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The objective of this task was to simulate in a wind
tunnel the dispersion behavior of several planned
LNG spill configurations to be performed at field
scales. The data from these reduced scale tests
will assist in the planning and execution of the
field tests.

When liquefied natural gas (LNG) spills from a
storage vessel or transportation container, the LNG
vaporizes and a potentially flammable cloud is
formed. Techniques to predict the extent of the
flammable zone are needed to assist in developing
siting criteria and plant layout design.

Visual and concentration data were obtained on
seventeen different LNG spill configurations. These
included variations in wind speed, spill volume,
spill rate, vortex generator height and with or
without an enclosure.

An LNG vapor plume at boiloff conditions is heavier
than air. Although the plume will eventually become
positively buoyant due to heat absorbed from the
surroundings, much of the dispersion will occur
while the plume density is greater than the that of
air. The dispersion during the heavier-than-air
phase may be approximated in a wind tunnel by means
of isothermal-model plumes produced by high-
molecular-weight gases. In laboratory tests, heavy
gases were introduced into the wind tunnel via an
area source mounted flush on the wind-tunnel floor.
This area source was in most tests surrounded by an
enclosure designed to detain the plume. The floor
was level and smooth for all tests. Concentration
sensors downwind of this source were used to measure
the structure of the different model plumes tested.
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1.0 INTRODUCTION

Natural gas is a highly desirable form of energy for consumption in
the United States. 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 and the temporary storage of sur-
plus capacity in peak shaving facilities. To transport and store lique-
fied natural gas (LNG) it is cooled to a temperature 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 flammable vapor would result [1,2].
Past studies [3,4] have demonstrated that the cold LNG vapor plume will
remain negatively buoyant for a majority of its flammable lifetime.
This hazard will extend downwind until the atmosphere has diluted the
LNG vapor below the lower flammability limit (a local concentration for
methane below 5 percent by volume).

The ability to predict the dispersion of heavy gases associated
with an LNG spill is an important requirement in the assessment of the
hazards of such flammable gases to the atmosphere. Field experiments on
the dispersion of heavy gases started around 1970, but have included a
very limited set of data on the mitigating effects of vapor barrier
fences, obstacles, and water or steam spray curtains. As observed by
Wiersma [5] this means the focus of most field experiments has been on
"idealized release scenarios, especially with no obstacle or terrain
effects." These data do not address the need for "real life" scenarios
where such complexities and mitigating dispersion effects exist. New

field experiments as planned by LLNL and financed by GRI and DOE will



soon attempt to provide additional field data on the diluting and holdup
effects of vapor varrier fences.

McQuaid [6] adivsed that a limiting characteristic of large-scale
field experiments that demand particular attention is the "inability to
control the flow conditions..." Hence, he concludes careful pre-
planning is necessary, and recommends "...Wind tunnel and computer
modeling and preliminary tests to try out the engineerig of the experi-
mental design...to maximize the probability of success." He further
notes "such measures are assuredly cost effective in relation to the
cost of an abortive effort in the field."

The intent of the present wind-tunnel tests was to provide data
that would better define the relative influence of wind velocity, vortex
inducers, spill rate, spill volume, and impoundment volume on dispersion
distances in the upcoming field test program. These data should assist
in the design of the field experiments in the following ways:

i) Advantageous placement of field instruments,
ii) Reformulation as necessary of the test plan to maximize
sensitivity to barrier height and spill area size, and

iii) Preparation of safety plans which are realistic.

Scaling methods employed during physical modeling of atmospheric
and plume motion are discussed in Chapter 2. The details of the experi-
mental measurements are described in Chapter 3. Chapter 4 discusses the

laboratory tests and the data obtained.



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 Tlayer by the formulation of the equations for
conservation of mass, momentum, and energy. These equations together
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, tempera-
ture, 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 1is 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 [7].
Such techniques rely heavily upon empirical input from observed or
physically modeled data. The combined empirical-analytical-numerical
solutions have been combined into several different predictive
approaches by Pasquill [8] 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 under certain restrictions. These
restrictions are discussed in the next few sections.

2.1 PHYSICAL MODELING OF THE ATMOSPHERIC BOUNDARY LAYER

The atmospheric boundary layer is that portion of the atmosphere
extending from ground level to a height of approximately 1000 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 [11]. The general
requirements for laboratory-atmospheric-flow similarity may be obtained
by fractional analysis of these governing equations [12]. This method-
ology is accomplished by scaling the pertinent dependent and independent
variables and then casting the equations into dimensionless form by
dividing by one of the coefficients (the inertial terms in this case).
Performing these operations on such dimensional equations yields dimen-

sionless parameters commonly known as:

Reynolds number Re

UL/ _ Inertial Force
00’ Vo Viscous Force

Bulk Richardson Ri

]

2 _ Gravitational Force
[(AT)O/To](Lo/Uo) 99 = TTnertial Force

number

- .. Inertial Force
Rossby number Ro = Uo/LoQo = ForloTis Force

- .. Viscous Diffusivity
Prandt] number Pr = Vo/(ko/pocpo) ~ Thermal Diffusivity

i

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 [11]. However, all of the requirements cannot be satisfied simul-
taneously by existing laboratory facilities; thus, a partial or approxi-
mate simulation must be used. This limitation requires that atmospheric
simulation for a particular wind-engineering application 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 [12,13]. The
magnitude of the minimum Reynolds number will depend upon the geometry
of the flow system being studied. Halitsky [14] 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, similar-

ity of the Rossby number may be relaxed. For the case of dispersion of



LNG or a neutral plume near the ground level the Coriolis effect on the
plume motion would be extremely small.

The Eckert number for air is equivalent to 0.4 Ma2 (TO/ATO) where
Ma is the Mach number [7]. For the wind velocities and temperature
differences 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.

Prandt] 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 [15].

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; A the

i
integral length scale of the velocity fluctuations, or Ap, the wave-
length 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 infre-
quently known for many of the sites at which a model study is to be

performed. To help alleviate this problem Counihan [16] 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 MODEL OF PLUME MOTION

In addition to modeling the turbulent structure of the atmosphere
in the vicinity of a test site it 1is 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 [14]. 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 [14,19,20,21,22].1:2

mass flow of LNG plume
effective mass flow of air

Mass Ratio =

- 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.

The 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.

2



inertia of LNG plume
effective inertia of air

Momentum Ratio =

2 2
- PM A _ PSQ
angAa an§L4

effective inertia of air

Densimetric Froude =

No. (Fr) buoyancy of LNG plume
2 2
anaAa Ua

g(pg =P Y (és pg)
g|—]L
pa

Volume flow of LNG plume
effective volume flow of air

"
uL

Volume Flux Ratio =

To obtain simultaneous simulation of these four parameters at a reduced
geometric sacle it is necessary to maintain equality of the plume

specific gravity ratio ps/pa.

2.2.1 Partial Simulation of Plume Motion

The restriction to an exact variation of the density ratio for the
entire 1ife of a plume is difficult to meet for LNG plumes which simul-
taneously 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' Consideration of

the conservation of mass and energy for this system yields [18]1:
V + V

AR ST

The pertinent assumption in this derivation is that the gases are ideal
and properties are constant.

1



If the temperature of the air, Ta’ equals the temperature of the source

gases, Ts’ or if the product, C M, is equal for both source gas and air

p
then the equation reduces to:
p
AR
Pg_fa ® ¢
Pa Vs ¥ Va

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

1 In most situations this deviation from exact

that of the prototype.
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 buoyancy
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 as exit from a containment tank and

llf 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 struc-
ture, the actual boiloff rate, and details of the spill surface geome-
try. A second plume phase involves the heat transfer from the ground
surface beyond the spill area which lowers piume 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 heat-
ing 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 [20] released under equivalent conditions room
temperature propane and LNG onto a water surface. The density of pro-
pane at ambient temperatures and methane at -161°C relative to air are

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

A mixture of 50 percent helium and 50 percent nitrogen pre-coocled
to 115°K was released from model tank-dike systems by Meroney et al.
[21], to simualte 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 differ-
ent 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 neutral 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 stipulated. The advantage
of such a procedure is demonstrated most clearly by the statement of
equality of Froude numbers.

2
a

(ps L (ps 1)L
P, In  \p, Yp

2
V) Ua

Solving this equation to find the relationship between model velocity

and prototype velocity yields:
S.G._ - 1\% ]
- m 1
WUy = (%'G'p -T> <L.S.> (Ua)p

where S.G. is the specific gravity, (ps/pa), and L.S. 1is 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-
tijons 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 1
Velocity Ratio Inequality
(2) Froude No. Equality
Momentum Ratio Inequality
Mass Ratio Inequality
Velocity Ratio Equatity
Both of these schemes have been used to model plume dispersion downwind
of an electric power plant complex by Isyumov [18] and Meroney [22]
respectively.

The modeling of the plume Reynolds number is 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 sections above a review of the extent to whih 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 Department of Energy spill site in

Nevada.

2.3.1 Physical Modeling of the Field Site Atmospheric Surface Layer

In order to obtain a proper wind-tunnel scaling of the Field Site
surface layer winds the approach flow characteristics must be similar.
To achieve these upstream flow conditions, the wind tunnel must be

modified 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 applied 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
height [12], 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 [7].

The conditions in the wind tunnel were adjusted until both of these
length scales were in the same proportion to their atmospheric equiva-
Tents (obtained from Counihan [16]) as the geometric length scale chosen
for the model terrain construction. This optimal geometric length scale

was chosen to be 1:100.

2.3.2 Physical Modeling of the Field Site 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 go
weakly positive. These conclusions are born out in Figure 1, which
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
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and entrainment during initial dense plume dilution [17,20,24,25]. The
modeling of momentum is not a critical importance for a ground source
released over a fairly large area. The strict equality of model and
prototype specific gravity was relaxed so that pure Argon gas (specific
gravity at 1.38) 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 [21]. 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 in place of cold methane vapor alsoc results in a slight distortion
of the local dynamic forces acting on equivalent plume volumes as the
gas mixes. Unfortunately this distortion is not conservative. The
thermal capacitance properties of methane result in plumes which are
more dense than the model equivalent. This results in less rapid proto-
type mixing. Analytical approximations based on the integral entrain-
ment box model of Fay [25] suggest that buoyancy forces are more at
equivalent time and space positions during adiabatic mixing of methane.
let Fr = [U(h)z]/g(Ap/pa)h] be a local Froude number, where h is
local plume depth, U(h) 1is wind speed at plume depth, h, and Ap/pa is
a local density difference ratio. Then given a power law wind profile

UCh) ~ hP  one finds

Misothermal gas . _(1+xS)(B+(1:8)6) _ [(L+xS+x(1+5)012p [RLNG]2-4p
R,

Fr T (B(IMXS)H(I+S)(1-8)8) - (1-x8)(1+xS)

F

LNG vapor iso

i

where x = mole fraction methane vapor

R

i

local plume spread
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p=1- Ma/Ms

IR

-0.81

1]

6=1- TS/Ta 0.6

= *x * o o
S (Cps/Cpa 1) 2 0.2

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 unpre-
dictable. There were no data on the variable area and variable volume
nature of the different LNG tests to be conducted at the Field Site thus
the source conditions were approximated by assuming a steady boiloff
rate for the duration of the spill over a constant area.

Since the thermally wvariable 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 is:

- m
X Ts
Xp ¥ X)) T
a
where
Xg = volume or mole fraction measured during the model tests,
Ts = source temperature of LNG during field conditions,
Té = ambient air temperature duringvfie1d 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 1ittle 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 much 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 approaching the 1:100 scale model of the field

site.

3.2 MODEL

Based on atmospheric data over sites similar to that of the field
site it was decided that the best reproduction of the surface wind
characteristics would be at a model scale of 1:100. Figure 5 displays

the layout of the source area, the vortex generating barrier and the
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vapor fence. The field dimensions are in meters and the model
dimensions are in centimeters. To insure a uniform release of source
gas over the modeled evaporation pond the 38 cm x 38 cm area was sec-
tioned into nine squares. Equal rates of source-gas was released from
each of these subsources. The simulant gas, Argon, stored in a pres-
surized cylinder was directed through a solenoid valve, a flowmeter, and
into the square area source mounted in the model's vapor containment

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 an oil fog
generator located outside the wind tunnel. The plume was illuminated
with arc-lamp beams. A visible record was obtained with a VHS video

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)
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 sec-
tion constructed by the Colorado State University shop. The mass flow-
meter measures mass flow rate independent of temperature and pressure,

the thermistor measures the temperature at the exit conditions, and the
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profile conditioning section forms a flat velocity profile of very low
turbulence at the position where the probe is to be located. Incorpor-
ating 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 +5.0 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 [27] 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.

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 were 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 condi-
tioned 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.
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3.5.1 Hot-Wire Aspifating Probes

The basic principles governing the behavior of aspirating hot-wire
probes have been discussed by Blackshear and Fingerson {28], Brown and
Rebollo [29], and Kuretsky [30]. 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 aspirating probe with a
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 compo-
sition and temperature. Hence, for a fixed probe geometry and wire
temperature, the heat transfer rate, or the related voltage drop across
the wire is 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 Argon-air mixtures

were passed through a pre-heat exchanger to condition the gas to the
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tunnel temperature environment. These known compositions for the
Argon-air calibration systems were drawn from bottles of prepared gas
composition provided by Matheson Laboratories. An overheat ratio
(temperature of wire/ambient temperature) 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

as applied to the field site is 0.5 mz.

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 concen-
tration) at the sensor begin to decline. The CSU aspirated probe is
expected to have a 100 Hz upper frequency response, thus 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

Seventeen different pre-field tests were simulated 1in the
Environment Wind Tunnel at Colorado State University at a length scale
ratio of 1:100. Video tape movies of all tests except run 15 were
obtained and concentration data were obtained on all tests except runs
14 and 15.

Table 1 summarizes the pertinent field test conditions. The

following equations were used to convert field values to model values,

Lm = [—g— Lp = 0.01 Lp,
S.G.m'l 1/2 Lm 1/2
<S.G.m-1 1/2 Lm 5/2
Q =51 Q, = 8.72 x 10-6
m .G.p 1 f; p Qp ,
S.G. -1\1/2 /L \1/2
t = |e—Ps = t =0.115t_,
m S.G.m 1 Lp p p

where L is length, U is wind speed, QT is plume vapor flow rate at
the source, t 1is time, L.S. 1is length scale factor, and S.G. 1is the
plume specific gravity at the source. The subscripts m and p indi-
cate model and prototype (field) conditions respectively. Table 2
summarizes the equivalent model test conditions.

Table 3 specifies measurement locations of the instrumentation rake
during measurements, the number of repetitions completed for each run
and the number of saves completed for each run. The six character File
name indicated on the concentration data sheets (e.g. A01107) contains

information about the repetition number (first character-A), and run

TLNG vapor at the boiloff temperature of -162°C requires 253 times the
volume as LNG.
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number (second and third character-01), the position code (fourth
character-1), and the computer channel number (last two characters-07).
Rake position is always set by rake probe number 1 (Channel 07).
Figure 10 displays the spacial locations of the different measurement
points.

Velocity profiles are supplied for all cases for both model and
prototype scales, respectively in Figures 11 and 12. Individual pro-
files are provided at prototype scale of each mean wind speed and turbu-
lent intensity profile in Figures 13 through 18. The fit lines on the
mean profile plots are the best rms fit to data by power-law and log-
linear regressions. These velocity profiles should compare quite well
to the field site values. The average power-law exponent of 0.18 is
appropriate for a prototype roughness of 1 to 2 c¢cm. The turbulent
intensity ratio at 30 m is about 0.06, which agrees with Counihan's [16]
prediction of about 0.1 for equivalent surface roughness. The surface
drag coefficient, Cd = 2(u*/U2)2, equals about 0.014, which agrees with
Sutton (Atmospheric Turbulence, 1960; p. 107), who predicts a value of
0.015 for surface roughness of 1 to 2 cm.

Figures 19-25 display the concentration time series plots for Run 1
at a position 15 m downwind of the fence centerline. The plots are for
elevations ranging from ground level to a height of 27.3 m. Notice the
increasing concentration intermittency as height increases. Indeed, at
27.3 m the average concentration is an order of magnitude less than peak
values. This is not unexpected near the edge of a plume. The situation
is probably aggravated for these LNG tests due to the sloshing of dense
gas within the enclosure. The occasional ramp-like concentration

changes noticed for the higher elevations is an artifact of the plotting
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program. Small base line drifts in the measurement instrumentation can
result in negative concentrations when concentrations are essentially
zero. The plotter program avoids plotting these numbers until the next
positive value appears; the result is the occasional ramp lines noted.

Contour plots of peak concentrations measured over the total
dispersion period are included for the crosswind plane at X = 15 meters
(Figures 26-34), the downwind vertical plane at fence centerline
(Figures 35-46), the downwind vertical plane near the edge of the fence
(Figures 47-56), the ground plane (Figures 57-71) and an elevated ground
plane at Z = 18.2 meters (Figures 72-80). The plots are based on the
average peak concentrations for those points where repeated realizations
were obtained; otherwise the values were maximums noted during the
single run. The interpolation used in these contour plots was linear in
the Y and Z direction but logarithmic in the X direction.

Computer prepared tables list field positions, peak concentrations,
and arrival times (i.e. 5 percent, 10 percent, and peak arrival times,
and 5 percent and 10 percent departure times). In the column labeled
SUM is the integral value of concentration over time for the duration of
the plume passage. Assuming a constant wind speed at the probe height
the SUM value is related to plume dosage, which in turn is related to
mass balance. Negative values of SUM should be disregarded. They occur
near zero concentration as a result of base line drift in the measure-

ment instrumentation.
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Table 1. Field Test Conditions
Test Ve]ocity+ Vortex Spill° Volume® Enclosure
No. (m/s) Height Rate (m3)
(m) (m3/min)
1 3.5 14.1 40 100 yes
2 2.0 14.1 40 100 yes
3 5.0 14.1 40 100 yes
4 3.5 9.4 40 100 yes
5 3.5 0 40 100 yes
b 3.5 14.1 20 100 yes
7 3.5 14.1 10 100 yes
8 3.5 14.1 40 70 yes
9 3.5 14.1 40 50 yes
10 3.5 0 40 100 no
11 2.0 0 20 100 no
12 3.5 14.1 20 50 yes
13 3.5 14.1 40 150 yes
14 3.5 0 20 100 yes
15 2.0 0 40 100 no
16 5.0 0 40 100 no
17 3.5 0 10 100 no

*At 2 meters height
°Liquid Conditions

(S.G.)p = 1.5



29

Table 2. Model Test Conditions

U

Test Velocity Vortex Spi]lA Volume® Release Concentration Visualization
No. (cm/s) Height Rate (cc) Time Data Data
(em)  (cc/s) (sec)
1 30.5 14.1 1471 25300 17.2 X X
2 17.5 14.1 1471 25300 17.2 X X
3 43.5 14.1 1471 25300 17.2 X X
4 30.5 9.4 1471 25300 17.2 X X
5 30.5 0 1471 25300 17.2 X X
6 30.5 14.1 735 25300 34.4 X X
7 30.5 14.1 368 25300 68.8 X X
8 30.5 14.1 1471 17710 12 X X
9 30.5 14.1 1471 12650 8.6 X X
10 30.5 0 1471 25300 17.2 X X
11 17.5 0 735 25300 34.4 X X
12 30.5 14.1 735 12650 17.2 X X
13 30.5 14.1 1471 37950 25.8 X X
14 30.5 0 735 25300 34.4 X
15 17.5 0 1471 25300 17.2
16 43.5 0 1471 25300 17.2 X X
17 30.5 0 368 25300 68.8 X X

AGas conditions
(S.G.)m =1.38
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Table 3. Concentration Data File Description

Position X Y Z pA No. Rep. No. Saves (files)
Code (cm) (cm) (cm) (H)
0 15 63 0 0
1 15 0 0 0 3 2
2 15 0 4.55 1/2 1 1
3 15 0 9.1 1 3 2
4 15 0 13.6 3/2 1 1
5 15 0 18.2 2 3 2
6 15 0 22.7 5/2 1 1
7 15 0 27.3 3 1 1
8 75 0 0 0 3 2
N 75 0 4.55 1/2 2 2
9 75 0 9.1 1 3 2
0 75 0 13.6 3/2 2 2
A 75 0 18.2 2 3 2
B 75 0 27.3 3 1 1
C 75 -63 0 0 1 1
D 200 0 0 0 3 2
P 200 0 4.55 1/2 2 2
E 200 0 9.1 1 2 1
Q 200 0 13.6 3/2 2 2
F 200 0 18.2 2 2 1
G 200 0 27.3 3 1 1
H 200 -63 0 0 1 1
I 400 0 0 0 3 2
R 400 0 4.55 1/2 2 2
S 400 0 9.1 1 2 2
T 400 0 13.6 3/2 2 2
J 400 0 18.2 2 1 1
K 400 =63 0 0 1 1

repetitor letter
:——-position code

File Name - AQ1107

!

run no.

channel no. (computer assigned)

Rake position set a rake probe number 1 (Channel 7)
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