-structure parameters are dominant in the
modeling process and have reinforced the predictive
reliability of wind tunnel modeling. GRI intends to
use wind tunnel modeling to verify concepts (e.g.,
water curtains, vortex shedders and vapor fences)
for increasing the dispersion of vapor clouds
resulting from accidential LNG spills. Wind tunnel
experiments will also be used to validate numerical
models for vapor dispersion. Future field experi-
ments at low wind speeds and with rough terrain are
not planned at this time. If data from such experi-
ments become available, GRI will be most interested
in conducting associated wind-tunnel modeling of the
spill tests to provide a more quantitative estimate

of the accuracy of physical modeling.
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1.0 INTRODUCTION

Natural gas is a highly desirable form of energy for consumption
in the United States. Its conversion to heat energy for home and
industrial use is achieved with very 1little environmental impact, and a
sophisticated distribution network already services a major part of the
country. Recent efforts to expand this nation's natural gas supply
include the transport of natural gas in a liquid state from distant gas
fields. Although the likelihood is extremely small, an accident during
storage and transport of liquid natural gas may result in a relatively
large environmental risk [1,2]. To transport and store liquefied
natural gas (LNG) it is cooled to a température of -162°C. At this
temperature if a storage tank on a ship or land were to rupture and the
contents spill out onto the earth's surface, rapid boiling of the LNG
would ensue and the liberation of a potentially flammable vapor could
would result. Past studies [3,4] have demonstrated that the cold LNG
vapor plume will remain negatively buoyant for a long time and thus
represents a ground-level hazard. This hazard will extend downwind
until the atmosphere has diluted the LNG vapor below the Tlower
flammability limit (a local concentration for methane below 5 percent by
volume).

It is important that accurate predictive models for LNG vapor cloud
physics be developed, so that the associated hazards of transportation
and storage may be evaluated. Various industrial and governmental
agencies have sponsored a combination of analytical, empirical, and
physical modeling studies to analyze problems associated with the trans-
portation and storage of LNG. Since these models require simplifying

assumptions to permit the development of tractable solution procedures



one should perform atmospheric scale tests to validate the accuracy of
the models.
A multitask research program has been designed by a complementary
Gas Research Institute (GRI)/Department of Energy (DOE) effort to address
the problem of preditive methods in LNG hazard analysis. One aspect of
this program, the physical simulation of LNG vapor dispersion ’in a
meteorological wind tunnel is the subject of this report. The complete
sub-program research contract, GRI contract number 5014-352-0203
consists of four tasks.
Task 1: Laboratory Support Tests for the Forty Cubic Meter LNG
Spill Series at China Lake, California,
Task 2: Physical Simulation 1in Laboratory Wind Tunnels of the
1980 LNG Spill Tests performed at China Lake, California.
Task 3: Laboratory Simulation of Idealized Spills on Land and
Water.
Task 4: Laboratory Tests Defining LNG Plume Interaction with
Surface Obstacles.
Task one was presented in the July 1980 annual report. Tasks three and
four will be presented in separate reports. Task two, the physical
simulation 1in Tlaboratory wind tunnels of the 1980 LNG spill tests
performed at China Lake, California, is the sole subject of this report.
Five different field tests, Burros 4, 5, 7, 8, and 9, were
simulated in a laboratory wind tunnell. Burro 8 was simulated by three
different models. One at a length scale of 1:240 and a source gas
specific gravity of 1.38, one at a‘]ength scale of 1:240 and a source

gas specific gravity of 4.18, and one at a length scale of 1:85 and a

1The "burro" test series designate the 40-cubic meter LNG spill tests
performed at the Naval Weapons Test Center in 1980.



source gas specific gravity of 1.38. Burro 9 was simulated by two
different models both with source gas specific gravities of 1.38. One
was at a model length scale of 1:85 the other was at a model length
scale of 1:240. Burro 4, 5, and 7 were each simulated by one model
each whose length scales were 1:240 and whose source gas specific
gravities were 1.38.

The velocity and concentration data for each model test were
summarized into contour plots and graphic presentations. Comparisons
with the available field data were made.

The methods employed in the physical modeling of atmospheric and
~plume motion are discussed in Chapter 2. The details of model
construction and experimental measurements are described in Chapter 3.
Chapter 4 discusses the test program and results obtained. Chapter 5
summarizes the comparison between modeled data and field data. Chapter

6 summarizes the conclusions from this study.



2.0 MODELING OF PLUME DISPERSION

To obtain a predictive model for a specific plume dispersion
problem one must quantify the pertinent physical variables and param-
eters into a logical expression that determines their interrelation-
ships. This task is achieved implicitly for processes occurring in the
atmospheric boundary layer by the formulation of the equations of
conservation of mass, momentum, and energy. These equations with site
and source conditions and associated constituitive relations are highly
descriptive of the actual physical interrelationship of the various
independent (space and time) and dependent (velocity, temperature,
pressure, density, etc.) variables.

These generalized conservation statements subjected to the typical
boundary conditions of atmospheric flow are too complex to be solved by
present analytical or numerical techniques. It is also unlikely that
one could create a physical model for which exact similarity exists for
all the dependent variables over all the scales of motion present in
the atmosphere at a reduced geometric scale. Thus, one must resort to
various degrees of approximation to obtain a predictive model. At
present purely analytical or numerical solutions of plume dispersion are
unavailable because of the classical problem of turbulent closure [5].
Such techniques rely heavily upon empirical input from observed or
physically modeled data. The combined empirical-analytical-numerical
solutions have been combined 1into several different predictive
approaches by Pasquill [6] and others. The estimates of dispersion by
these approaches are often crude; hence, they should only be used when
the approach and site terrain are uniform and without obstacles.

Boundary layer wind tunnels are capable of physically modeling plume



processes in the atmosphere wunder certain restrictions. These

restrictions are discussed in the next few sections.

2.1 PHYSICAL MODELING OF THE ATMOSPHERIC BOUNDARY LAYER

The atmospheric boundary layer 1is that portion of the atmosphere
extending from ground level to a height of approximately 100 meters
within which the major exchanges of mass, momentum, and heat occur.
This region of the atmosphere is described mathematically by statements
of conservation of mass, momentum, and energy [7]. The general reguire-
ments for laboratory-atmospheric-flow similarity may be obtained by
fractional analysis of these governing equations [8]. This methodology
is accomplished by scaling the pertinent dependent and independent
variables and then casting the equations into dimensionless form by
dividing through by one of the coefficients (the inertial terms in this
case). Performing these operations on such dimensional equations yields
dimensionless parameters commonly known as:

- Inertial Force
Viscous Force

= v
Reynolds number Re UOLG/ o

Bulk Richardson Ri
number

i

2 _ Gravitational Force
{(AT)O/TOJ (Lo/uo) 95 = T Tnertial Force

1

Rossby number Ro Uo/LoQo _ Inertial Force

~ Coriolis Force

"

Prandtl number Pr

_ Viscous Diffusivity
\B/(ko/pacp ) ~ Thermal Diffusivity

H

2 -
Eckert number Ec UO/Cpo (AT)O

For exact similarity between different flows which are described by
the same set of equations, each of these dimensionless parameters must
be equal for both flow systems. In addition to this requirement, there

must be similarity between the surface-boundary conditions.



Surface-boundary condition similarity requires equivalence of the
following features:

a. Surface-roughness distributions,

b.  topographic relief, and

c. surface-temperature distribution.

If all the foregoing requirements are met simultaneously, all
atmospheric scales of motion ranging from micro to mesoscale could be
simulated within the same flow field for a given set of boundary condi-
tions [9]. However, all of the requirements cannot be satisfied
simultaneously by existing laboratory facilities; thus, a partial or
approximate simulation must be used. This limitation requires that
atmospheric simulation for a particular wind-engineering application
must be designed to simulate most accurately those scales of motion
~which are of greatest significance for the given application.

2.1.1 Partial Simulation of the Atmospheric Boundary Layer

A partial simulation is practically realizable only because the
kinematics and dynamics of flow systems above a certain minimum Reynolds
number are independent of the magnitude of this number [10,11]. The
magnitude of the minimum Reynolds number will depend upon the geometry
of the flow system being studied. Halitsky [12] reported that for
concentration measurements on a cube placed in a near uniform flow field
the Reynolds number required for invariance of the concentration distri-
bution over the cube surface and downwind must exceed 11,000. Because
of this invariance exact similarity of Reynolds parameter is neglected
when physically modeling the atmosphere.

When the flow scale being modeled is small enough such that the

turning of the mean wind directions with height is unimportant,



similarity of the Rossby number may be relaxed. For the case of
dispersion of LNG or neutral plume near the ground level the Coriolis

effect on the plume motion would be extremely small.

T
2
AT0

is the Mach number [5]. For the wind velocities and temperature differ-

The Eckert number for air is equivalent to 0.4 Ma2 (=) where Ma
ences which occur in either the atmosphere or the laboratory flow the
Eckert number is very small; thus, the effects of energy dissipation
with respect to the convection of energy is negligible for both model
and prototype. Eckert number equality is relaxed.

Prandtl number equality is easily obtained since it is dependent on
the molecular properties of the working fluid which is air for both
model and prototype.

Bulk Richardson number equality may be obtained in special
laboratory facilities such as the Meteorological Wind Tunnel at Colorado
State University [13].

Quite often during the modeling of a specific flow phenomenon it is
sufficient to model only a portion of a boundary layer or a portion of
the spectral energy distribution. This relaxation allows more flexibil-
ity in the choice of the length scale that is to be used in a model
study. When this technique is employed it is common to scale the flow
by any combination of the following length scales, 6, the portion of the
boundary layer to be simulated; z,, the aerodynamic roughness; Ai’ the
integral 1length scale of the velocity fluctuations, or Ap, the
wavelength at which the peak spectral energy is observed.

Unfortunately many of the scaling parameters and characteristic
profiles are difficult to obtain in the atmosphere. They are

infrequently known for many of the sites at which a model study is to



be performed. To help alleviate this problem Counihan [14] has
summarized measured values of some of these different parametric
descriptions for the atmospheric flow at many different sites and flow
conditions.

2.2 PHYSICAL MODELING OF LNG PLUME MOTION

In addition to modeling the turbulent structure of the atmosphere
in the vicinity of a test site it is necessary to scale the LNG plume
source conditions properly. One approach would be to follow the
methodology used in Section 2.1, i.e., writing the conservation state-
ments for the combined flow system followed by fractional analysis to
find the governing parameters. An alternative approach, the one which
will be used here, is that of similitude [8]. The method of similitude
obtains scaling parameters by reasoning that the mass ratios, force
ratios, energy ratios, and property ratios should be equal for both
model and prototype. When one considers the dynamics of gaseous LNG
plume behavior the following nondimensional parameters of importance

are identified [12,15,16,17]. 12

mass flow of LNG plume

Mass Ratio ~ effective mass flow of air

- pswsAs - psQ
anaAa anaL

2

1It has been assumed that the dominant transfer mechanism is that of

turbulent entrainment. Thus the transfer processes of heat conduction,
convection, and radiation are negligible.

2The scaling of plume Reynolds number is also a significant parameter.
Its effects are invariant over a large range thus making it possible to
scale the distribution of mean and turbulent velocities and relax exact
parameter equality.
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To obtain simultaneous simulation of these four parameters at a reduced
geometric scale it is necessary to maintain equality of the plume
specific gravity ratio ps/pa.

2.2.1 Partial Simulation of LNG Plume Motion

The restriction to an exact variation of the density ratio for
the entire life of a plume is difficult to meet for LNG plumes which
simultaneously vary in molecular weight and temperature. To emphasize
this point more clearly, consider the mixing of two volumes of gas,
one being the source gas, Vs, the other being ambient air, Va. Consid-

eration of the conservation of mass and energy for this system yields

1671t
o]
5> Vs * Vs
Pg_ Pa
p ( )(f )/(f )
a T pM pM_T
a S S $Ss a
— ¥ +V ¥ +Y — Y +V
Ts 3 a CpaMa S a CpaMa TS S a
1

The pertinent assumption in this derivation is that the gases are ideal
and properties are constant.
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If the temperature of the air, Ta’ equals the temperature of the source
gases, Ts’ or if the product, CpM, is equal for both source gas and air

then the equation reduces to:

P
o, p.'s"Va
9g-3 (2-8)
p vV +V
a s a

Thus for two prototype cases: 1) an isothermal plume and 2) a thermal
plume which is mostly composed of air, it does not matter how one models
the density ratio as long as the initial density ratio value is equal
for both model and prototype.

For a plume where temperature, molecular weight, and specific heat
are all different from that of the ambient air, e.g., a cold natural gas
plume, equality in the variation of the density ratio upon mixing must
be relaxed slightly if one is to model utilizing a gas different from

that of the prototype.1

In most situations this deviation from exact
similarity is small (see discussion Section 2.3.2).

Scaling of the effects of heat transfer by conduction, convection,
or radiation cannot be reproduced when the model source gas and environ-
ment are isothermal. Fortunately in a large majority of industrial
plumes the effects of heat transfer by conduction, convection, and
radiation from the environment are small enough that the plume bdoyancy
essentially remains unchanged. In the specific case of a cryogenic
liquid spill the influence of heat transfer on cold dense gas dispersion

can be divided into two phases. First, the temperature (and hence

specific gravity) of the plume at exit from a containment tank and

1If one were to use a gas whose temperature is different from that of
the ambient air then consideration of similarity in the scaling of the
energy ratios must be considered.
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surrounding dike area is dependent on the thermal diffusivity of the
tank-dike-spill surface materials, the volume of the tank-dike
structure, the actual boiloff rate, and details of the spill surface
geometry. A second plume phase involves the heat transfer from the
ground surface beyond the spill area which lowers plume density.

It is tempting to try to simulate the entire transient spill
phenomenon in the laboratory including spill of cryogenic fluid into the
dike, heat transfer from the tank and dike materials to the cryogenic
fluid, phase change of the liquid and subsequent dispersal of cold gas
downwind. Unfortunately, the different scaling laws for the conduction
and convection suggest that markedly different time scales occur for
these various processes as the length scale changes. Since the volume
of dike material storing sensible heat scales with the cube of the
length scale whereas the pertinent surface area scales as the square of
the length scale one perceives that heat is transferred to a model cold
plume much too rapidly within the model containment structures. This
effect is apparently unavoidable since a material having a thermal
diffusivity low enough to compensate for this effect does not appear
to exist. Calculations for the full-scale situation suggest minimal
heating of a cold gas plume by the tank-dike structure thus it may
suffice to cool the model tank-dike walls to reduce the heat transfer to
a cold model vapor and study the resultant cold plume.

Boyle and Kneebone [18] released under equivalent conditions room
temperature propane and LNG onto a water surface. The density of
propane at ambient temperatures and methane at -161°C relative to air

are the same. Using the modified Froude number as a model law they
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concluded that the dispersion characteristics were equivalent within
experimental error.

A mixture of 50% helium and 50% nitrogen pre-cooled to 115°K was
released from model tank-dike systems by Meroney et al. [19], to
simulate equivalent LNG spill behavior. There was no guarantee that
these experiments reproduced quantitatively similar situations in the
field. Rather it was expected that the gross influences of different
heat transfer conditions could be determined. Since the turbulence
characteristics of the flow are dominated by roughness, upstream wind
profile shape, and stratification one expects the Stanton number in the
field will equal that in the model, and heat transfer rates in the two
cases should be in proper relation to plume entrainment rates. On the
other hand, if temperature differences are such that free convection
heat transfer conditions dominate, scaling inequalities may exist;
nonetheless, model dispersion rates would be conservative.

Visualization experiments performed with equivalent dense
isothermal and dense cold plumes revealed no apparent change in plume
geometry. Concentration data followed similar trends in both situa-
tions. No significant differentiation appeared between insulated versus
heat conducting ground surfaces or neutra1 versus stratified“approach
flows.

The influence of latent heat release by moisture upon the buoyancy
of a plume is a function of the quantity of water vapor present in the
plume and the humidity of the ambient atmosphere. Such phase change
effects on plume buoyancy can be very pronounced in some prototype
situations. Figure 1 displays the variation of specific gravity from a

spill of liquefied natural gas in atmospheres of different humidities.
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For a LNG vapor plume humidity effects are thus shown to reduce the
extent in space and time of plume buoyancy dominance on plume motion.
Hence a dry adiabatic model condition should be conservative.

A reasonably complete simulation may be obtained in some situations
even when a modified density ratio ps/pa is stipu]ated. The advantage
of such a procedure is demonstrated most clearly by the statement of
e@uath of Froude Numbers.

2 2

Y Y

(ps 1)L (ps 1)L
5. a/,, 5. g A

Solving this equation to find the relationship between model velocity

and prototype velocity yields:

S.G.m - 1)55 1 %
(Ua)m = (S.G.p - (L.S.) (Ua)p

where S.G. is the specific gravity, (ps/pa), and L.S. is the length

scale, (Lp/Lm). By increasing the specific gravity of the model gas
compared to that of the prototype gas, for a given length scale, one
increases the reference velocity used in the model. It is difficult to
generate a flow which is similar to that of the atmospheric boundary
layer in a wind tunnel run at very low wind speeds. Thus the effect of
‘modifying the model specific gravity extends the range of flow situa-
tions which can be modeled accurately. But unfortunately during such
adjustment of the specific gravity of the model gases at least two of
the four similarity parameters listed must be neglected. The options as
to which two of these parameters to retain, if any, depends upon the
physical situation being modeled. Two of the three possible options are

listed below.
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(1) Froude No. Equality
Momentum Ratio Equality
Mass Ratio Inequality

Velocity Ratio Inequaﬁty1

(2) Froude No. Equality
Momentum Ratio Inequality
Mass Ratio Inequality
Velocity Ratio Equality
Both of these schemes have been used to model plume dispersion downwind
of an electric power plant complex by Isyumov [16] and Meroney [20]
respectively.

The modeling of the plume Reynolds number 1is relaxed in all
physical model studies. This parameter is thought to be of small
importance since the plume character will be dominated by background
atmospheric turbulence soon after its emission. But, if one was
interested in plume behavior near the source, then steps should be taken

to assure that the plume in the model is fully turbulent.

2.3 MODELING OF PLUME DISPERSION FOR PRESENT STUDY

In the séctions above a review of the extent to which wind tunnels
can model plume dispersion in the atmospheric boundary layer has been
presented. In this section these arguments will be applied to the
specific case of an LNG spill at the China Lake Naval Weapons Center.

2.3.1 Physical Modeling of the China Lake Atmospheric Surface
Layer

In order to obtain a proper wind-tunnel scaling of the China Lake

surface layer winds the approach flow characteristics must be similar.
To achieve these upstream flow conditions, the wind tunnel must be

modi fied through the introduction of surface roughness elements and

1When this technique is employed distortion in velocity scales or
similarly volume flow rates requires that a correction be app11ed to
the measured concentration field.
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boundary layer trip devices in such a way that similarity is obtained in
both the mean velocity variation with height and the characteristic
length scales of turbulence. A convenient parameter which characterizes

the mean velocity variation with height is z_, the aerodynamic roughness

o®
height [10], as defined by log-linear description of velocity variation
in a boundary layer. A convenient parameter which characterizes the
scales of turbulent velocity fluctuations is Ai’ the integral scale of
turbulence [5].

The conditions in the wind tunnel were adjusted until both of these
length scales were 1in the same proportion to their atmospheric
equivalents (obtained from Counihan [14]) as the geometric length scale
chosen for the model terrain construction. This optimal geometric
length scale was chosen to be 1:240. Unfortunately the expected values
of these scaling parameters as cited by Counihan [14] for sites similar
to the China Lake topography were very much different than the values
obtained from field instrumentation during the Burro Test Series. To
compensate for these 1large errors due to improper 1length scaling,
modeling tests were also performed at a length scale of 1:85. At this
length scale the mean velocity variation with height scaled much more

accurately.

2.3.2 Physical Modeling of the China Lake LNG Spill Plume

The buoyancy of a plume resulting from an LNG spill is a function
of both the mole fraction of methane and temperature. If the plume
entrains air adiabatically, then the plume would remain negatively
buoyant for its entire lifetime. If the humidity of the atmosphere were
high then the state of buoyancy of the plume will vary from negative

to weakly positive. These conclusions are born out in Figure 1, which
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illustrates the specific gravity of a mixture of methane at boiloff
temperature with ambient air and water vapor.

Since the adiabatic plume assumption will yield the most
~ conservative downwind dispersion estimates this situation was simulated.
(Conservative is defined here to be highest peak concentrations furthest
downwind.) Several investigators have confirmed that the Froude number
is the parameter which governs plume spread rate, trajectory, plume size
and entrainment during initial dense plume dilution [15,18,22,23]. The
modeling of momentum is not of critical importance for a ground source
released over a fairly large area. The equality of model and prototype
specific gravity was relaxed so that either pure Argon gas (specific
gravity at 1.38) or pure Freon-128! (specific gravity of 4.18) could be
used for the model source gas. The Froude number was maintained at
equal values by adjusting reference wind speed.

Argon provides almost eight times the detection sensitivity for
instantaneous concentration measurements as the carbon dioxide used in
previous studies [19]. The variation of specific gravity with equiva-
lent observed mole fraction of methane for these different gases is
plotted in Figure 2. The use of an isothermal dense model gas such as
Argon or Freon-128 in place of cold methane vapor also results in a
slight distortion of the local dynamic forces acting on equivalent plume
volumes as the gas mixes. Unfortunately this distortion is not conser-
vative. The thermal capacitance properties of methane result in plumes
which are more dense than the model equivalent. This results in less
rapid prototype mixing. Analytical approximations based on the integral

entrainment box model of Fay [23] suggest that buoyancy forces are more

1Registered trademark of DuPont Co.
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at equivalent time and space positions during adiabatic mixing of

2
methane. Let Fr = —!égl- be a local Froude number, where h is local
g h
Pa

plume depth, U(h) is wind speed at plume depth, h, and Ap/pa is a local

density difference ratio. Then given a power law wind profile U(h) ~ hP

one finds
Frisothermal gas _ (1+xS)(B+(1-B)6) [ (1+xS+x(1+5)0 ]Zp [RLNG]2-4p
FrING vapor (BUL#xS)+(1#S)(1-B)®) - ~(1-x6)(I¥xS) Rico
where X = mole fraction methane vapor
= Tocal plume spread
B=1- Ma/Ms z -0.81
6=1- TS/Ta = 0.6

- X X o
S (Cps/Cpa 1) =2 0.22

n

p = velocity power law exponent = 0.5.

The variation of this Froude number ratio with equivalent mole fraction
methane is plotted in Figure 3. Over most of the concentration range
where buoyancy forces are dominant the variation of Froude number is
reasonably simulated by the isothermal model gas. Indeed, integral-
model calculations predict equal or slightly higher concentration values
at equivalent times.

The actual source condition, boiloff rate per unit area over the
time duration of the spill, for a spill of LNG on land is highly
unpredictable. There were no data on the variable area and variable
volume nature of the different LNG tests conducted at China Lake thus

the source conditions were approximated by assuming a steady boiloff

rate for the duration of the spill over a constant area.
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Since the thermally variable prototype gas was simulated by an
isothermal simulation gas, the concentration measurements observed in
the model must be adjusted to equivalent concentrations that would be

measured in the field. This relationship which is derived in Appendix A

is:
Xp Ts
Xp ¥ (1= xy) T;
where
Xp = volume or mole fraction measured during the model tests,
TS = source temperature of LNG during field conditions,
Ta = ambient air temperature during field conditions, and
X. = volume or mole fraction in the field.
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3.0 DATA AQUISITION AND ANALYSIS

The methods used to make laboratory measurements and the techniques
used to convert these measured quantities to meaningful field equivalent
quantities are discussed in this section. Attention has been drawn to
the limitations in the techniques in an attempt to prevent misinterpre-
tation or misunderstanding of the results presented in the next section.
Some of the methods used are conventional and need little elaboration.

3.1 WIND-TUNNEL FACILITIES

The Environmental Wind Tunnel (EWT) shown in Figure 4 was used for
all tests performed. This wind tunnel, specially designed to study
atmospheric flow phenomena, incorporates special features such as
adjustable ceiling, rotating turntables, transparent boundary walls,
and a long test section to permit reproduction of micrometeorological
behavior at smaller length scales. Mean wind speeds of 0.10 to 12 m/s
can be obtained in the EWT. A boundary layer depth of 1 m thickness at
6 m downstream of the test entrance can be obtained with the use of the
vortex generators at the test section entrance and surface roughness on
the floor. The flexible test section roof on the EWT is adjustable in
height to permit the longitudinal pressure gradient to be set to zero.
The vortex generators at the tunnel entrance were followed by 10 m of
smooth floor, and a 3 m approach ramp to either the 1:240 or the 1:85
scaled topography of the China Lake site.

3.2 MODEL

Based on atmospheric data over sites similar to that of the China
Lake site it was decided that the best reproduction of the surface wind
characteristics would be at a model scale of 1:240. The topography

of the China Lake terrain for this model scale was simulated by the



5.48

25.83

3.96

17.42

3.05

10§

3.29

3.66

Test Section : 9
Turntables 0.34+ = 1
| - n a j
= - ' /; —— -— %Z:-'; 2 -
= S ANVARNEL ; ;
= : 50 HP |
= o—o—0— 0T 00— r oo 07 Blower -
il 5.79 3.05 4.79 3.79
13.63 ¥

PLAN
Flow Straightener Exierior -

Honeycomb Adjustable Ceiling Wall ~—ef
= . a : a 0 . ':.

— 33 - Eloes | afuliod + gubuie ) s ¢ isjughy | dymbus | g | g | gy | o { Y| £ =
8 E R — - - 2|l3 — .‘
= = 4
| o B did A lii 2 W#\Z W7 || 7% | 1
N = | 4 5
- - L ]

0.30—

All Dimensions inm

ELEVATION

Figure 4. Environmental Wind Tunnel

éc



23

construction of a Tlayered model, each layer (1.3 mm tack board) was
representative of a one-foot elevation change at the site. A hole was
cut in the center of the spill pool to accommodate the appropriate size
area source, and buildings and roads were placed on the model for
reference points. Figure 5 is a photograph of this topographic model.
Later after the acquisition of actual surface wind data at the China
site during the Burro Test Series it was observed that a model scale of
1:85 provided a more accurate representation of the China Lake surface
winds. Fortunately an old model of China Lake topography at a scale
of 1:85 from a previous study [24] was still on hand. This model was
constructed of 0.64 cm thick styrofoam sheets thus each layer was
representative of 0.54 m elevation change. The model was modified to
include most recent terrain and structure changes. For both model
scales the source gas stored in a pressurized cylinder was directed
through a solenoid valve, a flowmeter, and into the circular area
source mounted in the model pond area.

3.3 FLOW VISUALIZATION TECHNIQUES

Smoke was used to define plume behavior over the China Lake site.
The smoke was produced by passing the simulation gas through a container
of titanium tetrachloride located outside the wind tunnel. The plume
was illuminated with arc-lamp beams. A visible record was obtained by
means of pictures taken with a Speed Graphic camera utilizing Polaroid
film for immediate examination. Additional color slides were obtained
with a 35 mm camera.

3.4 WIND PROFILE AND TURBULENCE MEASUREMENTS

Velocity profile measurements, reference wind speed conditions, and

turbulence measurements were obtained with a Thermo-Systems Inc. (TSI)
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Figure 5. China Lake Naval Weapons Center Spill Site Model
Scale 1:240
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1050 anemometer and a TSI model 1210 hot-film probe. Since the voltage
response of these anemometers is nonlinear with respect to velocity, a
- multi-point calibration of system response versus velocity was utilized
for data reduction.

The velocity standard utilized in the present study was that
depicted in Figure 6. This consisted of a Matheson model 8116-0154
mass flowmeter, a Yellowsprings thermistor, and a profile conditioning
section constructed by the Colorado State University shop. The mass
flowmeter measures mass flow rate independent of temperature and
pressure, the thermistor measures the temperature at the exit condi-
tions, and the profile conditioning section forms a flat velocity
profile of very low tufbulence at the position where the probe is to be
located. Incorporating a measurement of the ambient atmospheric
pressure and a profile correction factor permits the calibration of
velocity at the measurement station from 0.1-2.0 m/s 15.0 cm/s or %10
percent whichever is smaller.

During calibration of the single film anemometer, the anemometer
voltage response values over the velocity range of interest were fit to
an expression similar to that of King's law [25] but with a variable
exponent. The accuracy of this technique is approximately %2 percent
of the actual longitudinal velocity. |

The velocity sensors were mounted on a vertical traverse and
positioned over the measurement location on the model. The anemometer
responses were fed to a Preston analog-to-digital converter and then
directly to a HP-1000 minicomputer for immediate interpretation. The
HP-1000 computer also controls probe position. A flow chart depicting

the control sequence for this process is presented in Figure 7.
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3.5 CONCENTRATION MEASUREMENTS

To obtain the concentration time histories at points downwind of
the spill site a rack of eight hot-wire aspirating probes was designed
and constructed. A layout of this design is presented in Figure 8. The
films on these probes were replaced with 0.005 in. platinum wire to
improve signal-to-noise characteristics. These eight instantaneous
concentration sensors were connected to an eight-channel TSI hot-wire
anemometer system. The output voltages from the TSI unit are conditioned
for input to the analog-to-digital converter by a DC-supression circuit,
a passive low-pass filter circuit tuned to 100 Hz, and an operational
amplifier of times five gain. A schedule of this process is shown in
Figure 9.

3.5.1 Hot-Wire Aspirating Probe

The basic principles governing the behavior of aspirating hot-wire
probes have been discussed by Blackshear and Fingerson [26], Brown and
Rebollo [27], and Kuretsky [28]. A vacuum source sufficient to choke
the flow through the small orifice just downwind of the sensing element
was applied. This wire was operated in a constant temperature mode at
a temperature above that of the ambient air temperature. A feedback
amplifier maintained a constant overheat resistance through adjustment
of the heating current. A change in output voltage from this sensor
circuit corresponds to a change in heat transfer between the hot wire
and the sampling environment.

The heat transfer rate from a hot wire to a gas flowing over it
depends primarily upon the wire diameter, the temperature difference
between the wire and the gas, the thermal conductivity and viscosity of

the gas, and the gas velocity. For a wire in an aspirated probe with a
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sonic throat, the gas velocity can be expressed as a function of the
ratio of the probe cross-sectional area at the wire position to the area
at the throat, the specific heat ratio, and the speed of sound in the
gas. The latter two parameters, as well as the thermal conductivity and
viscosity of the gas mentioned earlier, are determined by the gas
composition and temperature. Hence, for a fixed probe geometry and wire
temperature, the heat transfer rate, or the related voltage drop across
the wire 1is a function of only the gas composition and temperature.
Since all tests performed in this study were in an isothermal flow
situation the wire response was only a function of gas composition.

During probe calibration known compositions of either Argon-air or
Freon 12-air mixtures were passed through a pre-heat exchanger to
condition the gas to the tunnel temperature environment. These known
compositions for the Argon-air calibration systems were drawn from
bottles of prepared gas composition provided by Matheson Laboratories.
For the Freon 12-air calibration system known compositions were produced
from pure Freon 12 and pure air being passed through a Matheson gas
proportioner. An overheat ratio (temperature of wire/ambient tempera-
ture) of 1.65 was used to maximize signal response while maintaining
acceptable noise and signal drifting levels.

3.5.2 Errors in Concentration Measurement

The effective sampling area of the probe inlet is a function of the
probe aspiration rate and the distribution of approach velocities of
the gases to be sampled. A calculation of the effective sampling area

during all tests suggests that the effective sampling area was approxi-

mately 0.5 cmz. Thus the resolution of the concentration measurements

2 2

as applied to the China Lake site is 2.9 m” or 0.36 m~ for the 1:240

and 1:85 scaled models respectively.
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The travel time from the sensor to the sonic choke limits the upper
frequency response of the probe. At high frequencies the correlation
between concentration fluctuation and velocity fluctuations (velocity
fluctuations are a result of the changes of sonic velocity with con-
centration) at the sensor begin to decline. The CSU aspirated probe is
expected to have a 1000 Hz upper frequency response, but, to improve
signal-to~noise characteristics, the signal was filtered at 100 Hz.
This is well above the frequencies of concentration fluctuations that
were expected to occur.

The accumulative error, due to the combined effect of calibration
uncertainties and nonlinear voltage drifting during the testing time,
is estimated to be approximately %20 percent of component value in the

range of 5-15 percent equivalent methane concentrations.
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4.0 TEST PROGRAM RESULTS

Five different field tests, Burros 4, 5, 7, 8, and 9, were
simulated. Burro 8 was modeled by three different methodologies, two
being at a model length scale factor of 1:240 but different source gas
specific gravities and one at a scale factor of 1:85. Burro 9 was
modeled by two different methods, one at a model scale factor of 1:240,
the other at a scale factor of 1:85. Burros 4, 5, and 7 were each
modeled by one test only at a scale factor of 1:240.

Table 1 summarizes the pertinent field test conditions for the five
tests simulated. The following equations were used to convert field

values to model values,

5.G. -1 )1/2 L )1/2
—n _m U

m - L p°’
S.G.p 1 p

1/2 L 5/2
—m _m Q
‘p L p

p

1/2 1/2
S.G. -1 L
t P _m t
m S.G.m-l Lp p’

where L is length, U 1is wind speed, Q is plume flow rate at the
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source, t is time, L.S. is length scale factor, and S.G. is the plume
specific gravity at the source. The subscripts m and p indicate model
and prototype (field) conditions respectively.

Table 2 summarizes the pertinent model test conditions for all
eight runs performed. Table 3 and Figures 10-1 to 10-8 show a
comparison between the different field tests wind data and the simulated

model tests wind data. It is seen from these that the wind shear
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Table 1. Field Test Conditions
Burro-4  Burro-5 Burro-7 Burro-8 Burro-9
Spill Quantity
(m® liquid) 35.3 35.8 39.4 28.4 24.2
Spill Rate
(m3/min liquid) 12.1 11.6 14.7 16.0 18.4
Time Duration of Spill
(s) 175 185 161 107 79
Time to Equilibrium
Boiloff (s) 33 32 35 36 38
Tim2 to Pool Breakup
(s) 190 200 177 123 97
Time to Complete
Evaporation (s) 205 215 192 138 112
Equilibrium Boiloff Rate
(m3/s gas at 111°K) 46.0 44,1 55.8 60.8 69.9
Equilibrium Pool Radius
(m) 12.3 12.0 13.5 14.1 15.1
Mean Wind Speed (Upwind)
(mf{s at 1 m height) 9.3 7.3 8.6 1.9 5.3
(mfs at 2 m height) 9.6 7.8 8.8 2.0 6.1
(m/s at 3 m height) 10.2 8.3 9.5 2.1 6.3
(m/s at 8 m height) 10.8 9.2 10. 2.6 6.8
Mean Local Longitudinal
Turbulent Intensity
(% at 2 m height) 11 17 14 9 13
Mean Wind Direction
(Degrees from North
at 2 m height) 218 218 208 235 232
Standard Deviation of Wind
Direction (Degrees at
2 m height) 7.3 11.1 5.2 5.6 4.4
Temperature
(°C at 2 m height) 35 40 34 33 35
Average Lapse Rate
(°C/100 m) 6 8 3 -1.6 2
Richardson Number at
N 2 m height -0.085 -0.13 -0.027 0.141 -0.023
Roughness Length, z, -5 -5 -5 -5 -5
N (m) 4x10 4x10 4x10 4x10 4x10
Friction Velocity, uy
(m/s) 0.34 0.29 0.32 0.06 0.21
Flux Froude Number at
3 m height and
Equilibriup
Conditions 105.2 57.7 76.9 0.8 20.1
+ U3D *Values supplied by Lawrence Livermore
Fr = N Laboratory
S a
( )9Q
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Table 2. Model Test Conditions

RUN NO. 1 RUN NO. 2 RUN NO. 3 RUN NO. 4 RUN NO. 5 RUN NO. 7 RUN NO. 8 RUN NO. 9

Field Run Number

Model Scale

Plume Specific Gravity,

Ps

Pa

Plume Release Rate, Q
(ccs)

Time Duration of Release, At
(s)

Source Diameter, D
(cm)

Mean Wind Speed, U

Mean Wind Direction
(Degrees from North)
Stability
Roughness Length, Z
(cm) 0
Friction Velocity, U, ,
Flux Froude Number, Fr

Burro-8 Burro-9 Burro-8 Burro-4 Burro-5 Burro-7 Burro-8 Burro-9

1:240 1:85 1:85 1:240 1:240 1:240 1:240 1:240
4.18 1:38 1:38 1:38 1:38 1:38 1:38 1:38
164 874 760 44 42 53 58 66
2.9 10.3 13.9 13.5 14.2 12.4 8.2 6.1
11.7 35.6 33.0 10.2 10.0 11.2 11.7 12.6
32e 57 @ 18 e 55 @ 45 @ 51 @ 11 e 33
1.25cm 3.6 cm 3.6 cm 1.25 cm 1.25 ¢m 1.25 cm 1.25 cm 1.25 cm
215 232 215 218 218 208 215 232
neutral neutral neutral neutral neutral neutral neutral neutral
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
2.65 3.87 1.22 4.56 3.73 4.23 0.91 2.82
0.7@ 20.0 @ 0.7@ 103.5 @ 58.2 @ 75.2 @ 0.7 @ 20.2 @

1.25 cm 3.6 cm 3.6 cm 1.25 cm 1.25 cm 1.25 cm 1.25cm  1.25 cm

3
T = N

ps pa
( o Yo

GE



Table 3. Wind Field Comparisons

Mean Wind Speed Local Eulerian
Turbulent Roughnes§+ Friction Integral
(m/s @ Im) (m/s @ 2m) (m/s @3m) (m/s @8m) Intensity Length, z, Velocity, u, Length Scale

(% @ 2m) (m) (m/s) (m)

Run No. 1 0.9 1.7 2.1 2.5 30 9.1x10_5 0.21 50

Burro 8 1.9 2.0 2.1 2.6 9 5.0x10 0.14 .06

Run No. 2 5.6 5.8 6.3 6.7 13 3.9x10:2 0.28 14.5

Burro 9 5.3 6.1 6.3 6.8 13 4.0x10 0.28 .21

Run No. 3 1.9 1.9 2.1 2.1 20 3.0x10:§ 0.09 19.8

Burro 8 1.9 2.0 2.1 2.6 9 5.0x10 0.14 .06

Run No. 4 6.6 8.0 10.2 12.1 26 4.7x10:§ 0.92 27.5

Burro 4 9.3 9.6 10.2 10.8 11 4.5x10 0.30 .34

Run No. 5 4.8 6.5 8.4 10.0 27 6.7x10:§ 0.80 21.9

Burro 5 7.3 7.8 8.3 9.2 17 4.1x10 0.37 .29

Run No. 7 5.4 7.3 9.5 11.3 11 6.7x10:§ 0.91 21.9

Burro 7 8.6 8.8 9.5 10 14 6.5x10 0.29 .32

Run No. 8 0.7 1.5 2.1 2.8 36 1.2x10:§ 0.24 33.6

Burro 8 1.9 2.0 2.1 2.6 9 5.0x10 0.14 .06

Run No. 9 2.7 4.7 6.0 7.2 30 9.1x10:§ 0.61 50

Burro 9 5.3 6.1 6.3 6.8 13 4.0x10 0.28 .21

*These values of z, and u, were obtained by CSU during a reanalysis of field data by a least
squares fit to the velocity data at the heights of 1, 2, 3, and 8 meters only.
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profile with height for the 1:240 model scale (Runs 4, 5, 7, 8, 9) are
not in very good agreement with field results. In order to improve the
shear profile it was decided to perform additional simulations of Burros
8 and 9 at a model scale of 1:85. From Table 3 it is seen that these
runs (numbers 2 and 3) have a better wind shear with height comparison.
Because of the difficulty of obtaining wind field similarity! at
extremely low wind-tunnel speeds (i.e., 11 cm/s for Burro 8 at a model
scale of 1:240), it was decided to run an additional simulation of this
test in which the specific gravity of the source plume was substantially
increased. This change in model plume's specific gravity in Run 1
enabled the wind-tunnel reference velocity to be increased from 11 cm/s
up to 32 cm/s for the simulation of Burro 8. Kothari and Meroney [29]
have utilized a similar criterion for modeling negatively buoyant
effluent discharge from a stack.

The data from these eight different runs were reduced into tables
of pertinent values; see Appendix B for a complete listing. From these
tables plots of the ground level peak concentration contours (Figures
11-1 to 11-8), time progression curves of the lower flammability limit
(Figures 12-1 to 12-8), and the flammable zone as a function of time and
centerline distance (Figures 13-1 to 13-4) were made. The concentration
time histories of selected data points were stored on digital magnetic

tape and later plotted in the form shown in Figures 14-1 and 14-2.

1At low wind speeds (<20 cm/s) in a smooth floor wind tunnel the
turbulence dampening effect of the laminar sublayer penetrates up to
heights which are of the same order as the plume height. In addition
there is very Tittle known about atmospheric turbulence at winds
characteristic to Burro 8 (2.6 m/s at 8 m height). Thus proper scaling
of this type of test is more or less a shot in the dark unless the
spectral characteristics of the atmospheric winds are measured at the
site. This data was not provided in the present study.
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From Figures 11-1 through 11-8 it is seen that the maximum distance
to the lower flammability 1limit (LFL) varies from 200 to 300 meters
downwind of the source for all simulations of the five Burro tests that
were investigated. The comparison of this distance between the differ-
ent modeling methodologies performed on Burros 8 and 9 is generally
acceptable, #20 percent, and visual comparison of the peak concentration
contours in Figures 11-4, 11-5, 11-6 and in Figures 11-7, 11-8 show
general agreement among the results. But the prediction consistency in
the timing of the plume motion is less reliable. This is borne out in
the plots of LFL time progressions in Figures 12-4, 12-5, 12-6 for
Burro 8 and 12-7, 12-8 for Burro 9. Figures 14-1 and 14-2 of the con-
centration time histories at a similar spacial point also demonstrate
differences in the time dependent character of the plume.

Several significant observations are readily seen by the comparison
of the effect of model scale on the measured time-dependent character-
istics of the plume. Figures 12-7 and 12-8 show the LFL time pro-
gression for measured plumes at a scale of 1:85 and 1:240 respectively
for the simulation of Burro 9. Comparison of these two figures shows
that at the 1:85 scale the plume growth rate in the downwind direction
is almost twice as fast as that observed at the 1:240 scale. A similar
conclusion 1is obtained from inspection of the concentration time
histories presented in Figure 14-1. Also it is readily observed in
Figure 14-1 that for the 1:85 scale model the rise and fall of initial
and final plume concentrations is much more rapid than in the 1:240
scale-model case. An explanation of these differences in plume timing
characteristics is portrayed in Figure 15; a comparison of the mean

velocity and turbulent intensity profiles for Runs 2 (1:85 scale) and



-

HEIGHT

25

.
a 1:85 ]

e 240 a
28 b
‘ -

a
is .
a J

e
19 a i
Oe ]

o
s [ ] -
o
o
e O ’
™ o
a L L L i i 1 "N L 2
1% 2 4 6 8
UMEAN — M/S
Figure 15.

MEAN VELOCITY PROFILES

™ T '’ T 8

T v

.

T

HEIGHT

25

28

(]

TURBULENCE PROFILES

Model-Scale Effects on Wind Field Statistics for

Burro 9

LR B SN SR SRR BN | T
.
o 118 ]
a e {240
. .
o
o
.
u -
a . ]
Y .
a
a .
n] PY T
o
| WY ] L 1 A [l A ] i (] 11
s 19 15 29 25 39

35

69



70

9 (1:240 scale). From this figure it is observed that the mean wind
shear and the resultant intensity of turbulence is much greater for the
1:240 scale model. Since the velocity reference height for the calcula-
tion of plume similarity is three meters, the 1:240 scale model has much
lower velocities below this height than the 1:85 scale model. This
coupled with the result that the 1:85 scaled plume traveled at a much
faster speed than the 1:240 scaled plume leads one to believe that for a
24 cubic meter LNG spill (Burro 9) the plume frontal velocities are
primarily determined by the speed of the wind at heights below 3 meters.
The increased wind shear and turbulence as modeled by the 1:240 scaled
plume would in effect cause increased longitudinal dispersion of the
plume. This would explain the comparatively slow rise and fall times of
plume arrival and departure as seen in the 1:240 scaled plume data
(Figure 14-1).

Similar modeling-scale characteristics that were discussed above
for Burro 9 are also present for the scale comparisons observable in
Burro 8. Figures 12-5 and 12-6 display the time progression of the LFL
for model scales 1:85 and 1:240 respectively and Figure 14-2 displays
the concentration time history comparisons for both model scales. The
wind-profile comparison is retrievable through observation of the model
data presented in Figures 10-5 and 10-6;

The modeling comparison between Run 1 and Run 8 which both simulate
Burro 8 is generally favorable in the prediction of peak concentrations
(Figures 11-4 and 11-6) and plume arrival and buildup characteristics
(Figures 12-4, 12-6, and 14-2) but discrepancies appear in the predic-
tion of plume decay rate (Figures 12-4, 12-6, and 14-2). Run 1

incorporates an enhanced modeling criteria in which the initial specific



71

gravity of the modeled plume is much greater than that of the field
plume. This enables the usage of higher wind-tunnel velocities and
hence more assurance of operating in a Reynolds number invariant regime
(see section 2.2.1 for a more complete discussion). Both Runs 1 and 8
are at a model scale of 1:240 thus the only difference between them is
the relaxation of the initial plume specific gravity requirement. These
Timited results would indicate that when only the peak downwind con-
centrations are of interest enhanced modeling may be a viable technique.
When the duration of plume exposure is important this technique should
be used with caution until more conclusive results or explanations of
this behavior are obtained from experimental data. A pausible explana-
tion of these differences 1is that increasing the plume source density
relaxes the inertial interactions between the plumes mass, initially at
rest, and the approach flow. The heavier the plume mass the longer it
will take the approach flow to accelerate that mass up to its convective
velocities; thus, the enhanced plume does not pass by the concentration

sensor as fast as the plume simulated by a smaller source density.
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5.0 FIELD DATA COMPARISONS

When comparing physical model predictions with field data of a
complex diffusion process one must realize that many physical assump-
tions and approximations have been employed in the modeling process. A
single field event has a 1large number of uncontrolled or poorly
specified variables which have an affect on the resultant concentration
field that are not completely accounted for in the modeling process.
Specific limitations are discussed in the following paragraphs.

The source conditions of an LNG spill situation must be
approximated since it 1is difficult to predict or measure the time
dependent size and boiloff characteristics in the field let alone
reproduce these characteristics in a model situation. During the model
tests a simple on-off gas release at constant boiloff over a constant
area was used.

The wind field into which an LNG plume is released is typically
nonstationary. The plume may experience a wind field that is undergoing
a change of mean wind speed, mean wind direction, and turbulent
characteristics with time. Indeed some of these nonstationary effects
were observed during the Burro Series. Burro 4 had significant wind
direction changes and Burro 8 experienced a steadily declining wind
speed throughout the test. These nonstationary factors were not modeled
in the physical simulations. The wind characteristics were assumed to
be constant, i.e., statistically stationary. These assumptions may lead
to major differences between the resultant concentration fields
depending on the severity of the nonstationarities during the field

tests.
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Even if the atmospheric wind field were stationary for the duration
of a test, a single measurement of a time transient phenomenon, such as
an LNG spill plume, would yield only a single datum point in the
construction of a time dependent concentration probability distribution.
Many replications of the same source conditions emitted into the same
mean approach flow would be necessary to construct the entire
probability distribution. But multiple releases with the same source
conditions and wind fields are not possible in the atmosphere. In a
model situation the source conditions and stationarity of the wind field
are reproducible. Figures 14-1 and 14-2 show that two measurements of
the concentration time history at the same spacial point in the same
plume can yield fairly large variations. Thus even when a field test is
performed in an approximately stationary wind field the measurements can
only fall within some probabilistic concentration band. The width of
this band can be estimated when the tests are repeated several times.
During the model test series simulated spills were repeated up to four
times.

Model data and field concentration data [30] are compared in three
presentation formats; the peak plume centerline concentration decay with
downwind distance, Figures 16-1 through 16-5, the concentration time
histories for plume centerline stations, Figures 17-1 through 17-15 and
ground level maximum concentration extent contours, Figures 18-1 through
18-8. The field gas concentration measurement stations are shown in
Figure 19.

5.1 DATA QUALITY CONSTRAINTS ON MODEL/FIELD EVALUATIONS

The model was oriented in the wind tunnel based on the average

and direction which occurred during the field tests. Since drift in
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Table 4. Figures 17 Reference Code

Figure Number Run Number Field Test30 Field Position30

Station Distance
(m)
17-1 4 Burro 4 G4 57
17-2 4 Burro 4 G3 140
17-3 5 Burro 5 T2 57
17-4 5 Burro 5 T3 140
17-5 7 Burro 7 G4 57
17-6 7 Burro 7 G3 140
17-7 1 Burro 8 T2 57
17-8 1 Burro 8 G6 140
17-9 3 Burro 8 T2 57
17-10 3 Burro 8 G6 140
17-11 8 Burro 8 T2 57
17-12 8 Burro 8 G6 140
17-13 2 Burro 9 T4 140
17-14 2 Burro 9 G15 400
17-15 9 Burro 9 T4 140

*These are radial distances to concentration sensors at 1 meter height.



CONCENTRATION (%)

FILE A4231S

zaiaa | J L] L L] l L L ] L] L] l L J L} L] L] ' L] L] ) | L} ' L] L L ) L) r . v LJ L] l L) L) L

iS.e06

ie.06

S.08

"\

[ U R ST W Y NE N T T Y ‘;%:. wi’m}w?‘l’“‘t P . N:ﬂ“\‘:‘;’?“r%‘iw ! N J

i8.8 i1S6.6 200.8 250.8 380.8 350.8
TIME CSECD

—

Figure 17-1. Concentration Time History Comparison between Burro 4
and Run 4, Position G4

08



CONCENTRATION (X)

8.00

.80

FILE Dad4ae

L] L3 ¥ LA 1 L 2 LA I 1 ¥ ¥ L3 ¥ | 2B l" ¥ L4 '” ¥ ¥ ¥ ¥ [ ) ¥ ¥ L3 L | B ¥ L3 ¥

i '} A ‘ e F 3 .3 F 1 l\ l[\l M—TIA‘II\INI\IV

Ko A

Figure 17-2.

.9 §0.0 100.9 150.2 200.2 250.0 308.8 358.8

TIME <(SECDO

Concentration Time History Comparison between Burro 4
and Run 4, Position G3

18



ASZ428

FILE

82

e R S i

RTRTR—LL L st
L oo

AR

s AU .

(%) NOILVYINIINGD

308.8 350.9

1S6.6 208.8 250.9
TIME J<SECO

106.0

S56.0

Concentration Time History Comparison between Burro 5

and Run 5, Position T2

Figure 17-3.



CONCENTRATION (X)

12.

1.

.00 .
.9 50.08 i68.08 152.8 200.8 258.8 388.8 3508.0

%1%

8o

.00

.08

.28

.00

er(l"lll"‘l‘f"lifr"f‘ll‘ll!“'

FILE AS441

LA M rr'il[r'l'r""l"""'.'( lr"l

ILlllLLlLlllLLLLL.‘LlL!Lll.ll

U

PN AU WY OUNY WU YUY YO S WU ST SHT NN NNV WY NN VN TN DU TN YA WY WY WU TN WY NN N U ST Yy

TIME <JISECDO

Figure 17-4. Concentration Time History Comparison between Burro 5
and Run 5, Position T3

£8



CONCENTRATION (%)

84

FILE B728i1S

e
wel ﬂ d
15.30:- Y -
n | |
i8.80 - ‘ | -
- 10 ﬁ‘
5.00} )
(V) %
.%:""l""!l!iftlnutllx L R

.8 58.8 108.8 156.8 208.8 250.8 300.8 350.8

Figure 17-5.

TIME (SECD

Concentration Time History Comparison between Burro 7
and Run 7, Position G4



CONCENTRATION (%)

18.00

8.00

6.00

4.008

2.00

FILE A74408

L l [

L] ¥ L ‘ L) L 3 | L] ‘ ] v L) ' 1] L] 1 ) L2 ' 1§ L] L) L ‘ L] .

ll:lllllltll;ln}%‘%i%llm

.0 50.0

Figure 17-6.

166.06 150.86 200.0 250.8 308.0

TIME <SECD

Concentration Time History Comparison between Burro 7
and Run 7, Position G3

S8



CONCENTRATION (%)

S8.

40.

3a.

20.

1.

FILE B12314

L] Ll S LI ' L] v ¥ L} [ L v L) L r LS L] L] L l L] L] v L ' L3 L] 1] ¥ r LJ L] ¥ LB l L] v L] L]

- .
- A
- -
L d
L J
=

L

PRI Y A U SHEP Y W S SN U S S YAl NPV N WY WA NN VAT VAT UNNY SHN N TR SN U VN (T U W R B U S Y

e 198 200 300 428 500 6o 7080 809

TIME <SEC>

Figure 17-7. Concentration Time History Comparison between Burro 8
and Run 1, Position T2

98



CONCENTRATION (%)

.88

.80

.80

.20

FILE

A14313

4
ma—

Ty v v [ F v

T v v v e e e

v L

2

3 R,
A AT PRI ST SR NN WY N SR NN NN WO SHT NN T SNV W SN b

"ll"rlrll’f'l"’l’i

IV a i T BN

' § NN T N | 1

|

L.

Ly
|
-
.08
1% 100

Figure 17-8.

200 300

400

Soe

TIME <SECDS

608

708

Concentration Time History Comparison between Burro 8

and Run 1, Position G6

828

L8



CONCENTRATION (%)

FILE A3231 4

sa.g LNNS SN NN AN R BONE BENL DS NS N SN NNNE N NN SNAR JNNE AN JN AN NN SNNL BN DAR RN DNRNL MM JNN ANk BUN RN NS SENE SN SN SN SNNL NN BEN )
48.8 | -
= .
I ]
3.2 -
b -
- .
- -
b -
20.8 |- I -
b -
L i ]
18.8 |~ 5 ~
= | -
: y 4
.a PYRET YN NN WS SR N WAOE N WY N | RPN W W Y N Y W N U Avomeinnd bbb d
% {08 200 300 480 500 6060 700 800

Figure 17-9.

TIME J<SECD

Concentration Time History Comparison between Burro 8
and Run 3, Position T2

88



CONCENTRATION (%)

FILE A3431 2

16-08 LANNL B L RN MU BN NGt N BN WS MU S NS M L BAK M S SNNY SN MM M e B BNNL R M SN A ML AN AN M A SN M
8.00 +
6.008
4,00}
2.00
- .
-
- 2
.aa' [ ‘llll‘(ljl‘llltt%% !
e 199 200 300 4008 51%1% 608 7009

Figure 17-10.

TIME (<SECD

Concentration Time History Comparison between Burro 8
and Run 3, Position G6

68



CONCENTRATION (%)

50.

409.

380.

20.

18.

.0

FILE AB231 4

L) ¥ L v r L] L L] LJ l L] L L] L) ' L] L J L | £ ) r L] 1 ] 'V‘ l L L L | ' L] L] L ) L] ' L] L] v L]
N <
= -
s -
! ]
| 4
- A! 4
I P VHEE U Y WK YOUK VY U N WY W A i S W W U | a2 3 0 o s o o 1 3 I i
1% 100 200 300 400 500 609 7088 808

Figure 17-11.

TIME <J<SECD

Concentration Time History Comparison between Burro 8
and Run 8, Position T2

06



CONCENTRATION ()

.2

.88

.20

. BB

.88

FIlLE AB431 4

L]
B

ettt b s b o2 s 1 .0

Figure 17-12.

1209

288 300 488 580 688 708 820
TIME <J<SECDO

Concentration Time History Comparison between Burro 8
and Run 8, Position G6

16



CONCENTRATION (%)

12.00

FILE AZ2432C

M | "

| .

lLL'LlLl Lecdondad

LLL'

LJ_LI

-

Figure 17-13.

158.08

TIME <J<SECD

Concentration Time History Comparison between Burro 9
and Run 2, Position T4

200.9

Z6



CONCENTRATION (%)

.58

.08

.58

.00

.58

.00

.58

.e8!

.

FILE AZ630e

it

LLLLL[LLLIL]ILL[[[LILIlLL

/

' ~J

=1 3 1

!rllTll"lll'l’lll'l'll'r!ll'll"

T —

i I | U1k :‘ I
. 1 “‘,’:' ,‘“~“ . ‘i“-?lf , ‘y"ln‘ ;
‘: Ill HL ‘ “fl ““ ! H HHHHI l”””'*MI L 1 L i | 4 i | 1 R L J
e 50.0 108.0 158.8 200.0
TIME <SECDS

Figure 17-14. Concentration Time History Comparison between Burro 9
and Run 2, Position G15

€6



AB44R8

FILE

94

™

¥

quuu-J-udddeﬂI——-dl‘cmud

gl

T
S
S
e
s
S

R

&

e
JRUP— R

P e

R — S—
i ——

Phh-—-—-—-»-—.-n—-—-—nbb-

i

e

i2.080

]

®
o

o
e

©

o )
® e

© ¢

(X) NOTLVYLNZONCO

0
Q

o

208.2

J
L]
4
i
4
{
|
]
)
(]
.

1066.8 162.0

TIME <SECD

5.0

e

Concentration Time History Comparison between Burro 9

and Run 9, Position T4

Figure 17-15.



Crosswind Distance (m)

200 T | I 1

I
e Field Sensor Locations *
----- Field Contours (| meter height)
—— Mode! Contours ,
Contour Values 2.5%, 5%, 10% e .
100} / -
° e
'/ ,,/ [ )
ol + ° .
” Mean Wind
- > _ e Direction
o  ——— e -
[ [ ]
[ ]
- 100} -
®
[ ]
_200 | | | | 1
-100 o) 100 200 300 400 500
Downwind Distance (m)
Figure 18-1. Ground Level Concentration Extent Comparison between Burro 4 and Run 4

G6



Crosswind Distance (m)

200 T T T I ]

e Field Sensor Locations ¢
----- Field Contours (| meter height)
— Model Contours
Contour Values 25%, 5%, 10% o
1001 e S Mean Wind 7
T 7 7 Direction
. - Tmee— *
of +
L ] *
L ]
- 100} ' ~
.
[ ]
_200 1 | | L 1
-100 0o 100 200 300 400 500
Downwind Distance (m)
Figure 18-2. Ground Level Concentration Extent Comparison between Burro 5 and Run 5

96



Crosswind Distance (m)

200 T

1 ¥ ¥ i
e Field Sensor Locations ¢ -
----- Field Contours (| meter height) P
— Mode!l Contours gl
Contour Values 2.5%, 5%, 10% r - P T
oo T T _
Mean Wind
Direction
of . -
[ ]
L ] L ]
L ] .
- {00} -
L !
[}
_200 1 1 1 | i
-100 0 100 200 300 400 500

Figure 18-3. Ground Level

Downwind Distance (m)

Concentration Extent Comparison between Burro 7 and Run 7

L6



200 T T i i 4
» Field Sensor Locations hd
----- Field Contours (| meter height) Model Wind
— Model Contours Direction
Contour Values 2.5%, 5%, |10% mmmmmT T ~ o
~ 100}
E
@
(8]
[
b4
2
C) O_ +
©
£
2
-
-4
(&)
- 'OO — \ \
b
! ! Field Mean Wind
/ Direction
[ ]
_200 1 1 ] 1 1
-100 0] 100 200 300 400 500

Downwind Distance (m)

Figure 18-4. Ground Level Concentration Extent Comparison between Burro 8 and Run 1

86



Crosswind Distance (m)

200 T T T T T
o Field Sensor Locations o
----- Field Contours (1 meter height) Model Wind
- Model Contours Direction
Contour Values 2.5%, 5%, 10%  ___-------- .~ o
T o N
100} e ‘) \ .
<P , ’ |‘ e
’l - rd Yo o -
‘a—"“ /’ ,’ -
N ° ~ - ’,/ [}
° I' ”";-‘ "”4 ”J
L ¢ ® f - ,v"'
° \ H Ky Ay
O B + \: <’ f....-"’ ,.o”” * 7
L J e —— "> Seo ‘: -~
[ ] ¢ 3 N
\\~ P .
® = L. \/L Py
\\ \\\ ‘/\
[ ] \\ \‘\ \
- 100} \ \ \ -
\ 1 [}
Y : } [ ]
! ; Field Mean Wind
! Direction
[ ]
-200 L ] 1 ] 1
-100 0 {00 200 300 400 500

Downwind Distance (m)

Figure 18-5. Ground Level Concentration Extent Comparison between Burro 8 and Run 3

66



Crosswind Distance (m)

200 T

| { 1 |
o Field Sensor Locations ¢
----- Field Contours (| meter height) Model Wind
—— Model Contours Direction
Contour Values 25%, 5%, 10% . ccceee. - .
Loo] S Pt .
------------------------- 4
o] o + i -
- 100} \\\ “‘ \\‘ a
I R A
! ! “Field Mean Wind
/ Direction
L J
_200 | 1 1 | 1
-100 0] 100 200 300 400

Downwind Distance (m)

500

Figure 18-6. Ground Level Concentration Extent Comparison between Burro 8 and Run 8

00T



Crosswind Distance (m)

Figure 18-7.

200 T T T 1 1
e Field Sensor Locations
----- Field Contours (| meter height)
— Model Contours
Coniour Values 2.5%, 5%, 10% .
100} -
L ]
° ®
. gomm T ———— - Mean Wind
e S R s Direction
O* -::~~.'.“'~..,.__. ~~"~\\ L o
\':~~.‘~~-.. — ~~\\
\"‘\3~‘~., T T
’\\\\ - . ’I
- , \\ .N-~~~ ------- - -~~*~
. e - - ~ .
- 100} AN S
®
[ ]
-200 l } 1 |
-100 0 100 200 300 400 500
Downwind Distance (m)
Run 2

Ground Level Concentration Extent Comparison between Burro 9 and

T0T



Crosswind Distance (m)

200 1 1 T 1 T
e Field Sensor Locations i
----- Field Contours (| meter height)
- Mode! Contours
Contour Values 2.5%, 5%, 10% .
|00} -1
[ ]
Py L J
‘ -
O"" 4 I —- ~\\\ ® -
Mean Wind
Direction
- 100}
’ b
‘_200 { i I i 1
-100 0] 100 200 300 400 500

Downwind Distance (m)

Figure 18-8. Ground Level Concentration Extent Comparison between Burro 9 and Run 9

201



103

.Gas Sensor Stofidn
,Turbu Ier!ce_ $toti

Figure 19. Field Gas Sensor Location Map



104

wind approach vector was sometimes substantial during the field tests
some liberty was taken during the model/field comparisons to compare
plume centerline values even when they were not measured at spatially
equivalent locations. Unfortunately for the case of the model Runs 1,
3, and 8 which were intended to model Burro 8 the topographic model was
incorrectly turned to 215° from the North rather than the 235° as
specified by the field measured mean wind direction. Nonetheless
comparisons are made with the field data by rotating the measured model
data 20° to coincide with the field wind direction. It is unfortunate
that this mistake occurred since Burro 8 was the run most susceptable to
the influences of topography. The comparisons shown in Figures 16-4,
17-7 through 17-12, and 18-4 through 18-6 should be viewed somewhat
skeptically when drawing conclusions about model-field comparisons.
Indeed it may be better to interpret Runs 1, 3, and 8 as releases
performed under equivalent source and wind field conditions to Burro 8
but for a different approach wind direction.

On Figures 17-1 through 17-15 the black line trace is that of the
modeled data and the gray line trace is that of the field data. The
step-like irregularities observed in some of the modeled data concentra-
tion time history plots (Figure 17-2 for example) are due to the five
millivolt bin size of the analog-to-digital converter that was employed.
The field data in these plots have been averaged in time to 10 seconds.
No such average was employed on the modeled data.

The field data presented on Figures 16 and 17 are actual
concentration readings obtained from field sensors. The presentation
of actual concentration sensor time histories in the Lawrence Livermore

Laboratory (LLL) report on field data [30] was limited to the plume |
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centerline sensor positions. To obtain the concentration structure of
the different Burro Series plumes at off-centerline values it was
necessary to use LLL's interpolated plots of ground level (1 meter
height) concentration contours at specific times in the plume history.
Unfortunately LLL used a simple linear interpolation of concentrations
between sensor arrays. This procedure leads to nonsystematic errors of
relatively large magnitude because of the large distances between sensor
arrays (see Figure 19). Figure 20 conveys the source of these errors.
The actual plume concentration contours of some hypothetical plume are
shown for two different times tl and t2. Below these actual plume
contours are shown what the predicted contours from a linear interpola-
tion such as that used by LLL would yield. The linear interpolation
causes the predicted plume to leap forward as it passes each sensor
array. It will also underpredict concentrations as the plumes leading
edge approaches the next sensor array. Such leaping behavior (by as
much as 200 meters) is seen very clearly in the plots presented by LLL
[30].1 |

Nonetheless it is desirable to have some form of comparison of the
lateral plume structure between the model and the field; hence, plots

presented by LLL were used to find the concentration contours of maximum

1To estimate concentration contours more accurately one should use an
interpolation scheme that is based on the plumes advective time scale
(leading edge velocity) and knowledge that as a section of the plume
moves downwind its concentrations will decay in a power law fashion
with downwind distance. The arrival time of the plume for Burro 8 at
each sensor array suggests that the advective time scale for the plume
is nearly the same as the mean wind speed at 2 meters height. No con-
centration should be present at downwind distances greater than u-t,
where t is the time from release. The approximate form of the power
law decay could be obtained from the decay of the peak concentrations
for all time (like those presented in Figures 16-1 through 16-5). The
use of an advective time scale should prevent errors such as are noted
in Figure 20. Otherwise frontal location errors are approximately the
same as the spacing of the sensor arrays.
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plume extent and are presented in Figures 18-1 through 18-8. The field
sensor locations are presented on these figures to permit the reader tb
locate those areas where such comparisons are most valid. The
comparison of field concentration measurements with model values 'in
between sensor Tlocations should be considered cautiously in light of
interpolation errors in the field data discussed previously.

5.2 PEAK CENTERLINE CONCENTRATION DECAY

From an inspection of Figure 16-1 through 16-5 of the peak plume
centerline concentration decay with downwind distance it is seen that
the physical model data correlated fairly well with the field data for
all runs except that of Burro 7 (Figure 16-3) and the 57 and 400 meter
field concentration values for Burro 8 (Figure 16-4).

During the test, Burro 7, the wind speed was fairly high causing
the plume to be narrow. With a narrow plume the possibility is large
that the plume centerline, where the concentrations are the highest,
is located between two measurement stations in the field. The peak
concentration ground level contours for model Run 7 (Figure 11-3) show
large variations in concentration values between the field measurement
stations. Since the measurement grid spacing in the model was finer
than that used in the field, the actual plume centerline values were
more likely to be measured. The net effect would be the same as that
depicted in Figure 16-3, that is, the model concentration values are
consistently greater than or equal to those measured in the field.

The large difference between the modeled and measured field values
found at the 57 and 400 meter station in Burro 8 (see Figure 16-4) is

probably due to a combination of several factors that are not seen on a



108

simple presentation of plume centerline decay. The field data showed
that there was a large influence of topography on the Burro 8 plume.
This caused the plume to lobe outward on both sides of the centerline.
Unfortunately the model topography was incorrectly oriented by 20°
during the model runs 1, 3, and 8. A combination of model orientation
errors and marginal plume simulation at low wind speeds lead to the
discrepancies observed in Figure 16-4.

5.3 CONCENTRATION TIME HISTORIES

Comparison of the actual concentration time histories at similar
downwind positions for each run reveals many of the pertinent physical
similarities and differences between modeled and field data. Figures
17-1 through 17-15 as described in Table 4 present this comparison. The
actual locations at the spill site of these field stations are presented
in Figure 19.

Figures 17-1 and 17-2 display some of the effects of field test
mean wind direction nonstationarities. In Figure 17-1 a distinctive
double peak is observed in the field concentration data at times 55
seconds and 150 seconds. These peaks can be directly correlated with
major shifts in the mean wind direction during the field test Burro 4.
Thus the plume was advected into and away from the fixed measurement
location during its progression downwind. This phenomenon is observable
in Figure 17-2 where it is seen that measurement station G3 recorded the.
plume to have passed completely by at 150 seconds whereas the spillage
of LNG onto the pool lasted 175 seconds. As discussed earlier, non-

stationarities such as these were not modeled in the wind-tunnel.
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The field data in Figures 17-3 and 17-4 reflect the influence of an
unstable atmospheric stability during the Burro 5 test. The magnitude
of the mean standard deviation of wind direction, the mean Tlocal
longitudinal turbulent intensity, and the Richardson number suggests
that Burro 5 took place in a fairly turbulent atmosphere. The large
excursions in concentration magnitude measured within the plume for
Burro 5 is a direct result of this highly turbulent atmosphere. This
highly fluctuating character was unique to Burro 5. Since Burro 5 was
modeled using a neutral atmospheric condition, these large excursions of
plume concentration are not present in the modeled data. The magnitude
of the peaks in the unstable field data are similar to those in the
modeled data; however, mean concentration values are much Tower in the
unstable case. This emphasizes the 1importance of fast response
instrumentation to measure concentrations in an LNG vapor cloud,
particularly in an unstable atmosphere.

In Figures 17-5 and 17-6 for Burro 7' the discrepancy in
concentration magnitudes is probably due to the same narrow plume effect
mentioned earlier in the discussion of Figure 16-3. Since the plume was
very narrow the field sensors may have missed the actual centerline of
the plume where the concentrations would be highest.

The field data generally shows smaller plume arrival times and
greater plume concentrations at early times than the 1:240 scale model
data. The field data also display a more sudden falloff in plume
concentration with plume passage. Figures 10-1, 10-2, 10-3, 10-4, 10-6,
and 10-8 suggest a possible explanation for these differences in plume

timing characteristics during the 1:240 scaled runs. These figures
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provide a comparison between the mean velocity and turbulent intensity
profiles for the 1:240 scaled-model data and the field data. The mean
wind shear and the resultant intensity of turbulence is much greater
during the 1:240 scale model runs. The velocity reference height for
the calculation of plume similarity is three meters. These modeled runé
have much lower velocities below this height than the field tests, which
suggests that frontal velocities for these plumes are primarily deter-
mined by the speed of the wind at heights below three meters. The
greater wind shear and turbulence during these modeled runs would cause
increased longitudinal dispersion of the plume, hence, the slow rise and
fall times of model plume concentrations.

During the 1:85 scale model experiments the wind field similarity
was far superior to those scaled at 1:240, Figures 10-5 and 10-7. In
particular, Run 2 (see Figure 10-7) shows almost exact similarity to the
Burro 9 field test in both its wind shear and turbulent intensity. Thus
arrival time and rise time characteristics should agree better than that
of the 1:240 scale model. Figures 17-13 and 17-14 display such
agreement between concentration time history comparisons for the Burro 9
test and a 1:85 scale model.

The wind shear similarity between the 1:85 scaled model Run 3 and
Burro 8 was also quite good (see Figure 10-7), but a discrepancy
remains in the arrival time characteristics (see Figures 17-9 and
17-10). Part of this difference is most certaintly due to variability
in the wind speed experienced through the duration of the Burro 8 field
test. The mean wind speed declined from 2.7 meters/second at the start
of the spill to 1.7 meters/second at later times. As the field test was

modeled at an average wind speed of 2 meters/second wind variability
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would account for most of the discrepancies 1in arrival time
characteristics. Also the model topographic orientation error confuses
the issue.

5.4 GROUND LEVEL CONCENTRATION CONTOURS

A comparison of model and field lateral concentration distributions
may have limited value because of interpolation procedures used by LLL
[30]. As mentioned earlier in section 5.1 the field contours between
sensor arrays could be in error by the distance between each array. In
addition by plotting arbitrary time slices one examines only single con-
centration cross sections from a highly fluctuating time history. The
actual peak concentration information, upon which all model maximum
ground level extent contours were based, was not retrievable from the
data in reference [30]. Field data plotted on Figures 18-1 through 18-8
for the maximum ground level extent of the 2.5, 5, and 10 percent
concentrations may be incorrect.

A qualitative evaluation of modeled and actual plume widths can be
made from Figures 18. Figures 18-1 to 18-3 suggest that the wind tunnel
simulations generally underpredict the plume width for Burros 4, 5, and
7. Variations in the mean wind direction during the field experiment
explain this phenomenon. These nonstationary aspects of the atmospheric
wind variations were not modeled during the physical simulations.

As noted on Figures 18-4 to 18-6 the model experiments to simulate
Burro 8 were incorrectly oriented. A clockwise rotation of the model
data contours by 20° overlays the data sets and reveals that the
southern plume edge is well beyond the field sensor array. A similar

- pattern is noted in the field data.
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The Burro 8 field plume appears to bifurcate into two lobes whereas
the model data does not show as extreme a bifurcation. The field lobing
may be exaggerated by artificial large forward leaping of the plumes
frontal concentrations resulting from the linear interpolation scheme
used by LLL. Recall also that the model's wind orientation was directly
into a hill (see Figure 11-5) which inhibits plume travel. The field
plume was such that half the plume was directed into the hill and half
the plume traveled out onto relatively flat terrain. This orientation
would tend to split the plume. One must also recognize, however, that
the behavior of atmospheric turbulence at low wind speeds (<2 m/s) is
not well wunderstood and the extremely low wind tunnel velocities
required to model these wind speeds (<20 cm/s) may result in a
substantial loss in wind field similarity.

Figures 18-7 and 18-8 display results from the 1:85 and 1:240
simulations of Burro 9, respectively. The overall plume width during
the 1:85 simulation is quite good; however, at high concentrations the
model predicts a much wider plume structure. No explanation for this
behavior is apparent. |

The longest distance measured to the LFL (5 percent) level for all
the field tests was ~420 meters at a 3 meter height during Burro 8.
Unfortunately due to the 20° topographic orientation mistake a
comparison to model results for this worst case situation cannot be
made. An isothermal physical model would not predict an elevated plume

maximum.
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6.0 SUMMARY AND RECOMMENDATIONS

The purpose of this study was to provide assistance during the U.S.
Department of Energy sponsored field test preparation for the 1979-1980
forty cubic meter spill series at China Lake, California, and post-field
test reproduction of those field tests. Small-scale models of the LNG
release pond and surrounding topography at China Lake, Naval Weapons
Testing Center, were placed in a meteorological wind tunnel capable of
simulating the appropriate meteorological conditions. Transient
concentrations of LNG vapor were determined by sampling concentrations
of tracer gas released from the LNG spill area.

6.1 DISPERSION CHARACTERISTICS PERCEIVED FROM PRE-FIELD TEST SERIES

Ten pre-field model configurations were examined over a 1:240
scale model of the China Lake test site. Three wind speeds (3, 5, and
7 m/sec), two spill rates (15 and 30 m3/min) and five wind orientations
were considered. Based on visual examination of the site a wind field
was produced characterized by an equivalent 4.3 cm roughness and a power
Taw exponent of 0.18. Concentration measurements revealed that:

+ Topographical effects are significant. Modest hill slopes of 1:10 can
detain dense plumes and reduce longitudinal distances to LFL. Shallow
valleys and gorges may channel the plume and sustain high concentra-
tions.

« Accelerated boiloff rates of a finite amount of LNG may result in
slightly modified LFL distances; however, the influence of a two-fold
variation in boiloff rate is barely discernable in the results.

+ An increased travel distance to a given concentration with increased
wind speed was clearly apparent for wind speeds between 3 and 5 m/sec.
This is in marked contrast to the passive dispersion of clouds where

there is an inverse dependence on wind speed.

- Maximum LFL distances appear to lie between 250 and 350 meters.
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6.2 COMPARISON OF LABORATORY AND POST-FIELD EXPERIMENTS

An importance objective of this study was to compare the physical
model and field data through the principles of similarity and to
determine how well the physical model can simulate actual atmospheric
dense gas dispersion.

Field-model comparisons for each of the five different Burro tests
simulated are summarized below:

« The 1:240 scale model of Burro 4 reproduced the peak centerline
concentration decay with downwind distance. The arrival and departure
concentration structure of the model plume was significantly different
from the field because of poor modeling of the approaching wind
profile at a 1:240 scale. Lateral plume extent comparisons indicate
that deviations in the mean wind direction observed in the field
caused the field plume to be wider than the model plume.

+ The 1:240 scale model of Burro 5 displayed all the same comparison
characteristics as that of Burro 4 above. In addition to these
comments it was observed the concentrations in the interior of the
field plume fluctuated much more than in the model plume. This
difference is attributed to the highly turbulent atmosphere as a
result of an unstable potential temperature gradient into which the
plume was released. The model simulation was in a neutral wind field
condition.

+ The 1:240 scale model of Burro 7 did not reproduce the centerline
concentration decay with downwind distance. This disagreement is
attributed to the Burro 7 plume being very narrow. It is likely the
plume center was missing the field concentration sensors. The arrival
and departure structure of the model plume was significantly different
from the field because of poor modeling of the approaching wind
profile at a 1:240 scale. Lateral plume extent comparisons indicate
that deviations in the mean wind direction observed in the field
caused the field plume to be wider than the model plume. This wind
direction variation often caused the plume to leave the bounds of the
sensor array.

- Three different types of model simulations were intended to simulate
Burro 8. Unfortunately the models topographic orientation was in
error by 20° toward the north and the wind speeds were Tow enough in
these tests for the topography to have a large influence on plume
behavior. This error in wind direction prevents a complete evaluation
of a model-field comparison, but several comments can still be made.
There is a comparison discrepancy in the plume arrival times at the
first sensors positions where topography differences are not yet
present. This is attributed to the declining mean wind speed that
occurred over the history of the Burro 8 plume. The wind tunnel
models cannot reproduce nonstationarities such as a declining mean
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wind speed, and a wind speed in between the actual extremes was used
for modeling purposes. This choice caused the model plumes to be
initially advected at a lower speed than that of the field plume. The
field plume showed a stronger tendency to lobe than the model plume,
but this difference could be a result of topographic orientation
errors. The comparison between the two model runs 1 and 8 indicate
that the distortion of plume initial density to obtain higher wind
tunnel operating speeds results in a significant loss in plume
similarity. The Burro 8 plume had the longest distance of any of the
Burro tests to LFL (5 percent) concentrations. This concentration
extreme was measured at a height of 3 meters and not at the height of
1 meter at the same tower. This significant affect of plume lofting
was not modeled in the wind tunnel.

Two different types of model simulations were made on the Burro 9
plume. One was at the standard scale of 1:240, and the other was at a
scale of 1:85 to better approximate the mean shear and total turbulent
intensity reported in the Burro 9 wind field summary. Both simula-
tions show good agreement with the field data for the peak centerline
concentration decay with downwind distance. The replication of -the
arrival and departure structure of the model-field plume comparison
was greatly improved by the more accurate representation of the
approaching wind characteristics at the 1:85 scale. The total lateral
extent was better represented at the 1:85 scale. Overall the 1:85
model scale simulation of Burro 9 had excellent agreement. The only
serious descrepancy observed is the model shows a much larger lateral
plume width at the 10 percent concentration level. No explanation of
this behavior could be found.

From these different test comparisons it is concluded that:

Nonstationary effects such as variations of mean wind speed and mean
wind direction exist in the field tests. These effects were accounted
for in the physical model.

‘Field plume thermal effects definitely caused plume lofting in the
plume most susceptible to thermal heating, Burro 8. This effect
was not simulated by an isothermal physical model.

Distortion in the similarity of the approach wind field between model
and field do not have a large effect on the comparison of actual and
modeled peak concentration extents for all time. But these distor-
tions cause large differences in the arrival and departure structure
of the plumes tested.

For the one test comparison in which good wind field similarity in
mean shear and-total turbulent intensity was obtained, Burro 9-Run 2,
the concentration field cowparison was generally excellent.

There are most definitely limits to the range of possible field test
conditions for which an accurate physical model can be developed.
These limits are associated with large releases at low winds over
terrain of low roughness. Burro 8's thermal lofting suggest that it
falls into this category. No conclusions about the total loss of
similarity can be made due to the modeling error in topographic
orientation.
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6.3 RECOMMENDATIONS

From the knowledge gained from the present study the following
recommendations are made.

+ The field data from the Burro test series should be presented in a
format, as suggested within this report, which does not cause the very
large errors that were found to exist in the linear interpolation
scheme that was used. Since a time slice progression of plume con-
centration contours can very easily miss the peak concentration
information it would be helpful to future users of this field data
base if presentations similar to the format used to report model data
within this report were used, i.e., the maximum ground level extent of
different concentration values and ground level time progressions of
the LFL.

+ In the present study only the 1:85 scaled model (Run 2) of Burro 9
achieved a good similarity in the approach flow and the concentration
field comparisons were very acceptable. Burros 4 and 8 both exhibited
characteristics that cannot be modeled. But Burro tests 5 and 7 could
be resimulated by a wind tunnel model in which improved wind
comparisons are obtained by proper adjustment of model scale and
thermal stability.

- Beyond the present field test series a larger data base of field
experiments should be performed over sites which exhibit a greater
effective roughness and lower wind speeds. From this data base and
data collected from the associated wind tunnel modeling of each spill
a more quantitative estimate of the accuracy of physical modeling can
be determined.

« For future wind tunnel modeling studies of time dependent phenomena
such as those of LNG spills, multiple replications of each concentra-
tion time history should be obtained. The ensemble mean and variance
of the time dependent concentration signal at each spacial point can
can be constructed from such data. Such ensemble averaging would
greatly improve the ability to estimate the quality of field-model
correlations.
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APPENDIX A - THE CALCULATION OF MODEL SCALE FACTORS

As discussed previously in Section 2.3 the dominant scaling
criteria for the simulation of LNG vapor cloud physics are the Froude
number and the volume flux ratio. By setting these parameters equal for

model and prototype one obtains the following relationships.

$.6. -1 1/2 1/2
{7 "'m 1
(Ua%n"(S.G.p - 1) (L.S.) (Ua)p

5.6. - 1 1/2 X
o = S8, - 1 .3, Q%

In addition to these scaling parameters which govern the flow
physics one must also scale the mole fractions (concentrations) measured
in the model to those that would occur in the prototype. This scaling
is required since the number of moles being released in a thermal plume
are different from the number of moles being released in a isothermal
plume. To be more precise the relationship between the molar flow rate

of source gas in the model and the prototype is

np = (Tm/Tp) gmb'o.= (2.70) N

By definition the concentration of LNG vapor is expressed as:

X5 = Mng/(yg * ny)
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Substituting model equivalents into the above expression yields

X = (Tm/Tp)@b.o."Ar - "Ar
p (Tm/Tp) Map ¥ Ny Map ¥ na(Tp/Tm)
@b.o. @b.o.

or

- X .
X T X, * (T - x)(0.37)

This equation was used to correct the modeled measurements to those that

would be observed in the field.



122

APPENDIX B - DATA TABLES
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