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Abstract

A combination of numerical modeling and large scale experimentation has yielded a tremendous
amount of information about the structure, trajectory and composition of smoke plumes from large
crude oil fires. The model, ALOFT (A Large Outdoor Fire plume Trajectory), is based on the
fundamental conservation equations that govern the introduction of hot gases and particulate mat-
ter from a large fire into the atmosphere. Two forms of the Navier-Stokes equations are solved
numerically — one to describe the plume rise in the first kilometer, the other to describe the plume
transport over tens of kilometers of complex terrain. Each form of the governing equations re-
solves the flow field at different length scales. Particulate matter, or any non-reacting combustion
product, is represented by Lagrangian particles that are advected by the fire-induced flow field.
Background atmospheric motion is described in terms of the angular fluctuation of the prevailing
wind, and represented by random perturbations to the mean particle paths. Results of the model are
compared with three sets of field experiments. Estimates are made of distances from the fire where
ground level concentrations of the combustion products fall below regulatory threshold levels.



Executive Summary

A combination of numerical modeling and large scale experimentation has yielded a tremen-
dous amount of information about the structure, trajectory and composition of smoke plumes from
large crude oil fires. The model, ALOFT (A Large Outdoor Fire plume Trajectory), is based on the
fundamental conservation equations that govern the introduction of hot gases and particulate mat-
ter into the atmosphere. Some major results of the ALOFT modeling effort and the experimental
burns can be summarized as follows:

1. The results of the original plume modeling study, Reference [1], remain valid for flat terrain
applications. “Flat” in this context refers to terrain that does not vary in height by more than
about 10% of the expected plume height. Thus, for a single burn consuming up to about
1,000 barrels per hour in wind speeds less than 12 m/s (23 knots), the maximum ground
level extent of the region where the concentration of PM-10 particulate would be in excess
of 150 pg/m? (hour-averaged) is roughly 5 km (3.0 miles) over flat terrain.

2. The ALOFT model has been extended to accommodate scenarios involving both flat and
complex terrain, and the conclusions of Reference [1] have been expanded. The maximum
extent of the region where the hour-averaged, ground level PM-10 particulate concentration
would be in excess of 150 ug/m® downwind of a burn consuming 1,000 barrels per hour
can be as low as 1 km for a scenario with flat terrain and nearly adiabatic lapse rates, and
as high as 20 km for a scenario where the terrain height extends above the mixing layer.
More refined predictions for intermediate cases are included in the report. Also included
are simple formulae for modifying the maximum ground level distances to accommodate
changes in air quality thresholds and combustion product emission factors.

3. The uncertainty of ALOFT model predictions is largely a function of the uncertainty in
the meteorological conditions and fire emission rates. The factor of safety of 2 that had
been applied to the downwind distance predictions as an estimate of uncertainty for the
original flat terrain modeling results has been replaced by more appropriate ways of assessing
uncertainty, and these will be presented in the report.

4. The ventilation factor, which is the product of the wind speed and mixing layer depth used
to characterize the dispersive potential of the atmosphere, is a reasonably good indicator of
expected ground level concentration of smoke or combustion products from a large burn.
This is true of both flat and complex terrain.

5. Smoke particulate is by far the most likely combustion product of crude oil burning to exceed
ambient air quality standards at ground level beyond a few hundred meters from the fire.

6. Peak concentrations of ground level smoke particulate for the 1993 Newfoundland Offshore
Burn Experiment, the 1994 Alaska Clean Seas Burning of Emulsions experiment, and the
1994 diesel fuel burns in Mobile, Alabama, never exceeded 100 pg/m3 beyond a few hundred
hundred meters from the fires, and in most cases were well below that level.
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1 Introduction

There is growing interest in the environmental consequences of large fires, mostly because the
transport of combustion products by a windblown smoke plume can distribute potentially haz-
ardous materials over a wide area. Pools of burning oil and other petroleum products are of par-
ticular concern due to the vast flow of these materials through the global economy and because of
the fragility of the environment in many regions where oil is extracted or transported. The present
work is part of a larger study of a closely related issue, the feasibility of cleaning up oil spills
through burning [2].

Several regions of the United States, Canada and Europe are presently evaluating the feasibility
of using burning as a remediation tool for large oil spills. In particular, the Alaska Regional Re-
sponse Team (ARRT) has been working over the past decade to develop procedures and guidelines
to facilitate the decision process regarding emergency in situ burning of crude oil [3]. As part of
their effort to assess the impact of smoke plumes from in situ burning on nearby populations, the
ARRT and the Alaska Department of Environmental Conservation (ADEC) established a Coop-
erative Research and Development Agreement (CRADA) with the National Institute of Standards
and Technology (NIST) in 1993. Phase I of this project was completed in 1993, and the results
have been documented in References [1, 4]. Briefly, laboratory-scale experiments were conducted
to determine the heat release rate and smoke yield from two types of Alaskan crude oils, Alaska
North Slope (ANS) and Cook Inlet. These experiments were used to determine the input parame-
ters for the ALOFT (A Large Qutdoor Fire plume Trajectory) model !. The version of the model
used in this study is now referred to as ALOFT-FT (Flat Terrain). It predicts the concentration
of combustion products over relatively? flat terrain downwind of a single large fire. In process-
ing the results of the model, special attention was given to the downwind and lateral extent of
ground-level particulate concentrations in excess of 150 pg/m3 averaged over one hour. No for-
mal guidance is available concerning safe levels of short-term exposure to particulate emissions
from oil fires. 150 pg/m® averaged over 24 hours is the upper level established under air quality
control regulations in Alaska®. For meteorological conditions typical of the northern and southern
coasts of Alaska, the calculations showed that hour-averaged particulate concentrations found at
the ground downwind of a single continuous burn of a boomful of oil would not exceed 150 pg/m?
beyond 5 km.

In a follow-up report [5], measurements from two recent mesoscale burn experiments were
compared with ALOFT-FT predictions. The first experiment, the Newfoundland Offshore Burn
Experiment (NOBE), was conducted by Environment Canada in August, 1993. The second, the
Burning of Emulsions Test, was conducted by Alaska Clean Seas (ACS) in September, 1994. For
each series of burns, ALOFT-FT was run for the recorded meteorological and burn conditions, and
the results were compared with data collected in the field. This analysis, plus a similar compar-
ison with measurements taken at a recent series of burns at the US Coast Guard Fire and Safety
Detachment in Mobile, Alabama, are included in this report. For all three large scale field exper-

In previous reports the ALOFT model was referred to as the Large Eddy Simulation (LES) model of smoke
transport. This title was used during the development of ALOFT because the methodology had been borrowed from
an enclosure fire model! of the same name.

ZRelatively flat in this case means that the variation in altitude of the terrain over which the plume lofts is no more
than about 10% of the plume rise height.

3Title 18, Alaska Administrative Code, Chapter 50, Section 20 (AAC 50.020) Ambient Air Quality Standards.



iments, the agreement between model and experiment is very favorable, and greatly increases the
confidence in the numerical model.

The purpose of this report is to both assess the conclusions of the original study [1] in light
of the recent field experiments, and to extend the applicability of the ALOFT model to scenarios
involving complex terrain and multiple burns. The extension of the model to incorporate changes
in terrain elevation justifies the original decision to solve the fundamental equations of motion
that govern the transport of the smoke and hot gases from the fires. The increased complexity of
the problem makes it more difficult to apply conventional empirical models because the amount
of field data with which to calibrate an empirical model to account for arbitrary terrain is very
limited, plus the built-in assumptions of such a model are too simplistic to describe the plume as
it is transported over a complex landscape. Because the ALOFT model solves the fundamental
conservation equations that describe the plume structure and trajectory rather than relying on sim-
plistic assumptions, it is a very flexible tool that can be adapted with confidence to increasingly
complicated scenarios.



2 Description of the ALOFT Model

2.1 Historical Background

Buoyant windblown plumes have been studied since the early 1960s. A summary of the early
work together with a useful bibliography is given by Turner [6]. For summaries of more recent
work see Turner [7] and Wilson [8], as well as actual “User’s Guides” for some of the more popular
models [9, 10, 11, 12]. Virtually all the models described in these works are integral models, where
the profiles of physical quantities in cross-sectional planes perpendicular to the wind direction are
assumed, together with simple laws relating entrainment into the plume to macroscopic features
used to describe its evolution. A great many of the models in use for air quality assessment simply
use Gaussian profiles of pollutant density. However, the plume structures actually observed are
often too complex to be described in terms of a few simple parameters. This is especially true of
plumes lofting over complex terrain.

Most of the assumptions required by integral models can be removed by taking advantage of
the enormous advances in computational fluid dynamics that have occurred since most of these
models were developed. Of course, large scale computations of atmospheric phenomena can still
overwhelm even the fastest computing platforms, but by applying some reasonable approximations
to the equations governing the fluid flow, it is possible to reduce the size of the computations to fit
onto a reasonably priced personal computer. One particularly useful approximation for the wind-
blown plume problem is to assume that the component of the fluid velocity in the direction of the
ambient wind is literally the wind speed. The neglect of streamwise perturbations to the ambient
wind is an old idea in aerodynamics, where it has been used to study aircraft wake dynamics since
the 1930s [13]. Once this approximation is made, the plume (or wake) can be studied as a two-
dimensional, time-dependent entity. The large scale structure of the plume can then be determined
in detail at moderate computational cost.

This approach was first used to study the settling of a smoke plume in an unstratified atmo-
sphere by Ghoniem et al. [14]. This study was performed using Lagrangian vortex dynamics
techniques. The main emphasis was on the mixing process as it affected the plume structure.
The ALOFT model takes a similar approach, but it uses finite-difference methods to determine
the large scale mixing, combined with a Lagrangian description of the transport of the smoke and
other pollutants. The effect of sub-grid scale velocity fluctuations on the dispersion of the smoke is
accounted for explicitly, and the ambient temperature profile is subject only to the constraint that
it is stable over the altitudes occupied by the plume.

2.2 Development of the ALOFT model

The ALOFT model consists of the conservation equations of mass, momentum and energy that
describe the steady-state convective transport of heated gases introduced into the atmosphere by
a steadily burning fire. The fire itself is not modeled; the smoke plume is the main interest. The
fire is represented as a source of heat and smoke, but not necessarily as a point source. Only the
overall fuel consumption and heat release rates per unit burn area, plus the fuel-specific emission
factors for the combustion products of interest, need be specified. This information is all derived
from experimental measurements. The local meteorological conditions that must be provided are
the wind speed, the magnitude of the fluctuation of the wind from the prevailing direction, and



the temperature stratification of the atmosphere. Because the model is based on the fundamental
conservation equations and does not rely on empirical correlation to describe the plume rise and
dispersion, additional physical phenomena can be included in the model if necessary.

The development of the ALOFT model began in the early 1990s. The original intent of the
effort was to solve a simplified form of the equations of motion that govern the the introduction of
smoke and hot gases from a large fire into the atmosphere. It was assumed that the smoke plume
was blown by a non-zero wind over relatively flat terrain (i.e., the sea surface or a flat coastal area).
This version of the model is now referred to as ALOFT-FT (Flat Terrain) [15, 16]. The flat terrain
assumption is crucial, for it leads to the assumption that the windward component of the flow of
smoke and hot gases from the fire is the prevailing wind, and the numerical problem is reduced
to solving for the fire-induced components of velocity and temperature in a plane perpendicular to
the prevailing wind. From a computational point of view, this simplifies the problem tremendously
and allows for well-resolved computations of the plume dynamics as it rises and levels off in the
atmosphere. High resolution in this case refers to the fact that motion on length scales of 5 to 10 m
is captured directly.

The uniform wind assumption is no longer valid when the plume is to be tracked over complex
terrain. Many regions in Alaska where burning might occur are characterized by complex terrain.
In the region near Valdez, mountains rise several thousand meters within a few kilometers of the
shore. The ALOFT-CT (Complex Terrain) model was developed to extend the applicability of the
model to handle complex terrain and multiple fires. With this new capability, more realistic, site-
specific scenarios can be evaluated. ALOFT-CT still makes use of the plume rise methodology
employed by ALOFT-FT because the original simplification of the governing equations can be
exploited to compute the rise of the plume until its stabilization height is reached. Then, the three-
dimensional governing equations can be solved to provide a wind field over the complex terrain.
The Lagrangian particles that represent the smoke particulate* are introduced into the atmosphere
by the ALOFT-FT plume rise calculation, and are then transported through the ALOFT-CT three-
dimensional flow field.

The computational requirements necessary to generate a full three-dimensional wind field are
greater than those required by the flat terrain calculation. Whereas the ALOFT-FT calculations
require 10 to 15 minutes of CPU time and roughly 10 megabytes of memory on current gener-
ation workstations, ALOFT-CT calculations require two to three times as much CPU time and
roughly 32 megabytes of memory. Of course, the requirements demanded by either version of the
model depend on the desired resolution of the spatial grid. The numbers cited here are typical for
simulations performed in the present study.

An obvious question to ask is why not use the three-dimensional algorithm of ALOFT-CT to
compute the plume rise, and eliminate the need to use two algorithms? The answer has to do with
spatial resolution. The spatial resolution of the fully three-dimensional ALOFT-CT algorithm is
on the order of hundreds of meters because the overall domains of interest are tens of kilometers
on a side and several kilometers high. Gridding this volume requires hundreds of thousands of
computational cells, depending on how the mesh is arranged. This is the limit of most desktop
workstations. Finer grid resolution would require too much time to make the many calculations

“Throughout this report smoke particulate will be used as an indicator of plume concentration. Any other combus-
tion product can be analyzed simply by determining the ratio of its emission factor to that of the smoke particulate and
multiplying the particulate concentration by that ratio. The emission factor is the ratio of the mass of the particular
combustion product to the mass of fuel consumed, usually expressed in units of grams/kilogram.



necessary to consider the wide variety of burn and terrain types. Thus, with a spatial resolution
on the order of 100 m, it is not possible to resolve an individual smoke plume as it rises into the
atmosphere with the ALOFT-CT algorithm. However, the finer resolution of the ALOFT-FT plume
rise algorithm can be exploited to describe the rise and stabilization of the plume, after which the
wind field generated by ALOFT-CT can be used to track the Lagrangian particles representing
smoke particulate further downwind.

It should be mentioned here that the type of calculation performed by ALOFT-CT is similar
to that of several numerical models used by the meteorological community to predict atmospheric
phenomena on local or regional scales [17]. The type of model generally depends on the length
and time scales of the phenomena of interest. These scales can vary from kilometers to hundreds
of kilometers, and from minutes to days. These models include a vast array of features describing
wind fields, cloud formation, precipitation, storms, and a variety of other effects. The complexity
of the numerical algorithms, however, makes them difficult to adapt to the problem of smoke
dispersal from a large fire, specifically because of the resolution limitations in the vicinity of the
fire itself. The consolidation of the highly resolved smoke plume generated by ALOFT-FT with
the large scale wind field over complex terrain generated by ALOFT-CT is a unique blend of
medium-scale and large-scale hydrodynamics that eliminates much of the need for empirical inputs
to predict plume-rise heights and other meteorological and geographical effects.

2.3 ALOFT Compared to Other Dispersion Models

The ALOFT model differs from most of the atmospheric dispersion models in use today because it
is a deterministic rather than an empirical model. The approach is to solve the equations governing
the flow rather than to rely on empirical formulae that approximate the extent of the dispersion.
Empirical models typically assume the pollutant is Gaussian-distributed in the plane perpendicular
to the direction of the prevailing wind. The parameters defining the distribution are estimated from
experiments. However, Gaussian models are inappropriate for two reasons: (1) the characteristics
of the “source” are different from the smokestacks that are usually assumed by such models, and
(2) the size of the source is well beyond those considered in industrial applications and thus outside
of the experimental parameter range used to calibrate the models.

The rise of a smoke plume from a large fire is governed by the complicated mixing of the
hot combustion products with the surrounding air, a process known as entrainment. The extent to
which the hot gases are cooled and diluted by the entrained air determines how high the plume
will rise. The fires considered in this study generate hundreds of megawatts of energy, and the
smoke plumes can rise a few hundred meters to a few kilometers into the atmosphere, depending
on the temperature stratification. Often, conventional dispersion models characterize the source in
terms of an exit velocity and temperature. Even if a characteristic velocity and temperature of the
hot gases near the fire could be ascertained, there is no way to accurately determine the ultimate
height to which the plume will rise unless a calculation is performed that explicitly accounts for the
mixing processes. This is especially true of atmospheres exhibiting non-linear temperature profiles
and features such as temperature inversions.

The ALOFT model exploits the tremendous power of modern computers to solve a simplified
version of the Navier-Stokes equations that govern the convective mixing processes. These equa-
tions express the conservation laws of mass, momentum and energy of the hot combustion gases
as they mix with the atmosphere. Because of the fundamental nature of the governing equations,



far fewer empirical parameters need be input by the user. Ultimately, this simplification will prove
to be the most beneficial improvement offered by this direct approach. As the problems of atmo-
spheric dispersion become increasingly complicated by the addition of more physical phenomena,
the number of empirical model input parameters will increase tremendously, but the amount of
available field data will remain limited due to the difficulty of conducting such experiments. In-
deed, this is why numerical models were developed in the first place. With a lack of good data to
calibrate empirical models, especially in cases involving complex terrain, the direct approach of
solving the fundamental equations of motion has become more attractive.

In the short term however, there is certainly a need for fast, robust numerical models that can
run on most any computer. The US Environmental Protection Agency maintains a collection of
dispersion models that are available free of charge. Often these “guideline” models are compared
with developing models as a first means of assessing their validity. Of the available models, the
ISCST3 (Industrial Short Complex, Short Term) [9], CTDMPLUS (Complex Terrain Dispersion
Model PLus algorithms for Unstable Situations) [11], or the CALPUFF model [10] might be con-
sidered as tools to assess the impact of in situ burning. The ISCST3 model is a popular Gaussian
model designed to predict short-term (hours, days), short-range (1 to 10 km) concentrations of pol-
lutants from industrial sources. The related model CTDMPLUS considers more complex terrain.
These models are less appropriate for oil burning because its size and characteristics fall outside
of the parameter space for which the Gaussian models were designed and calibrated. The major
shortcoming is the handling of the plume rise from large, open burns. If the plume rise is not
calculated correctly, huge errors in downwind concentration can result. In the case of smokestack
emissions, the plume does not rise appreciably high, reducing the uncertainty of the results. For
this type of problem, the Gaussian models can be expected to give a reasonable answer. However,
if the plume originates in a pool fire with little initial velocity, the dynamics of the fire-induced flow
field must be included in the simulation. Simple empirical expressions, such as the those described
by Briggs [18], often include entrainment parameters calibrated for different source characteristics,
but these usually do not encompass the regime of large, buoyancy-dominated plumes such as those
produced by burning large amounts of a liquid fuel.

The CALPUFF model is an improvement over the standard Gaussian models for the open
burning problem because of its flexibility of design. Its principle feature is its ability to track
“puffs” of pollutants through a temporally and spatially changing atmosphere. This idea is also
used in the ALOFT model. The difference between CALPUFF and ALOFT lies in the description
of the plume rise and the wind field over complex terrain. The CALPUFF model uses empirical
plume rise formulae and simplified rules to track the pollutants over terrain features such as hills
and mountains. ALOFT describes these processes using the fundamental equations of motion. Of
course, the trade-off is that the CALPUFF model is fast and runs on most computers, whereas
the ALOFT model requires more computational power (at least for the wind field calculation).
This restriction will fall away in the coming years with faster computers. In fact, the calculations
included in this report were performed on a Silicon Graphics R4000 workstation. This machine is
several years old as of this writing, and is comparable in speeds to the current generation of Intel
Pentium processors. Indeed, its speed is surpassed by the Pentium Pro series. Run times on the
order of half an hour are typical for the Silicon Graphics machine, with a memory usage of about
32 megabytes.



3 The Fire and its Emissions

Before embarking on a detailed description of the ALOFT model algorithm, it is necessary to
describe how the model characterizes the fire and its emissions. The ALOFT model does not model
the fire itself, but rather the smoke plume generated by the fire. Thus, only the overall heat release
rate and the emission factors for the combustion products of interest need be specified. Dozens
of large scale experimental burns of crude and diesel fuels have been conducted by NIST over
the past decade at the US Coast Guard Fire and Safety Detachment in Mobile, Alabama [19, 20].
In addition, Environment Canada [22], Alaska Clean Seas [35], and several other organizations
both in North America and Europe have conducted large scale burns of heavy hydrocarbon fuels.
Based on these and smaller scale laboratory experiments, a data set is now available that contains
the burning characteristics of a variety of hydrocarbon fuels on water. Of most importance to the
modeling effort are the measurements of heat release rate and smoke yield (the fraction of the
fuel mass converted to smoke particulate). As will be discussed in this section, smoke is by far
the most likely combustion product to violate air quality standards, thus the modeling results are
usually expressed in terms of particulate concentration.

Generally speaking, the heat release rate from a large scale burn of a heavy hydrocarbon fuel
is about 2 megawatts per square meter of burning surface. Likewise, the smoke yield varies from
10 to 15%, depending on the fuel type and burn conditions. Given the much greater uncertainties
in meteorological conditions, the accuracy of the burning properties is sufficient for modeling. In-
deed, the differences in heat release rates and product emissions from the various hydrocarbon fuels
studied are relatively small and allow conclusions to be drawn based on the combined properties
of the fuels.

3.1 Heat Release Rate

Typically, the “size” of a fire is described in terms of its energy release rate. The fire expected
from a typical in sifu burn application would be on the order of hundreds of megawatts. There
are various approaches to measuring the heat release rate of such a large fire, details of which can
be found in Reference [19]. Measurements taken at large scale experiments over the past twenty
years have led to the development of a data base of burning characteristics for medium to heavy
hydrocarbon liquid fuels. For the fuels of most interest to this study (crude oils and diesel fuels),
the heat release rates are similar, To convey this information to the numerical model, it is easiest
to simply input the area of burning surface, which is proportional to the burning rate, hence the
heat release rate, of the fire. Usually, the heat release rate from a large fire of a heavy hydrocarbon
fuel on water is about 2 megawatts per square meter. Of course this value depends on the extent
of emulsification, weathering, water temperature, efc. Appendix A includes values for several
fuels under the best of conditions. Modification of these values in consideration of less than ideal
conditions is still a subject of much study.

The ALOFT model assumes that the fire is burning steadily. However, in practice, burning,
especially for emulsified and weathered heavy liquid fuels on water, is not steady. During the
Alaska Clean Seas (ACS) emulsion burn experiments in September 1994, observers noted that the
burn of a 50%/50% water/oil emulsion did not burn steadily. Rather, the area of burning surface
fluctuated from small, isolated patches to the entire boom area 8 or 9 times over the course of the
burn. How does the numerical model handle this type of burning behavior? Because the ALOFT



model predicts time-averaged plume concentrations, it requires the time-averaged burning rate of
the fire. This is usually obtained by measuring the amount of fuel consumed, multiplying this by
the heat of combustion of the oil and dividing by the time of the burn®

Mass of oil (kg) x Total Heat of Combustion (MJ/kg)

Total Heat Release Rate (MW) = Burn time (5)

This time-averaged heat release rate is consistent with all of the other time-averaged ALOFT model
inputs. The ground-level sampling results validated the predictions of the ALOFT model for the
pulsing fire [5]. If one wanted to account for the pulsations of the fire directly, a fully three-
dimensional, time-dependent calculation would have to be performed involving over ten million
computational cells for the equivalent spatial resolution of the ALOFT-FT model. This is clearly
beyond the means of most if not all available computers, and would yield very little new informa-
tion or increased accuracy.

3.2 Particulate Emissions

Most guidelines for in sifu burning target PM-10 smoke particulate as the combustion product most
likely to cause a health concern to populations downwind of a burn. PM-10 refers to particulate
matter less than 10 pm in diameter. Particle size will be discussed further below. The ALOFT
model generally uses PM-10 smoke particulate as a tracer for all other pollutants. If one knows the
concentration of smoke particulate downwind, then one can calculate the concentration of all other
non-reacting combustion products by way of their relative emission factors. Similar techniques,
using experimental measurements of smoke particulate and CO,, are crucial in determining the
amount of smoke generated by a large fire. For large, open burns a practical method for deter-
mining the emission factor for smoke particulate is based on carbon balance principles [21]. The
emission factor for particulate is expressed as the product of the measured fraction of carbon in the
fuel, multiplied by the ratio of the measured carbon in the smoke to the total carbon mass in the
combustion products (CO, CO, and smoke aerosols). These quantities are determined by sampling
the smoke above the fire, measuring the CO and CO, concentrations, and collecting and weigh-
ing the smoke particulate. Throughout the analysis, the assumption is made that in the portion
of the combustion product flow from which samples are drawn, both the smoke particulate and
gaseous combustion products have been transported together from the combustion zone and their
concentrations have been equally diluted by entrained air.

It has been proposed, however, that this assumption is invalid [22]. The basis of the argument
is that CO,, because it is heavier than air (molecular weight 44 versus 29 for air), forms its own
plume entirely separate from the smoke plume. This hypothesis contradicts the most basic premise
of modern combustion science, and there is no experimental validation for the claim. One of
the simplest experiments to perform to justify the carbon balance method is to simultaneously
measure the particulate and CO, concentrations both inside and outside of the smoke plume. A
consistent correlation between the two indicates that indeed the particulate and CO,, along with
all the other combustion products, are transported and diluted together. Near-field sampling of
smoke particulate and CO, was conducted by NIST at the ACS emulsion burns, September, 1994,

Note the use of the units MW (megawatts) and MJ (megajoules). A joule is a unit of energy whose counterpart
in the English system is a BTU (British Thermal Unit). A watt is a measure of heat released per unit time, and is
equivalent to a joule per second. The letter M denotes one million.



and at a set of Mobile diesel fuel burns in October, 1994 [5]. Similar measurements were made
by a team from the University of Washington at the Newfoundland Offshore Burn Experiment
(NOBE) [23, 24]. In each instance, simultaneous measurements of CO, and smoke particulate
were made; the NIST measurements near the fire at ground-level; the University of Washington
measurements aboard an aircraft flying in and out of the plume. For the NIST measurements, a
RAM (real-time aerosol monitor) unit for particulate and a highly sensitive nondispersive infrared
CO, analyzer were placed together at various locations within a radius of about 10 m from the
burn pit. Figure 1 shows values of the two quantities during the first ACS burn. The curves reflect
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Figure 1: Near-field simultaneous measurements of particulate (solid line) and CO, (dashed
line) at the 1994 Alaska Clean Seas emulsion burns (See Section 5.2). The location of the
instruments for this time sequence was about 5 m downwind of the fire, just below the berm
of the pit. The scale ratio of the left and right axes is 80 to 1. The flattened peaks of the
particulate curve are due to the fact that the RAM (real-time aerosol monitor) has reached
its upper range of 2,000 .g/m?3.

a ratio of 80 pg/m® particulate for every ppm (part per million) excess CO,. This same ratio
was also found by the University of Washington team at the Newfoundland burn in the plume
several kilometers downwind of the fire. The ratio corresponds to a smoke yield of about 11%,
based on the carbon balance method. Figure 2 shows a result of a similar exercise for diesel fuel
conducted at the October, 1994, series of mesoscale burns at the US Coast Guard Fire and Safety
Detachment, Mobile, Alabama. Although diesel fuel rather than crude oil was burned, the results
are very similar. In fact, the data is plotted with the same scaling ratio as that for the Alaska burn.
As before, the presence of excess CO, correlated very closely with both the presence and quantity
of particulate recorded throughout the test.

The University of Washington team found a similar correlation between CO, and particulate
in the plume several kilometers downwind of the second NOBE burn. In addition, the smoke yield
they derived for PM-3.5 particulate (only particles less than 3.5 um in size were sampled) was
8.7%. The NIST particle size distribution measurements at NOBE indicate that about 70% of the
particulate mass was PM-3.5. Thus the University of Washington smoke yield result extrapolates
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Figure 2: Near-field simultaneous measurements of particulate (solid line) and CO, (dashed
line) at the 1994 Mobile diesel fuel burn (See Section 5.3). The location of the instruments for
this time sequence was about 15 m downwind of the fire. The scale ratio of the left and right
axes is 80 to 1.

to roughly 12% for total particulate.

The results from the NIST and University of Washington experiments clearly show that when
and where CQOs, is detected there is also particulate. In fact, the ratio of particulate to CO, indicates
a smoke yield on the order of 10 to 12%. There is no evidence of a CO, plume separate from the
visually obvious smoke plume as reported in Reference [22]. Furthermore, the ratio of excess CO,
to particulate was found to be about the same both near the fire (ACS and Mobile experiments)
and far downwind (NOBE), indicating that the smoke particulate and CO, travel together for large
distances from the fire. This finding supports the carbon balance method as the appropriate tech-
nique for determining smoke yield, which for crude oils and heavy refined fuels is consistently in
the range of 10 to 15%.

Often the results of smoke yields measurements from the Kuwait oil field fires following the
Gulf War in 1991, are thought to apply to in situ burning of oil spills. They do not. Researchers
at the Kuwait fires concluded that the smoke yield from these fires was on the order of 1 or 2%.
However, the nature of most of the fires was very different from in sifu burning. The Kuwaiti fires
were mostly jet fires as opposed to pool fires. Jet fires inherently burn more efficiently than pool
fires due to the enhanced mixing of fuel and air brought about by the violent ejection of oil from
the damaged well head. A discussion of the measurements and the discrepancy between the types
of fires can be found in Reference [25].
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3.3 Particulate Size

Particulate size is an important health consideration and also impacts the dynamics of smoke set-
tling. Particulates having an aerodynamic effective diameter® less than 10 zm are considered res-
pirable and may be drawn into the lungs with normal breathing. In general, small particle sizes are
less likely to settle out of the plume and can be expected to be carried much further from the burn
site than larger particles’. The analysis of the smoke from several burn experiments reveals that 70
t0 90% of the particulate mass is associated with particles less than 10 ym in size. This type of anal-
ysis is performed by drawing a sample of the smoke through a series of cascade impactors, each of
which filters out particles of increasing effective diameter. The results indicate the fraction of the
total particulate mass associated with particles of different sizes. Table 1 presents the emission fac-
tors for various particulate sizes. These results are based on several large scale burns of Louisiana
crude [20], the Newfoundland offshore burns of Alberta Sweet Mixed Blend [23, 26], and some
laboratory scale burns of Alaska North Slope (ANS) and Cook Inlet crudes [1]. A more discerning

Particulate Size Distribution

Particulate Size (xm) | Emission Factor (g/kg) | Cumulative Mass (%)
Total Particulate 150 100

PM-10 130 87

PM-5 100 67

PM-3.5 87 58

PM-2.5 82 55

PM-1.0 75 50

Table 1: Emission factors and cumulative mass fraction for several particulate sizes. The
cumulative mass fraction is the percentage of the total particulate mass associated with par-
ticles whose effective diameters are less than or equal to the given PM value. These results
are based on several large scale burns of Louisiana crude [20], the Newfoundland offshore
burns of Alberta Sweet Mixed Blend [23, 26], and some laboratory scale burns of Alaska
North Slope and Cook Inlet crudes [1].

selection of particulate size raises the issues of accuracy and interpretation. Smoke particles are
not spherically shaped, but rather complicated amalgamations of smaller particles. Figure 3 shows
the structure of a smoke particle as viewed through an electron microscope. Clearly, the “size”
of a given particle is subject to some interpretation. Measurements with a cascade impactor are
subject to an appreciable uncertainty due to the possible breakdown of these particles into their
more fundamental components. Plus, it has been observed that the size distribution is somewhat
related to the fire size [27]. The particulate size distribution presented in Table 1 is characteristic
of smoke from a fire that is at least 10 m in diameter.

The aerodynamic effective diameter of a particle is defined as the diameter of an equivalent smooth spherical
particle with a density of 1 g/cm?® that has the same settling velocity in air.

"For a smoke particle with an aerodynamic effective diameter of 10 pm, its settling velocity in still air would be on
the order of a millimeter per second, based on a simple Stokes flow analysis. Thus, in a few hours the particle might
be expected to settle 10 or 20 m in the absence of precipitation. For the length and time scales of the problem, this is
a negligible amount.
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Figure 3: Electron micrograph of a smoke particle from a 3 m crude oil fire.

The particulate concentrations predicted by the ALOFT model can easily be adjusted to ac-
commodate any new PM standard. The emission factor for the particulate size of concern can be
input during the post-processing phase of the calculation. The computation of the fire-induced flow
field is not affected by the choice of pollutant since it is assumed that the pollutant is passive and
does not settle out of the plume during the period of time being simulated (a few hours). For the
calculations presented in this report, PM-10 particulate is used as the pollutant “tracker”. Predic-
tions of the downwind concentration of any other combustion product can be made assuming that
its emission factor is known.

3.4 Other Emissions

There has been much discussion over the past few years about the relative importance of the health
hazards posed by the various combustion products from a burn of crude oil. Listed in Table 2
are the National Ambient Air Quality Standards (NAAQS) established by the US Environmental
Protection Agency, the corresponding Alaska state regulations, plus some relevant work place
standards established by the Occupational Safety and Health Administration (OSHA). Note that
the Alaska State Regulatory Standards for Concentrations of Contaminants in the Ambient Air
closely follow the national standards.

The University of Washington team that sampled the smoke plumes from Newfoundland Off-
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| Pertinent Air Quality Standards

Contaminant (units)

Averaging Periods

Annual | 24 hour j 8 hour | 3 hour ] 1 hour

National Ambient Air Quality Standards (NAAQS)

PM-10 (ug/m?) 50 150 — — —
CO (ppm) — — 9 — 35
SO, (ppm) 0.03 0.14 — — —
NO, (ppm) 0.053 — — — —_—
O3 (ppm) — — — — 0.12
Lead (ug/m®) 1.5 — — — —
Alaska State Regulatory Standards
PM-10 (ug/m?) 50 150 — — —_
CO (mg/m®) — — 10 — 40
Sulfur Oxides (ug/m?) 80 365 — 1,300 —_
NO, (ug/m?*) 100 — — — —
OSHA Permissible Exposure Limits (PEL)
CO; (ppm) — — 10,000 | — —
PAH (ug/m?®) — — 200 — —
Benzene (in VOC) (ppm) —_— —_ 1 — —

Table 2: US EPA National Ambient Air Quality Standards (NAAQS), Alaska State Regula-
tory Standards for Concentrations of Contaminants in the Ambient Air, plus relevant eight
hour Permissible Exposure Limits (PEL) established by the Occupational Safety and Health
Administration (OSHA). Note that values written in units of mass per volume (i.e. ug/m? or
mg/m?) can be converted to volume fractions (often expressed in units of parts per million or
ppm), according to the formula

[mass/volume (gm/m3)]
44.619 m,,

[volume fraction] =

where 44.619 is the number of moles of an ideal gas that occupy 1 m? at standard tempera-
ture and pressure (273.15°K and 1 atm), and m,, is the molecular weight of the combustion
product (gm/mole).

shore Burn Experiment (NOBE) sampled not only the smoke particulate and CO,, but several
other important combustion gases, as well. Table 3 contains the emission factors for the major
combustion products of concern. If it is assumed that the combustion products from an in situ burn
of crude oil are well-mixed and non-reacting over time periods of roughly several hours, and that
the emission factors cited in Table 3 are fairly typical, then one can conclude based on the analy-
sis to follow that smoke particulate is the combustion product of most concern from a regulatory
standpoint.

The 24 hour standard for PM-10 particulate is 150 pg/m3. Table 3 lists the emission factor
for PM-10 as 130 g/kg, slightly less than the emission factor of 150 g/kg for total particulate.
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Emission Factors for the Major Products of Combustion
Combustion Product Emission Factor | Emission Rate
(g/kg) kg/h
CO, 2,810 75,900
Total Particulate, Ref. [26] 150 4,050
PM-10 Particulate, (Interpolated) 130 3,510
PM-3.5 Particulate 87 2,350
CO 30 810
SO, (ANS crude) 3 (25) 81
vVOC 5 132
Polynuclear Aromatic Hydrocarbons (PAH) ~0.1 ~2.7
NO; ~1 ~27

Table 3: Emission factors for the major combustion products from the Newfoundland Off-
shore Burn Experiment [23]. The oil burned was Alberta Sweet Mixed Blend. Note that the
emission factor for PM-10 is an interpolation based on the measurements of total particulate,
PM-3.5, and the particulate size distribution. Also note the inclusion of a second emission fac-
tor for SO- corresponding to the more ‘‘sour’’ Alaska North Slope (ANS) crude. The emission
factors for the other combustion products are not expected to change significantly from one
type of heavy hydrocarbon fuel to another.

Assuming the combustion products in the smoke plume are found in amounts proportional to their
emission factors one can calculate the expected PM-10 concentration corresponding to the the
threshold concentration of any other combustion product. For example, consider carbon monoxide,
CO. At its one-hour threshold level of 40 mg/m? (40,000 pg/m®), the PM-10 concentration would
be 173 mg/m?® (173,000 pg/m®). This result is obtained by noting from Table 3 that for every 30 g
of CO produced by the fire, 130 g of PM-10 are produced. Thus, one would expect to find 130/30
times as much PM-10 as CO at a given location in the smoke plume. Table 4 summarizes this
exercise for the combustion products of interest. Note that sulfur dioxide SO, is a distant second to
particulate in terms of potential for air quality standard violation® . Table 4 simply states that if the
concentration of any of the combustion products besides particulate were to approach its regulatory
standard, the PM-10 concentration at the same location would be almost two orders of magnitude
greater than its standard. Clearly, this indicates that particulate is the combustion product on which
to concentrate when performing the numerical simulations.

8The emission factor for SO, at the NOBE burn was reported by the University of Washington team to be 3 g/kg,
based on the assumption that all of the sulfur in the fuel is converted to SOz on burning. The mass concentration of
sulfur in the original oil was measured to be 0.0015. SO, is exactly half sulfur by mass, thus for every kilogram of oil
burned 3 grams of SO, were generated. The sulfur content of samples of Cook Inlet and ANS crude was determined
to be 0.0019 and 0.0127, respectively [1]. Thus, the emission factors for SO, from the burning of each are 3.8 and
25.4 g/kg, respectively.
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Contaminant Threshold Concentration | Equivalent PM-10 Concentration
(pg/m?) (pg/m®)

SO, (from ANS crude) 1,300 (3 h) 6,800

NO, 100 (Annual) 13,000

CO 40,000 (1 h) 173,000

PAH 200 (8 h) 260,000

CO, 12,260,000 (8 h) 650,000

Table 4: Threshold levels for several combustion products compared with the equivalent lev-
els of PM-10 particulate. For example, if CO were found at a concentration of 40,000 ..g/m?3,
then the particulate concentration in that same location would be about 173,000 p1g/m3.

4 The Smoke Plume

All versions of the ALOFT model consist of the discretized equations of motion that govern the
introduction of heat, smoke particulate and other combustion products into the atmosphere. As
seen from the previous section, these fire-related quantities are obtained from laboratory and field
experiments. The role of the equations introduced in this section is to track the rise and dispersion
of the pollutants in the atmosphere over distances ranging from hundreds of meters to tens of kilo-
meters. This wide range of length scales necessitates several different treatments of the governing
equations so that phenomena associated with the various stages of plume development are cap-
tured. This is what is meant by the term “spatial resolution,” and it frequently enters the discussion
of the numerical algorithms designed to solve the governing equations in approximate form. This
section outlines the simplification of the equations meant to make their solution tractable on mod-
ern computer workstations, and in some cases, personal computers. Two forms of the equations
will be derived. The first set is an approximation based on a uni-directional wind field and is used
by ALOFT-FT to compute the plume rise and downwind transport over flat terrain. This algorithm
is also used by ALOFT-CT to calculate just the plume rise. The second form of the equations is
fully three-dimensional, and used by ALOFT-CT to generate a wind field over the complex terrain.
Details of the actual computational algorithms are found in Appendix B.

4.1 The Boussinesq Approximation

The introduction of smoke and hot gases from a large fire into the atmosphere can be described
by conservation equations of mass, momentum and energy that govern the temperature, pressure,
density, and velocity of the air.

Conservation of mass

dp
ot +V. .pu= (D
Conservation of momentum
15}
p(-—a%—i-(u'V)u)-i-Vp—-pg:V-a' (2)
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Conservation of energy

or dp |
pCp<E+U'VT>—Et-—q+V'kVT 3
Equation of state
p=pRT 4

Here, all symbols have their usual fluid dynamical meaning: p is the density, u the velocity vector
(u,v,w), p the pressure, g the gravity vector, ¢, the constant-pressure specific heat, T the temper-
ature, k£ the thermal conductivity, ¢ the time, ¢ the prescribed volumetric heat release rate, R the
gas constant equal to the difference of the specific heats (R = ¢, — ¢,), and o the standard stress
tensor for compressible fluids.
These equations must be simplified to make the numerical computations tractable. Both ALOFT-

FT and ALOFT-CT make use of a technique known as the Boussinesq approximation, which as-
serts that the fluid is essentially incompressible, but allows for buoyancy-driven flow due to the
difference in temperature between the hot gases of the smoke plume and the surrounding atmo-
sphere. A rigorous justification of the approximation is given by Panofsky and Dutton [28], and a
brief description is given here. First, it is assumed that the pressure may be divided into a hydro-
static term and a fire/terrain-induced perturbation term

p(X, t) =Do (z) + ﬁ(X, t) &)

where the Cartesian coordinate system is represented by the vector x = (z, y, z) with z the vertical
coordinate. Likewise, the temperature and density fields are decomposed

T(x,t) =To(z) + T(x,8) ; p(x,t) = po(2) + A(x, t) ©)
The ambient pressure and density are related through the hydrostatic condition
dpo N
4z~ Pod @)

The variations in ambient quantities Ty, pp and py are also assumed to be small compared with
their sea-level values. This limits the validity of the model to the lowest few kilometers of the
atmosphere. The most important consequence of the Boussinesq form of the equations is that the
convective derivative dp/dt = dp/0t +u - Vp in Eq. (3) is approximated by w dp,/dz to eliminate
acoustic waves from the solution. This greatly facilitates the numerical solution of the equations
because the time step is not limited by the sound speed. Now, the Boussinesq form of the governing
equations are written

Conservation of mass (incompressibility)

V-u=0 (8)

Conservation of momentum

0
Po (—u +(u- V)H) +Vp — pg = pViu 9
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Conservation of energy

aT ~ de dTO - 217
PoCp (E +u VT) (dz pgcpd—z) w=q+kVT (10)

Equation of state

= (11)

Notice that the dissipation terms have been simplified by assuming that the coefficients of viscosity
u and thermal conductivity k£ are constant. The role of these dissipative terms will be discussed
below.

4.2 Scaling Laws for the Three-Dimensional Equations (ALOFT-CT)

The Boussinesq form of the governing equations is used both to generate a wind field over the
complex terrain and to compute the plume rise. In both cases the equations are nondimensionalized
to facilitate their numerical solution. However, the scalings used are different in each case. For
the plume rise, the scalings are based on the heat output of the fire. This scaling will be discussed
in the next section. For the wind field calculation, the scaling is based on the thermal stability of
the atmosphere, as defined by the Brunt-Viiséld frequency /N, which is related to the background
temperature Tp(z)

N2 1 (dT + g (12)
g Ty\dz ¢
This quantity is used to establish the characteristic length scale
Uo
H=—
N, (13)

where U is the wind speed at an altitude where the plume is expected to loft, and Ny is the Brunt-
Viisild frequency characteristic of the lower atmosphere.

Applying these scalings to the Boussinesq form of the governing equations described in the
previous section yields a relatively simple set of equations to solve numerically. The asterisk
applied to the variables indicate that they have been nondimensionalized as follows

(z,y,2) = H(z",y", 2") P = poU¢p*
t = Ht* /Uy N? = NjN?
(u,v,w) = Up(u*,v*, w*) T =UTyT*/(gH)

Conservation of mass (incompressibility)

ou* N ov* N ow* 0 "
oz*  Oy*  Oz¢ (14
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Conservation of momentum

ou*  ou* Lo Oou* ot ou*  9p* 1 (6% 4 0?u* + 0?u (15
T P e 82 | 9z Re \0z*2 ' 9y2 © 92+2 )
ovt  ,Ovt | Ov* L,ov* 9p* 1 (0% 0% 0%

at- " o v Oy* tw 0z Oy* Re (63:*2 + Oy*2 + 3z*2) (16)
ow*  ,ow*  Ow*  Ow* O s, 1 (O*w*  O*w* H*w*

o e Ty T e Tar T T e (6:v*2 oy T o) (D

Conservation of energy

oI | WOT* | WOT" | WOT" ee L (P17 0T 0T (18)
ot* or* Oy* Oz* ~ RePr \ 022 ' 9y*2 922

The Reynolds number Re = poUpH/p and the Prandtl number Pr = puc,/k nondimensionalize
the “eddy” viscosity and thermal conductivity x and k. The term “eddy” implies that these co-
efficients do not take on their molecular values, but rather serve as sinks of kinetic and thermal
energy that actually result from unresolvable, sub-grid scale dissipative processes. In practice,
they are used to set the dynamic range of length scales employed in the simulation, and they sta-
bilize the numerical algorithm. They also permit solutions with vortex separation from the terrain
boundaries.

4.3 Scaling Laws for the Two-Dimensional Equations (ALOFT-FT)

Equations (14)—(18) are solved to establish a wind field over the complex terrain. This wind field
is regarded as the background flow, into which the hot gases from the fire are introduced. The
equations governing the hot plume are also based on the Boussinesq form of the fundamental
equations, but the solution methodology is different in that it exploits the assumption that the wind
field within a radius of about 1 km from the fire is relatively uni-directional and blowing at a
speed of at least 1 or 2 m/s. It is also assumed that the terrain is fairly flat in the vicinity of the
fire. These assumptions are the basis for the ALOFT-FT model. Through a technique sometimes
referred to as parabolization, the time-dependent terms of the governing equations are removed,
the windward component of velocity is assumed constant, and the windward spatial coordinate is
replaced by a temporal coordinate. After a suitable nondimensionalization, the three-dimensional,
steady-state system of equations becomes a two-dimensional, time-dependent system. It can now
be characterized as an initial value problem in which the solution is initially prescribed in a plane
perpendicular to the direction of the prevailing wind. This initial plane is taken to be a few fire
diameters downwind of the fire. These simplified equations resolve the plume rise down to a length
scale of about 5 to 10 m, sufficient to capture the entrainment of air into the smoke plume. Because
of the high spatial resolution afforded by the simplification, these equations are used to describe
the plume rise in both ALOFT-FT and ALOFT-CT.

The parabolization of the governing equations is brought about by assuming that the prevailing
wind speed and direction are relatively steady and aligned with the positive z-axis. The crosswind
velocity components (v, w) lie in a plane (y, z) normal to the direction (z) of the uniform ambient
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wind whose speed is Uy. The only information about the fire required is the overall convective’
heat release rate () and the particulate mass flux M. The initial temperature distribution in the
plume cross section is assumed to be Gaussian and satisfy the following integral

/_o:o /Ooo pgchg’f dzdy =Q (19)

The particulate distribution is initialized similarly and satisfies the integral

/_o:o/ooopon dzdy = M (20)

where p, is the density of the particulate matter. The particulate matter is considered a passive
scalar and thus has no effect on the hydrodynamic calculation. It is represented by Lagrangian
particles that are advected by the flow field.

The scaling of the Boussinesq form of the governing equations is based on the strength of the
fire. The length scale is given by

Qg :
L=(—2%_
(szl-z—|c>opooU'OZVCI2 (21)

where the subscript “oco” refers to ground level, ambient conditions, and NV, is the Brunt-Viisili
frequency characteristic of the lower atmosphere. The length scale L roughly corresponds to the
plume height. The windward spatial coordinate z is replaced by a temporal coordinate

="z (22)
The characteristic velocity of the air in the crosswind plane is given by

V=NL (23)

The characteristic length L and velocity V' are used to define dimensionless crosswind spatial
coordinates (y*, z*) and velocities (v*, w*) as follows:

(y,2) = fL{y",2*) 5 (v,w)= fV(v",w") (24)

The factor f is an adjustable scale factor that ensures that the plume height does not exceed the
height of the computational domain, fL. The non-dimensional temperature perturbation 7* is

defined
o9 g (25)
CpPoo U0L2
Finally, the turbulent Reynolds and Prandt]l numbers are:
2pVL
Re = 1 P=VL . p _ 1% (26)
7 k

9 About 10% of the total energy released by the fire is in the form of thermal radiation, and is not accounted for by
the model. The low radiative loss is a consequence of the high smoke loading, which provides an absorbing “sheath”
around the strongly radiating gaseous combustion products [27].
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The dimensionless form of the conservation laws are now given as

Conservation of mass (incompressibility)

ov*  ow*
oy* + Oz 0 @7
Conservation of momentum
ov* ,ov* L,ov*  Op* R Y 4 T
o "Ver " ar "oy T TRe (63/*2 t o (28)
ow* ow* ow* 0p* - 1 [(0%w* J*uw*
* * _ T* —
ot T oy* T * 0z* Re (8y*2 ey 29

Conservation of energy

oT*  ,oT* oT* " 1 (8T T+
* * N2 *
ot* +v ay* T 0z* AT Re Pr (By"2 + 87;*2) 30)
subject to the initial conditions
vy 2Nt =0) =w(y", 2"t =0) =0 €2))
o0 oo L
/ /0 T*(y*, 2*,t = 0) dy* de* = 1/f3 (32)
—0o0

Initially, the crosswind velocity components v and w are assumed to be zero, although this as-
sumption is not restrictive. No-flux, free-slip boundary conditions are prescribed at the ground,
consistent with the assumed uniformity of the prevailing wind and the resolution limits of the
calculation. Details of the numerical method applied to these equations are given in Appendix B.

Figures 4 and 5 show the results of a sample computation, illustrating the position of the ini-
tial slice and the extent of the computational domain. The plume is visualized by interpolating
the particle locations onto the computational grid, and then plotting the isosurface on which the
particulate density is zero. Figure 5 shows the plume from underneath, illustrating the structure
of the large, counter-rotating vortices that are generated by the rising plume. This vortex structure
is a dominant feature of the rising plume, and governs the rate at which fresh air is mixed in with
the hot combustion products. Figure 6 is a photograph taken about 100 m downwind of the New-
foundland Offshore Burn Experiment, and it shows clearly the development of the two vortices.
An excellent discussion of these structures is given in Reference [29].

4.4 Atmospheric Turbulence

The solutions to both forms of the Boussinesq equations described in the previous two sections
may be regarded as “time-averaged”. This is certainly the case with the parabolized equations
where the time-dependent terms are explicitly removed. For the three-dimensional, time-dependent
equations described in Section 4.2, the spatial resolution of the calculations is coarse and the wind
fluctuations are not explicitly built into the boundary conditions. Instead, the trajectories of the
Lagrangian particles used to represent the smoke particulate are randomly perturbed from their
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Figure 4: Three dimensional view of a computed smoke plume in the first few kilometers
of its development. The height of the viewbox is 1 km, the length 8 km, and the crosswind
length 4 km. The wind speed is 6 m/s. The computation is initialized by prescribing the
temperature and particulate distribution in the plane spanned by the y and z coordinates.
Then the plume is constructed as the initial plane is swept downwind.

Figure 5: A view of the plume from below. Note the separation and reconnection of the two
large counter-rotating vortices.

mean paths in order to mimic the spatial and temporal fluctuations of the wind and the underlying
turbulence. Specifically, the motion of each particle is governed by the mean wind field (u, v, w)
plus a perturbation velocity field (v, v/, w') that represents the random temporal and spatial vari-
ations of the ambient wind. For simplicity, it will be assumed that the wind direction is aligned
with the velocity component u, even though the numerical algorithm does not require the wind
to be aligned with the x coordinate. Most meteorological texts adhere to the convention that v
and w are perpendicular to the direction of the prevailing wind. Indeed, this is the case for the
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Figure 6: Photograph taken from about 200 m downwind of the Newfoundland Offshore
Burn Experiment (NOBE) showing the two large counter-rotating vortices which character-
ize the structure of the rising smoke plume.
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two-dimensional form of the equations. The perturbation velocity components are derived from
the recursive relations

u'(t + 6t) = R, (6t) u'(t) + u" . Ry(6t) = e %™ (33)
V' (t + 0t) = R,(6t) v'(t) + i R,(8t) = e %™ (34)
w'(t+6t) = Ry(6t) w'(t) + w" ;  Ry(0t) = e 0™ (35)

The double-primed terms are random variables with Gaussian distributions whose variances are
that of the perturbation velocities multiplied by (1 — R2), (1 — R2) and (1 — R2), respectively,
ensuring that the variance of the each velocity component will not change from one time step to
another. The variance of v and w' are denoted in the literature as o2 and o2, respectively. The
fluctuation of the windward velocity component u can be associated with wind gusts. The functions
R,, R, and R,, are Lagrangian correlation coefficients, taken as exponentials. The parameter 7 is
indicative of the period of atmospheric fluctuations. Appropriate values for various meteorological
conditions are given by Draxler [30]. Generally speaking, 7 is on the order of several minutes. The
default values of these constants are given in Table 5.

| | Marine | Coastal | Mountain |
o, (m/s) 0.2 0.4 0.4
o, (m/s) 0.5 1.2 1.2
oy (M/s) 04 1.0 1.0
Ty (8) 300 300 300
Ty (8) 300 300 300
Tw (5) 100 100 100

Table 5: ALOFT Default Dispersion Parameters [10, 30, 12]

A popular classification scheme for defining the turbulence of the atmosphere is given by
Pasquill [31]. Table 6 summarizes the various “stability categories”. Corresponding to each stabil-

Surface Day Night
Wind Incoming Solar Radiation | Cloud Cover

m/s || Strong | Moderate | Slight | Low | High
<2 A A-B B

2-3 A-B B C E F
3-5 B B-C C D E
5-6 C C-D D D D
>6 C D D D D

Table 6: Key to Pasquill Stability Categories [31]
ity category are values for the standard deviation of the prevailing wind direction in the horizontal

and vertical directions. Reference [32] contains a discussion of these parameters and methods of
evaluating them. The following are suggested values for 0y = 7, /Uy corresponding to the Pasquill
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Stability Categories A-F: 25°, 20°, 15°, 10°, 5°, and 2.5°, respectively. The values of o = o,,/Up
are taken to be roughly two-thirds of the respective values of o4. These values may be interpreted
as averaged over a time period of 10 minutes to an hour. Notice that the values of ¢, and o, given
in Table 5 roughly correspond to the angular fluctuations corresponding to the Pasquill stability
categories when the wind speed is taken into account.

Usually, the smoke plume resides mainly in what is referred to as the planetary boundary layer
(PBL). Sometimes this region is also called the mixing layer, although the precise definitions of
these terms varies depending on the specific application. For the discussion to follow, the boundary
or mixing layer is that part of the troposphere that is directly influenced by the presence of the
earth’s surface. The depth of this layer can vary from roughly fifty meters to several thousand
meters. Within it, the interaction of the complex terrain, solar heating and surface friction creates
a turbulent wind field, to which the solution of the above equations may be considered a time-
average. The values of the wind fluctuation parameters given above are appropriate within this
mixing layer. However, it often happens that the smoke plume, due to the tremendous thermal
buoyancy, will penetrate the top of the mixing layer. When this happens, the plume is subject to far
less turbulent motion because the air currents are more representative of the free atmosphere. As
a result, the magnitude of the wind fluctuations used in the model are reduced for those particles
that penetrate the top of the mixing layer. More discussion of this can be found in Appendix A.

Finally, it should be noted that the model of atmospheric turbulence discussed in this section
is relatively simple. There exist in the literature more elaborate models, and the user is directed to
any number of references that provide correlations based on various other observed conditions [28,
31, 32, 10, 12]. The best source of wind fluctuation parameters is an anemometer, but this type of
data is often hard to come by for a given region and a given set of atmospheric conditions.

4.5 Flat Terrain Correlations

The scalings employed in Section 4.3 reduce the time-dependent, three-dimensional Navier-Stokes
equations to a nondimensionalized, two-dimensional initial value problem that, when solved, yields
a steady state plume lofting over flat terrain. These scalings can be exploited once again to produce
a set of correlations that summarize the results of the model for a wide range of meteorological
conditions. The only complication stems from the fact that the reduction to the nondimensional set
of equations (27)—(30) does not account for the imposition of atmospheric turbulence described in
Section 4.4. If only the equations that govern the fire-induced flow were being considered, then a
single solution could be redimensionalized to yield a family of solutions parameterized by the fire’s
heat release and smoke generation rates, the average temperature lapse rate of the atmosphere, and
the wind speed. However, the fact that the fluctuations of the wind are not necessarily correlated
with any of these parameters means that several dimensionless solutions of the governing equa-
tions need to be generated to account for various levels of atmospheric turbulence that may occur
for any particular set of fire size, lapse rate and wind speed.

To make this discussion more clear, consider the diagram presented in Figure 7. The wind
speed and average lapse rate have been chosen as the two independent variables because they
essentially define the meteorology. The specific fire size chosen represents a single burn of North
Slope crude typical of what one might expect during an actual spill. For each pair of wind speed
and lapse rate, the three sets of contours reveal the predicted maximum ground level concentration
(short dashes), the distance downwind of the fire that it would occur (solid lines), and the farthest
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FLAT TERRAIN, GROUND LEVEL PARTICULATE CONCENTRATION
FOR VARIOUS METEOROLOGICAL CONDITIONS

BURN SIZE 820 MW LATERAL VELOCITY STANDARD DEVIATION 1.2 m/s
SMOKE GENERATION RATE 2.8 kg/s VERTICAL VELOCITY STANDARD DEVIATION 1.0 m/s
CRITICAL CONCENTRATION 150 ug/m3

SOLID LINES INDICATE DOWNWIND DISTANCE (km); SHORT DASHES MAXIMUM CONCENTRATION {1:g/m®): LONG DASHES EXTENT OF CRITICAL CONCENTRATION (kmm)

20

18
16
14

12 |

TEMPERATURE LAPSE RATE (C/km)
MIXING LAYER DEPTH (m)

WIND SPEED (m/s)

Figure 7: Correlated ALOFT-FT results for an 820 MW fire and typical overland wind fluc-
tuations. The thick, somewhat jagged line represents the 150 z1g/m3 threshold (ground level,
hour-averaged). Note that the term lapse rate applied to the vertical temperature profile
is equivalent to dTp/dz. Often in the meteorological literature, the lapse rate is defined
'—dTo / dz.
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distance downwind one could expect to find a concentration of a certain critical value (long dashes).
In this case, the critical value is 150 pg/m3. Notice that the long dashes may only be found
on that part of the diagram where the maximum concentration exceeds the critical value. The
thick, somewhat jagged curve (or set of curves) separates the diagram into areas where the critical
concentration is expected at the ground and where it is not.

These diagrams can easily be generated for different fire sizes and levels of atmospheric tur-
bulence, as well as for different values of the critical concentration. For a given value of the wind
speed Uy (m/s), temperature lapse rate T’ (°C/m), heat release rate'® Q (W), mass generation rate of
any combustion product of interest!! M (ug/s), the standard deviation of the lateral wind direction
oy (degrees), and the ground temperature 7, (K) compute the following:

o, = Uy sin(oy)
U = (=)0
O’U

The term U, represents an equivalent wind speed used in lieu of the actual wind speed to account
for the difference in wind fluctuation between that which is observed and that for which the calibra-
tion calculations were performed. Values of heat release and mass generation rate for particulate
as a function of the fire area for various fuels are given in Table 10 in Appendix A.

An estimate of the maximum ground level concentration is given by the expression

M (U \? /T=Tuy\} pg
Pz = o (5;) (-i—o—) (31.6 — 0.480 U,,) (Bg) (36)

This maximum concentration will be reached

T
Trmaz = | =—2— (11.6 + 3.117,,)  (m) (37)
- 1—‘ad

downwind of the fire. Note that the dry adiabatic lapse rate I';; is —0.0097 °C/m. If the maximum
concentration p,,., €xceeds the given critical concentration p,, then the expression

—Tw In (L)

Pmaz

F'—Fad

Te = Topaz + 23.2J (m) (38)
provides an estimate of how far downwind one would expect to find ground level concentrations
in excess of the critical concentration p..

These correlations yield time-averaged predictions of ground level concentration over time
periods consistent with the determination of the wind fluctuations. In other words, if the standard
deviation of the lateral wind direction is based on an hour-average, then the predicted concentration
is taken as an hour-average. Also, it is assumed that the vertical mixing is unlimited, that is, the

10The heat release rate can be calculated by multiplying the burn area by the heat release rate per unit area for the
given fuel, found in Table 10. For the flat terrain correlations, express the heat release rate in units of watts.

"'The mass generation rate of a given combustion product is obtained by multiplying the burn area by the burning
rate per unit arca (Table 10) by the emission factor expressed in terms of grams of product per gram of fuel burned.
Express the result in units of micrograms per second.
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wind fluctuations are applied at all altitudes. These assumptions are intended to render predictions
that are likely to over-estimate ground level concentration. This built in conservative bias is only
true for the simplified correlations discussed in this section.

Also, in many instances, the situation of interest will be where a plume from an offshore burn
is blown onshore. The magnitude of the wind fluctuations will roughly double when the plume
reaches the shore. To account for this, one may define an equivalent offshore distance d,, which is
related to the actual offshore distance d through the relation

doy = 0, marine d

(39)

Uw,coastal

Usually, 0, marine is about 0.5 m/s, whereas O land is about 1.0 m/s. A good rule of thumb is to
take d., as half the distance to the shore along the direction parallel to the prevailing wind. After
defining the equivalent offshore distance, then the above formulae, applied with coastal values
of the wind fluctuations, can be used to estimate the distance from the burn beyond which the
concentration will fall below a preset value.

If the lapse rate I' is not readily available, then a rough correlation between lapse rate and
mixing layer depth!'? can be employed. This correlation is based on an examination of about 1,000
soundings at various stations in Alaska, at various times of the day and seasons of the year. Figure 8
presents a comparison of the average lapse rate and mixing layer depth for the soundings, plus a
best fit curve!3. The mixing layer depth is a useful quantity because it is often easier to determine
the mixing layer depth than the lapse rate. Even though from a modeling standpoint the lapse rate is
a more useful quantity, the mixing layer depth is often the only quantity available. This is especially
true in Alaska, where the dispersive potential of the atmosphere is often characterized in terms of
the “ventilation factor.” This quantity is the product of the mixing layer depth and wind speed, and
usually expressed in units of m?/s. In Figure 7, it is easily seen that the meteorological conditions
that yield higher ground level concentrations correspond to low ventilation factors (upper left),
whereas lower ground level concentrations correspond to relatively high ventilation factors (lower
right). Of course, a single value of the ventilation factor corresponds to a family of meteorological
conditions, thus if the ventilation factor is to be used to make a prediction, either the wind speed
or mixing layer depth must be estimated or measured so that a single point on the chart can be
determined.

12The mixing layer depth is determined from the vertical profile of the virtual potential temperature 8,,, which is
defined as follows
8, = T(po/p)*% (1 +0.617)

where T is the temperature (K), p the pressure, py the surface pressure, and r the mixing ratio of water vapor (g/g).
The mixing ratio is found from the dew point temperature T using Tetens’ formula [33]

r = (380/p) exp(17.27 (T4 — 273.15) /(T4 — 35.86))

The top of the mixing layer usually is reached at an altitude where the virtual potential temperature begins to increase
with height. This often occurs near the cloud base.
3The relationship between lapse rate and mixing layer depth is approximately given by the following formula

1200

h=T75+ 515

where h is the mixing layer depth in meters and T is the lapse rate in °C/km.
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Figure 8: Average temperature lapse rate versus mixing layer depth for several hundred
randomly chosen soundings in Alaska. These soundings were extracted from the NOAA
radiosonde data base [34]. More information about the sounding data is included in Ap-
pendix A.

One additional benefit of the diagram shown in Figure 7 is that it presents the user with a
better appreciation of the uncertainty inherent in any model prediction. It is easy to see from the
diagram to what extent uncertainties in the wind speed and lapse rate can yield uncertainties in
ground level concentrations. This is especially true if the wind speed and lapse rate fall on the
diagram near the critical concentration curve. On one side of the curve, the model predicts that
the critical concentration will never be observed at ground level, whereas the other side of the
curve yields a prediction where not only is the critical concentration observed at ground level, but
at a considerable distance from the fire, perhaps past some established “safe distance.” In this
example, the critical concentration is found at the ground when the atmosphere is very stable (i.e.
the temperature increases by at least 8 degrees (C) per kilometer near the ground). Under these
conditions, the plume will be relatively close to the ground, and slight changes in atmospheric
conditions can easily change the ground level concentration.
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5 Validation Experiments for ALOFT-FT

Following the original study [1] in which ALOFT-FT was applied to the problem of in situ burning
over relatively flat coastal regions of Alaska, the model predictions were compared with measure-
ments taken at three recent field experiments. The following sections document the comparisons.
It should be pointed out that the experimental data was used to assess the accuracy of the model
predictions. The data was not used to calibrate the model. This is an important distinction, and it
points out the difference between a deterministic and an empirical model.

5.1 The Newfoundland Offshore Burn Experiment (NOBE)

Figure 9: Photograph of the Newfoundland Offshore Burn Experiment showing the shift of
the wind at about 120 m off the surface.

The Newfoundland Offshore Burn Experiment (NOBE) provided an enormous amount of data
regarding in situ burning of oil at sea. The experiment consisted of two burns of crude oil con-
ducted off the coast of St. John’s, Newfoundiand on August 12, 1993. Most of the sampling of the
chemical species produced by the burning was done relatively close to the fire. However, the Uni-
versity of Washington’s Cloud and Aerosol Research Group performed airborne measurements of
the smoke plume from the two burns at distances up to 20 km downwind of the fire. Of particular
importance to the present study are the lidar (Light Detection and Ranging) measurements of the
plume cross section, and the real-time monitoring of the CO; level in the plume.
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Lidar measurements were performed during the second burn. For this burn, it was reported
that 28.9 m® (182 bbl)!* of Alberta Sweet Mixed Blend crude oil of density 843.7 kg/m® was
burned in 1.3 hours [22]. Even though substantial fluctuations in burning rate were observed, for
the purposes of modeling the plume it was assumed that the burning rate was constant at 5.2 kg/s.
Based on previous work with Louisiana crude [19], the effective heat of combustion of the oil was
assumed to be 42,000 kJ/kg, even though a different oil was used for the experiment!>. The smoke
yield for the burn was measured by the team from NIST to be approximately 15% [20], and the
fraction of the total heat release lost from the flame as radiation through the dense smoke plume
was assumed to be 10% [27]. Thus, the convective heat release rate for the model run was about
200 MW and the particulate production rate was 0.78 kg/s. Atmospheric temperature soundings
taken from the University of Washington airplane [24] and from the NIST tethered blimp [20] show
a temperature inversion from about 100 to 175 m in altitude, accompanied by a shift of roughly
30 to 40 degrees in the direction of the wind. This shift in the wind can be seen in the photograph
presented in Figure 9. The wind speed at the ground was about 5 to 6 m/s, increasing to about
8 m/s a few hundred meters up.

Figure 10 displays time-averaged cross sections of the simulated plume at downwind locations
comparable to those at which lidar measurements were made from the University of Washington
aircraft (See Figure 11). The shift in the wind direction at about 120 m in altitude dramatically in-
creases the lateral width of the plume, spreading the smoke over a 2 km wide path. This spreading
is seen in both the simulated and the actual plume cross sections. There is qualitative and quanti-
tative!® agreement between the two for a distance of about 6 km from the fire. This assessment is
based mainly on the height and lateral extent of the simulated plume in comparison to the lidar im-
ages. It should be emphasized that the lidar images reflect the instantaneous plume cross section,
whereas the simulated cross sections represent a time-averaged picture.

Beyond 6 km from the fire the numerical model does not predict the additional lofting of the
plume shown by a lidar trace along the approximate plume centerline (Figure 12). The model
correctly predicts the initial rise height of 200 m, but after about 6 km, the plume gradually rises to
a height of about 600 m. The centerline of the simulated plume reaches a height of about 250 m,
but does not exhibit this gradual rise. It is unclear exactly why it occurs. It has been speculated
that this lofting might be due to the heat generated by the absorption of sunlight by the smoke
particulate. Another explanation is the possible presence of local convective cells in the path of
the plume. These updrafts occur over small areas and cannot be predicted from the meteorology
of the entire region. In any case, this example points out the limitation of any predictive dispersion
or meteorological model. Large scale patterns and trends can be predicted, but small scale details
cannot.

In addition to lidar measurements, the University of Washington airplane made a number of
other measurements. Of interest to this study are measurements of CO,. Plume particulate con-
centrations may be derived either by quantifying lidar cross section data as shown above, or by
measuring the excess CO, and backing out the particulate concentration based on the smoke yield
and the elemental carbon mass fraction of the fuel. Direct measurements of excess CO, made while

1A very common unit in the petroleum industry is a barrel (bbl), equivalent to 42 gallons (U.S.) or 0.159 m3.
Throughout this report, volume of oil will be expressed in terms of barrels to conform with common practice.

15The heat of combustion is based on laboratory tests of a number of crude oils.

$This quantification is based on an analysis of the scattering characteristics of the individual smoke particles.
Details of the analysis may be found in Reference [24].
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Figure 10: Time-averaged cross sectional slices of the simulated smoke plume from the
second NOBE burn. Shown are particulate concentration contours of 50, 150, 300, and
500 pg/m3 at three locations downwind corresponding to where lidar measurements were
taken. The vertical length scale indicates height above sea level, while the horizontal scale
indicates the distance from the assumed plume centerline.
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Figure 11: Instantaneous cross sectional slices of the actual smoke plume from the second
NOBE burn, courtesy of the University of Washington Cloud and Aerosol Research Group.
Shown are contours of particulate concentration at 50, 150 and 300 pg/m3. The crosswind
scale indicates relative distances, and the origin was chosen to compare with the simulation.
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Figure 12: Lidar measurement of plume centerline of the second burn taken from University
of Washington airplane. Note that the horizontal and vertical length scales are very different.
In actuality, the plume shown is a long, slender object. Also, the origin of the plot is about
0.9 km from the actual fire.

flying the airplane along the centerline of the plume have been used to estimate the concentration
of particulate matter. Taking the smoke yield to be 15% (from the NIST tethered blimp) and the
elemental carbon mass fraction of the fuel to be 0.8664 ; it is estimated that 1 ppm excess CO,
corresponds to a particulate concentration of 103 ug/m3. Direct measurements of excess CO, from
the airplane show volume fractions decreasing to about 1.5 ppm (the equivalent of 150 zg/m? par-
ticulate) by about 16 km downwind of the burn. The quantified lidar images are consistent with this
finding. The model calculation predicts that concentrations in excess of 150 ug/m?® extend slightly
farther than 20 km downwind. The discrepancy in the two estimates is not surprising, given the
enhanced plume dispersion of the experiment due to the unexpected lofting. Also, the comparison
is being made based on only one pass of the airplane along the plume centerline, which may not
account for the maximum concentration. Indeed, the model predicts, and visual sightings con-
firm, the existence of counter-rotating vortices which are generated by the fire and which entrain a
substantial fraction of the particulate. Thus, it is not necessarily true that the maximum concentra-
tion of particulate would be found along the centerline of the plume. In situ measurements of the
plume cannot account for its complex structure, and thus a better means of measuring particulate
concentration would be through the use of integrated techniques, such as the lidar measurements
discussed above.

5.2 Alaska Clean Seas Burning of Emulsions Experiment

In early September 1994, Alaska Clean Seas conducted at its Fire Training Ground in Prudhoe
Bay, Alaska, three mesoscale burns to determine the feasibility of burning emulsified oil [35].
Figure 13 shows an aerial view of the second burn. At the request of the Alaska office of the
US Environmental Protection Agency, the EPA’s Emergency Response Team (EPA/ERT) came to
Prudhoe Bay with 12 real-time aerosol monitors (RAMs). These instruments use a light scattering
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technique to measure particulate concentrations'’. The twelve instruments were set out on meter

Figure 13: Aerial photograph taken of the second ACS burn, Prudhoe Bay, September, 1994.

high tripods, spread out in rows of three or four, at distances ranging from 1 to 5 km from the burn
site. The deployment strategy varied from burn to burn, depending on the weather conditions and
the terrain over which the plume was expected to loft. The instruments were set to sample every
second, and then log the 5 second average. Global positioning instruments recorded the locations
of the individual devices.

Table 7 summarizes the three mesoscale emulsion burns. Each burn consisted of burning an oil
mixture within the confines of a fire-resistant circular boom which floated in a pit filled with water.
The boom diameter was roughly 9 m, and the rectangular pit was roughly 20 m by 30 m. The
first and third burns consumed emulsions of salt water and 17.4% evaporated Alaska North Slope
crude. Emulsion breakers were applied to these mixtures. The second burn consumed fresh ANS
crude. To compute the average heat release rate for the burns, the mass of oil consumed (Oil Mass
x Removal Efficiency) was multiplied by a total heat of combustion of 42,000 kJ/kg, and then
divided by the number of seconds needed to consume the oil. As an input to the ALOFT model,
an estimate is made that 90% of the total heat release rate may be considered the convective heat

17The real-time aerosol monitors (RAMs) were equipped with an air intake separator to eliminate particulate larger
than 10 pm in size.
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Bumnl | Bumn2 | Burmn3
Date Sept. 8 | Sept. 10 | Sept. 11
Volume of Emulsion (m?3) 7.7 12.2 16.6
Percent Oil 50% 100% 60%
Oil Mass (kg) 3,768 | 1,0827 6,545
Oil Removal Efficiency 973% | 98.4% | 96.7%
Burn Time (minutes) 47 40 45
Estimated Heat Release Rate (MW) 55 186 98
Estimated Particulate Mass Flux (kg/s) | 0.15 0.51 0.27

Table 7: Summary of the ACS Mesoscale Emulsion Burns.

release rate, that is, 90% of the heat from the fire is lofted into the plume. The remaining 10% of
the heat released is assumed to be radiated away, and plays no role in the model. The particulate
mass flux was determined by multiplying the mass of oil consumed by the measured smoke yield
of ANS crude (11.6%), divided by the burn time.

Atmospheric temperatures, wind speeds and wind directions were measured with a weather
station suspended from a small tethered blimp, deployed just after the burns were completed.
However, the wind speed for the second burn was too high to use the blimp, and the temperature
profile was taken from a helicopter, the wind speed and direction estimated from the flight log of
the airplane and ground weather stations.

The first burn lasted about 47 minutes, during which time the area of burning surface varied
from practically zero to the full area of the boom plus spillover. In all, 9 “pulses” of several minutes
in duration occurred. Due to the unsteady burning, the downwind instruments detected a number of
“hits” due to the fact that the smoke generated when the fire was small was not lofted very high. The
first plot of Figure 14 summarizes the model simulation of Burn 1, showing the model prediction
of ground level particulate concentration versus the actual measurements made in the field. The
field measurements were averaged over the time of the burn. Neither the model predictions nor
the RAM data is uniform in space or in time, due in part to random fluctuations in wind direction,
convective cells which are not accounted for in the model, small terrain effects, and unsteady
burning of the fuel (See Figure 15 for a typical time history of particulate readings). Nevertheless,
the time-averaged model predictions and field measurements agree to within the uncertainty of the
measured fire and meteorological conditions,'® showing particulate concentrations ranging from
0 to 80 ug/m?® along the narrow path over which the plume is lofted. In addition to ground level
instruments, a small airplane was hired to fly in the vicinity of the plume and record plume positions
at various times, as well as to photograph the burn site and the plume. According to flight track
data, the plume top rose to a height of about 550 to 600 m, in agreement with model predictions.

The second burn was conducted for two reasons. First, it provided a control with which to
compare the two emulsion burns. Second, it served as a test case to compare to the numerical model
since the smoke yield and heat release rate from a large pool fire of unweathered, unemulsified oil
are relatively well known from previous laboratory and mesoscale experiments [1], [19]. The

18To assess the accuracy of the computed results, the model was run several times with input parameters varying
over their uncertainty intervals. The measured concentrations, with the exception of a few stray points, all fell within
the range of concentrations established by the parameter sensitivity study.
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Figure 14: ALOFT predictions of ground level particulate concentrations (shaded contours)
along side the actual time-averaged RAM data for the three ACS Emulsion Burns. All con-
centrations are given in units of pg/m3,
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Figure 15: Ground level particulate concentration about 1 km directly downwind of the
second ACS burn, as recorded by a real-time aerosol monitor (RAM). The concentrations
are given in units of pg/m3,

second plot of Figure 14 summarizes the model prediction versus field measurements for Burn 2.
Of particular interest in this burn was the presence of a thermal inversion at about 300 m. This
inversion layer restricted the plume to a maximum height of about 400 m, and again this altitude
was verified by the accompanying flight track recorder from the airplane. The wind variability
was less than that recorded for the first or the third burn, yielding a plume which retained its basic
shape and structure for about 10 km. Figure 16 presents a downwind view of the simulated smoke
plume.

Even though the fuel for the third burn resembled that of the first, the burn was much steadier
than the first. This probably was due to a slight modification in the application of the emulsion
breaker. In any event, weather conditions on the day of the third burn (September 11) were so
foggy that the helicopter, which had been used on previous days to place instruments in the field,
was grounded. The wind was from the north, blowing directly over a river bed, but shifting about
10° per hour. Because of the bad terrain and visibility, it was decided to deploy the instruments in
the near field, all within a kilometer of the pit except for one which was sent with a monitor further
afield. The third plot of Figure 14 summarizes the numerical prediction and field measurements
from the third burn.

5.3 Mesoscale Diesel Fuel Burns, Mobile, Alabama

Three mesoscale burns of number 2 diesel fuel were conducted by NIST at the US Coast Guard
Fire and Safety Test Detachment facility on Little Sand Island in Mobile Bay, Alabama in October,
1994 [36]. The burns were conducted in a 15.2 m square by 0.61 m deep steel burn pan. Water
filled about 0.5 m of the pan, and diesel fuel was added to fill the rest. The number 2 diesel fuel
was obtained from a commercial vendor. Figure 17 is a photograph of one of the burns. Table 8
summarizes the relevant information for each burn. Note that the first burn was conducted with a
fire resistant boom forming one edge of the burn area, thus its burn area is slightly smaller than
the second two burns. This is the reason for the slightly longer burn time and slightly lower heat
release rate. The smoke yield for number 2 diesel had been measured at a previous burn series in
Mobile to be about 14% [20].

Only ground level meteorological information was available from two stations on the island.
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Figure 16: Downwind view of the simulated smoke plume from the second ACS emulsion
burn, Prudhoe Bay, September, 1994,

Bum1l | Bum2 | Burn3
Date Oct. 23 | Oct. 26 | Oct. 26
Burn Area (m?) 199 231 231
Fuel Volume (bbl) 107 107 107
Burn Time (min) 19 15 15
Burning Rate (bbl/h) 338 428 428
Total Heat Release Rate (MW) 484 602 598
Particulate Mass Flux (kg/s) 1.75 2.18 2.18
Ground Wind Speed (m/s) 1.6+£0.8 | 5.1+1.7 | 4.7£1.5
Mixing Layer Depth (m) 2,000 450 700

Table 8: Summary of the Mobile Burn Series, October, 1994.

The wind speeds and fluctuations during the burn of October 23 correspond to Pasquill stability
class A or B, while the conditions of October 26 correspond to class C. The mixing layer depths
were determined from the analysis of lidar data that will be described below. Because of the
limited amount of meteorological information, it is certainly appropriate to make use of the type of
diagram introduced in Section 4.5. Figure 18 presents flat terrain predictions for the entire range of
possible wind speeds and lapse rates/mixing layer depths, so that the conditions observed during
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Figure 17: Photograph of a diesel fuel burn at the US Coast Guard Fire and Safety Test
Detachment, Mobile, Alabama.

this particular burn series can be put into some perspective. The burn size used is that of burns 2
and 3, but as noted before, the difference in burn sizes between burn 1 and burns 2 and 3 does not
change the diagram appreciably. Following is a description of each burn, plus an analysis of the
predicted and measured plume concentrations.

The first burn was ignited in the afternoon on the 23rd of October. The winds were calm (1
to 2 m/s), and as a result the smoke plume rose 2 km into the atmosphere and mixed into a cloud
layer. There was no mixing of the plume down to the ground. The combination of wind speed and
mixing layer depth for this burn lies at the very fringe of the parameter space for which the ALOFT
mode] was designed. Looking at the diagram shown in Figure 18, the meteorological conditions
correspond to the extreme lower left hand corner. The lapse rate is very nearly adiabatic, leading
to a high plume rise. In this case, the plume rises until it reaches the cloud layer, at which point the
atmosphere stabilizes.

The meteorological conditions on the day the second and third burns were conducted were
within the parameter space for which the ALOFT model was designed. On this day, the wind was
blowing from the north, and the smoke plumes from both burns lofted over the western shore of
Mobile Bay and out into the Gulf of Mexico. A team from SRI, International, of Menlo Park,
California, performed airborne lidar measurements of the smoke plumes [37]. The instrument was
flown above the smoke plume, generating cross-sectional images of the plume in vertical planes
perpendicular to the direction of the wind at various distances downwind of the fire. Figures 19
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Mobile burn series of October, 1994.
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and 20 show the flight path of the aircraft in relation to the burn site. The lidar was operated at
a pulse rate of 10 Hz with each pulse producing backscatter profiles at wavelengths of 0.53 and
1.06 um. Figures 21 and 22 present the lidar images for roughly the first 10 km from the burn
site. Clearly visible in each sequence of images is the top of the mixing layer, which separates
the earth’s turbulent boundary layer below from the free atmosphere above. The mixing layer is
characterized by turbulent motion generated by surface friction and vertical heat transfer from the
warm ground to the cooler air above. For the morning burn, the depth of the mixing layer was
about 450 m, and in the afternoon it had risen to about 700 m. Although a temperature sounding
could not be obtained on that day, it is clear from the lidar images of the smoke plume that the top
of the mixing layer at both times of the day corresponded to a shift in wind direction, and probably
a temperature inversion. The wind was blowing out of the north at ground level, but apparently
shifted to become northeasterly above the mixing layer top. This wind shear is very noticeable due
to the fact that most of the smoke particulate is concentrated in that narrow band. The smoke that
mixes down to the surface does so at the interface between land and water, in a process known as
fumigation.

These two burns also provide an opportunity to demonstrate the use of the flat terrain wind
speed/lapse rate charts introduced in Section 4.5. The diagram shown in Figure 18 shows expected
maximum ground level concentrations of particulate plus the distances from the fire where these
concentrations would be expected. The observed mixing layer depths and estimated wind speeds
lead to predictions from the diagram in agreement with the quantified lidar data. For burn 2, for
winds estimated to be between 6 and 8 m/s at the top of the mixing layer (450 m), the maximum
time-averaged, ground level concentration is predicted to be about 35 pg/m?, located about 12 km
downwind of the fire. For burn 3, with similar winds a mixing layer depth of 700 m, the maximum
ground level concentration is predicted to be about 25 pg/m?, located about 20 km downwind of the
fire. The degree of uncertainty in these predictions, at least in regard to meteorological uncertainty,
can be discerned from the diagram. For example, the distances downwind of the fire where the
predicted maxima are expected to be found vary considerably with mixing layer depth and wind
speed. The maxima themselves are subject to less uncertainty.

In addition to comparing the quantified lidar data with predictions easily obtained from a flat
terrain wind speed/lapse rate chart, the ALOFT model was run to simulate the second and third
burn using a non-linear temperature profile. The ground level concentration predicted by the calcu-
lations is lower than that predicted by the linear profile correlations. The reason for the difference
is that the plume in the non-linear case penetrates the inversion layer, and there is less mixing of the
particulate back to the surface. The linear correlations do not account for this effect. Indeed, the
unlimited vertical mixing assumption made in deriving the linear correlation is the main reason for
its conservative bias (see Section 4.5). Figures 23 and 24 summarize the ground level prediction
of smoke particulate concentration from the model, along with the maximum values of the lidar
measurements for each pass of the aircraft above the plume!®. The model prediction of the loca-
tion of the peak concentration for burn 2 agrees well with the lidar measurement. For burn 3, the
model appears to overpredict the distance of peak concentration. In both cases, the magnitude of
the ground level concentration is in agreement with the lidar measurements. Again, “agreement”
infers that the model prediction is within the uncertainty range established by the uncertainty of

19The particulate concentrations are derived from the lidar signatures by assuming constant backscatter-to- density
and extinction-to-density ratios. The latter quantity was derived by the University of Washington team for their analysis
of the Newfoundland lidar data [24].
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Figure 19: Cross-plume flight paths for burn 2. Path numbers are placed at the start of the
flight path.
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Figure 20: Cross-plume flight paths for burn 3. Path numbers are placed at the start of the
flight path.
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Figure 21: Lidar images of perpendicular plume cross sections for the morning burn of Oc-
tober 26, 1994, Mobile Bay. The grayscale indicates total particulate concentration. The
horizontal and vertical lengths are identically scaled, and the height of each frame is 900 m.
Note that background particulate and aerosol levels are represented by the horizontal layers
extending the width of the frame.
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Burn 3, Pass 2, 2.7 km downwind

Burn 3, Pass 4, 3.9 km downwind

Burn3, Pass 12, 7.8 km downwind

Burn 3, Pass 10

Burn 3, Pass 16, 14,3 km downwind

Burn 3, Pass 14, 14.6 km downwind

Figure 22: Lidar images of perpendicular plume cross sections for the afternoon burn of
October 26, 1994, Mobile Bay. The grayscale indicates total particulate concentration. The
horizontal and vertical lengths are identically scaled; the vertical dimension is 1,350 m. Note
that background particulate and aerosol levels are represented by the horizontal layers ex-
tending the width of the frame.
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the meteorological and fire conditions, plus the uncertainty of the lidar quantification.

As in the analysis of the Newfoundland data, it is impossible to replicate with the steady-state
model every meteorological detail reflected in the instantaneous lidar measurements. Instead, it
is assumed that the wind fluctuation and vertical convective motion are random processes. In this
way, the plume structure and the local meteorology can be described in sufficient detail to produce
predictions in the neighborhood of the measured concentrations.

5.4 Discussion of Field Experiments

Small and large scale experiments play two key roles in the modeling process. First, measure-
ments of the fires furnish the heat release rate and emission factors for the combustion products.
The model does not predict these quantities. Second, the experimentally measured downwind con-
centrations of smoke particulate can be compared against the model predictions to determine their
accuracy and to assess whether new physical phenomena should be included in the model, such
as radiative heating, unsteady burning, and smaller-scale atmospheric motion. The decision to in-
clude or exclude these effects is based on how well the model performs in comparison to the results
of the experiments. For the three experiments discussed in this report — NOBE, the ACS Emulsion
Burns, and the Mobile burns — none of the observed secondary effects was important enough to
merit a change of the numerical algorithm. It should be noted that the large scale experiments
are not used to calibrate the model. That is, the processes governing the entrainment, mixing and
dispersion of combustion products do not rely on empirical parameters.

The results of the experiments presented here increase the confidence in the numerical predic-
tions of plume structure, trajectory and composition. The comparison of predicted versus measured
particulate concentration is very encouraging, given the uncertainties in the fire and weather char-
acterization. In fact, the model predictions were based on very limited meteorological information
— wind speed, wind variation and temperature stratification only. This is important for two reasons.
First, local meteorological data for regions of interest is often very limited. Second, if the numeri-
cal model is to be used effectively for a wide variety of conditions, it must not depend on empirical
input parameters tuned for a particular situation.

As far as the field measurement techniques are concerned, these experiments have provided
a wealth of information on how to monitor emissions from large burns. Unlike conventional air
monitoring where the source, such as a power plant, is expected to generate pollutants over a
long period of time, an in situ burn will typically last a few hours. High volume samplers are
difficult to position and cannot collect enough particulate in that short period of time, hence the
need for reliable, portable real-time aerosol monitors. For the purpose of model verification, lidar
measurements have the most potential because they can capture the overall plume structure rather
than sparse points. The drawbacks of the lidar are that it is expensive, and the measurements are
difficult to quantify.

Of all the experiments discussed within this paper, the smoke plumes from the Mobile burns,
although of short duration, are most representative of those that can be expected from an actual in
situ burn for two reasons. First the burning rate of 400 bbl/h is probably a reasonable rate to expect
from an actual burn. It has been estimated that a 150 m (500 ft) fire boom towed in a U-shape con-
figuration could easily provide enough oil area to sustain a burn eliminating about 715 bbl/h [38].
Second, the experiments were conducted in a coastal environment, thus the atmospheric conditions
represented by the lidar images are very typical of what one can expect in the event of a near-shore
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Figure 23: ALOFT predictions of ground level particulate concentration for the morning
burn of October 26, 1994, in Mobile Bay. The shaded contours represent model predictions,
the numbers represent near ground peak values (zg/m3) of the quantified lidar signatures for
each pass of the aircraft. The ventilation factor is the depth of the mixing layer multiplied by
the wind speed, and is used as a rough indicator of atmospheric stability.
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Figure 24: ALOFT predictions of ground level particulate concentration for the afternoon
burn of October 26, 1994, in Mobile Bay. The shaded contours represent model predictions,
the numbers represent near ground peak values (11g/m®) of the quantified lidar signatures for
each pass of the aircraft. The ventilation factor is the depth of the mixing layer multiplied by
the wind speed, and is used as a rough indicator of atmospheric stability.
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in situ burn. The results of both the modeling effort and the lidar measurements showed that even
though an inversion layer was present, the plume penetrated it, and as a result less smoke was
mixed back to the surface. The plume will not always penetrate an inversion layer, and in those
instances ground level concentrations could be higher.

In summary, peak concentrations of ground level smoke particulate for all the burns discussed
above never exceeded 100 pg/m? (averaged over the time of the burn) beyond a few hundred meters
from the fire, and in most cases were well below that level. It should be emphasized, however, that
these experiments were conducted in reasonably good weather conditions, and in each instance,
complex terrain was not a factor. The issue of terrain and multiple burns shall be taken up in the
next section.
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6 ALOFT Applications in Alaska

This section describes the application of the ALOFT model to specific areas of Alaska. In all
cases, the complex terrain version ALOFT-CT shall be used, even though in certain cases the flat
terrain ALOFT-FT could have been used as well. The complex terrain version of the model should
be used if the terrain downwind of the fire is expected to vary by more than about 10% of the
expected lofting height of the plume (or roughly the depth of the mixing layer).

Following the presentation of various plume trajectory simulations, the results will be general-
ized so that estimates can be made of the distance from a fire where the ground level concentration
is expected to fall below air quality threshold limits. This distance is primarily a function of the
terrain height over which the plume is expected to loft, and the depth of the mixing layer. A
simple formula has been developed to allow the ground level distances to be modified to accom-
modate changing regulatory limits, particulate sizes, multiple burns, and off shore/on shore plume
trajectories.

6.1 Outline of the Solution Procedure

The original application of the ALOFT model to the problem of in situ burning in Alaska, docu-
mented in References [1, 4], considered the rise and dispersion of a smoke plume from a single
burn over water and/or flat coastal areas. The improvements made to the model now enable site-
specific simulations of one or more burns. These additional features of complex terrain and mul-
tiple plumes greatly increase the applicability of the ALOFT model, but also increase the number
of possible burn scenarios. Obviously, it is impossible to consider every mile of Alaskan coastline
under every possible weather condition. Thus the strategy adopted in this report will be to first
consider several of the many spill response drills conducted in Alaska over the past decade. The
location and meteorological conditions of the sites are used as input to the model. For the purpose
of consistency, each simulation involves the same size fire. The fuel is ANS crude, burning at a
rate of 1,000 bbl/h. The area of the fire necessary to consume this much oil is about 760 m?, the
total energy output of the fire is about 1,340 MW, and the smoke production rate is 4.5 kg/s. It will
be assumed that the oil is contained in a single boom, and one plume is generated. Following these
examples, scenarios will be presented that involve variations of the standard test burn scenario to
test the sensitivity of the model to changes in the more important input parameters, including a
discussion of multiple fires.

All of the simulations discussed in the following pages employ the same basic methodology.
Each numerical simulation of an in situ burn consists of a near-field calculation required to com-
pute the plume rise (ALOFT-FT plume rise algorithm), then a far-field calculation that generates a
wind field through which the smoke particulate, represented by Lagrangian particles, is advected
(ALOFT-CT wind field algorithm). Figure 25 presents a three-dimensional view of the results of a
typical simulation. A smoke plume originating near Bligh Island, Prince William Sound is shown
blowing towards Port Valdez. Over water, the wind fluctuations are generally smaller than those
over land, and this is reflected in a more cohesive plume over the water. As the plume approaches
the shore, there is more scattering of the particulate due to the increase in the atmospheric tur-
bulence. Depending on the height of the plume above the sea surface, there is the possibility of
increased ground level concentration due to what is called fumigation. This occurs when the ele-
vated smoke plume which originates in stable air offshore meets the terrestrial mixing layer formed
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by the warmer land surface.

Figure 25: Three-dimensional view of simulated smoke plume originating off Bligh Island,
Prince William Sound. Note the increased scattering of the particulate over the land due to
the increased wind fluctuations.

To extract more quantitative information from each calculation, a single figure is generated
following the completion of the run, showing the near-ground concentration of smoke particulate
(hour-averaged) and wind field. The legend at the top of the map displays the sounding information
used for the simulation, the distance scale, the ventilation factor, the prevailing wind direction,
and the rate at which the oil is burning. The ventilation factor is the product of the wind speed
and the mixing layer depth of the atmosphere. The mixing layer depth refers to the height of
the planetary boundary layer (PBL) which is the region of the atmosphere adjacent to the earth’s
surface characterized by continuous and vigorous turbulence. Its upper edge is sometimes well
defined by a temperature inversion, but in other cases, it is less clearly defined, especially in the
presence of large, active cumulus clouds [39]. The ventilation factor provides a rough measure
of the level of turbulence in the atmosphere. The higher the value, the more “dispersive” the
atmosphere. The ground-level particulate concentration is presented using gray scale contours.
Here, ground-level concentration refers to a spatial average spanning the height (about 40 m) and
width (about 200 m) of a ground-level numerical grid cell, and a temporal average over a time
period of about one hour. The wind fields shown in the figures correspond to an altitude of about
40 m off the ground, thus the trajectory of the smoke plume (indicated roughly by its ground level
“footprint”) does not necessarily follow the wind field shown because the plumes in general loft
much higher than 40 m into the atmosphere.

Temperature and wind speed profiles are taken from a data base of radiosonde soundings [40,
34]. The particular sounding used in the first set of simulations to follow corresponds to afternoon
conditions in Anchorage in the month of April. This sounding was chosen because it is typical of
coastal regions in Alaska, and it includes a temperature inversion at about 400 m. Given a wind
speed of about 5 m/s, the ventilation factor for this particular set of weather conditions is about
2,000 m?/s, indicative of a moderate level of atmospheric turbulence. In terms of the Pasquill
stability categories listed in Table 6, these conditions are indicative of a class C or D, depending on
the level of incoming solar radiation. Applying the default dispersion parameters listed in Table 5,
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the lateral fluctuation of the prevailing wind direction over land is about 13° (standard deviation
of a Gaussain distribution), and about 6° over water. The vertical fluctuations are 11° and 5°,
respectively. It is assumed that the temperature profile included in the sounding applies to both the
land and sea. None of these assumptions is demanded by the numerical methodology, which can
accommodate spatially and temporally varying meteorological conditions, but rather by the desire
to simplify the analysis and limit the parameter space explored in the study.

The wind velocity profile of the sounding, i.e., the wind speed and direction as a function of
altitude, is usually over-ridden by a typical exponentially increasing wind profile. The reason that
the actual wind speed data from the sounding is not used is because wind speed and direction
information in a single sounding for low altitudes is very much a function of the particular area in
which the sounding is taken. The intent of using actual sounding data is not necessarily to mimic
exact conditions of one particular day, but rather to extract typical conditions of the area at some
time of the year. Also, the wind profile is only used as a boundary condition for the ALOFT-
CT wind field generation routine. The complex wind field generated by solving the governing
equations is influenced not only by the prevailing wind speed and direction, but most importantly
by the regional terrain.

The complex wind pattern plays a major role in dispersing the pollutants from the fire. This
effect is referred to as “mechanical dispersion.” The other major player can be regarded as “turbu-
lent dispersion.” Turbulence is introduced into the numerical model by way of Lagrangian particles
that are transported by the wind field. Mechanical dispersion is a natural consequence of the fact
that the particles are scattered as the flow weaves through the mountains and valleys. Turbulent
dispersion, however, is introduced by randomly perturbing the particle trajectories to mimic the
effect of the spatially and temporally varying atmosphere. This issue is discussed in Section 4.4
and in Appendix A. The dispersion parameters chosen for the simulations to follow correspond to
the default values given in Table 5.

The terrain data required by the model is extracted from a 3 arc second database maintained by
the US Geological Survey, EROS Data Center®. In Alaska, 3 arc seconds is equivalent to roughly
100 m, and this is sufficient resolution for the simulations performed because the horizontal grid
spacing varies from 200 to 400 m. The spacing in the vertical varies from about 40 m at the ground
to several hundred meters at an altitude of about 5 km.

6.2 Single Burn, Single Sounding, Various Locations

As a starting point for the investigation of complex terrain and its effect on smoke plume dispersion,
several simulations based on spill response drills conducted in Alaska over the past decade were
performed, and the results are presented on the following pages. Only the location of the scenarios
have been used here, the burn size and meteorological conditions are not changed from one case
to another. The meteorological conditions represent fairly typical afternoon conditions along the
southern coast of Alaska during the spring, summer or fall. These conditions are less typical, and
occur in other parts of Alaska, even in winter time. The fuel for the burns is ANS crude, burning
at a rate of 1,000 bbl/h. The area of the fire necessary to support this burning rate is about 760 m?,
the total energy output of the fire is about 1,350 MW, and the smoke production rate is 4.5 kg/s.

20The Earth Resources Observation Systems (EROS) Data Center, located in Sioux Falls, South Dakota, is a data
management, systems development, and research field center of the US Geological Survey’s National Mapping Divi-
sion. One of the Center’s activities is to maintain an on-line data base of digitized maps.
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It will be assumed that the oil is contained in a single boom, and one plume is generated. The
area of burning oil represents an upper bound for a single boom of length 150 to 300 m (500 to
1,000 ft). Allen and Ferek [38] estimate that a fire-resistant boom of conventional length could
easily accommodate burning at a rate of about 700 bbl/h. Thus 1,000 bbl/h is certainly within the
capability of a single boom. Following is a region by region description of the plume simulations.

6.2.1 North Slope, Atigun Pass and Fairbanks

Before embarking on regions of complex terrain, it is useful to simulate a burn at Pump Station 1
near Deadhorse at Prudhoe Bay because the terrain there can be considered flat. The results of
this simulation will serve as a benchmark to compare the results from the more mountainous areas
inland and along the southern coast. For this reason, the April sounding from Anchorage is used
here, and in the simulations to follow. Ultimately, the goal is to develop simple rules to estimate
ground-level concentrations over complex terrain based solely on flat terrain simulations.

Figure 26 summarizes the results of the calculation. The very flat terrain, which varies from
about 20 to 40 m above sea level for the area shown, has little effect on the overall wind field.
The ALOFT-FT plume rise and dispersion methodology would have been sufficient to describe the
plume here. The plume rises about 500 m into the atmosphere, a level established by a temperature
inversion.

A more interesting simulation is summarized in Figure 27. Now it is assumed that the same
fire is burning at Pump Station 4 along the Atigun River just south of Galbraith Lake and about
30 km north of Atigun Pass. The northeast winds push the plume towards the west bank of the river
valley, increasing ground-level concentrations as the terrain height approaches 2,000 m. The river
valley channels much of the smoke plume due south, and winds blowing over the high western
terrain push the plume down as it impinges on the split in the valley formed by James Dalton
Mountain. The smoke plume then splits and rounds the mountain on either side. This is probably
the best example of how complex terrain can influence the dispersion of a large smoke plume. It
is important to note that higher than normal (i.e. compared with a flat terrain case) concentrations
are found at higher terrain elevations, where one would expect, but also at elevations comparable
to that of the fire due to the complicated interaction of the wind field and the terrain features. It
is not unusual for smoke particulate to become trapped within a depression, such as a valley, with
the result being that the concentration continues to increase as long as the burn continues and more
smoke is supplied to the depression.

A similar example is shown in Figure 28. Here the fire is just south of Atigun Pass, with the
winds blowing out of the southwest. The smoke follows very closely the Atigun River valley, along
the Dalton Highway. This raises another issue concerning smoke particulate — visibility. Although
concentrations on the order of a few hundred micrograms per cubic meter do not obscure vision at
short distances, they can be seen clearly when the smoke plume is aligned with the line of sight, as
in the case here.

The Trans-Alaska Pipeline passes just to the east of Fairbanks. A response drill scenario here
often involves the spilling of ANS crude into one of the many creeks that pass under the pipeline.
Figure 29 shows the footprint from the single standard burn under the same meteorological condi-
tions as the simulations of the previous section. The wind is blowing from the south towards the
hilly region northeast of the city.
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Figure 26: Footprint of simulated smoke plume originating at Pump Station 1, Prudhoe Bay.
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Figure 28: Footprint of simulated smoke plume originating at just a few kilometers south of
Atigun Pass.
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Figure 29: Footprint of simulated smoke plume originating near the Trans-Alaska Pipeline
just east of Fairbanks.
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6.2.2 Port Valdez

An area of concern where an oil spill might occur is at the point where the Valdez Arm narrows
to form the entrance to Port Valdez, known as the Valdez Narrows, and along the southern coast
of Port Valdez where the Trans-Alaska Pipeline terminates at the Valdez Marine Terminal. Port
Valdez is surrounded by very steep terrain, and even if the prevailing wind direction is known, it
is very difficult to predict the local wind field. Consider the simulation summarized in Figure 30.
It is assumed that spilled oil in the waters just off the Valdez Marine Terminal is burning at the
same rate as the previous simulations — 1,000 bbl/h. The winds are blowing out of the northeast.
As in the case of the burn at Pump Station 4, the steep terrain surrounding the port channels the
smoke plume towards the west. It appears from the figure that the wind at the location of the burn
is blowing in the northwesterly direction, but this is misleading. The wind field shown is at an
altitude of about 40 m, whereas the plume rises to a height of about 500 m. At this altitude, the
plume is transported by the prevailing winds towards the Valdez Narrows, the entrance to Port
Valdez.

A similar footprint is shown in Figure 31, where now the fire is located in the Valdez Narrows.
The Valdez Arm forms a channel that traps much of the smoke plume in a swath that hugs the west-
ern shoreline. A phenomenon known as fumigation occurs at such a land-water interface, where
increased vertical convective motion increases the mixing of plume constituents to the ground.
This motion is highly unpredictable due to its localized nature. The numerical model accounts for
it with higher diffusion coefficients corresponding to the land as opposed to the water.

6.2.3 Prince William Sound

Moving from Port Valdez out into Prince William Sound, the simulation of the standard test burn
becomes more tractable because the wind fields are more easily predicted in the larger area. The
first scenario supposes the burn to take place where the tanker Exxon Valdez went aground off
Bligh Island on March 24, 1989 (60° 50’ 9” N, 146° 53’ 45” W). This simulation does not refiect
the weather conditions at the time of the accident, however. The prevailing winds are out of the
southwest, blowing the plume directly towards the shore. Figure 32 shows the footprint of the
smoke plume in the area south of Port Valdez. The ground-level concentrations shown in the
figure are lower than those of Port Valdez because now the plume originates in a larger body of
water, rises to its level of neutral buoyancy at about 500 m, and is transported by the prevailing
winds over land at a sufficiently high altitude that it is less affected by the low level, terrain-induced
wind field. As expected, appreciable concentrations are only found at higher altitudes. This pattern
is repeated for simulations of burns off Knowles Head (Figure 33) and Zaikof Point (Figure 34).
Of course, the wind direction is not always towards shore, and it is informative to conduct a
simulation for a case where the prevailing wind is away from the shore. Figure 35 presents the
results of a simulation in which the burn is placed at the same location as in Figure 32, just off
Bligh Reef, but now the winds are out of the northeast. This wind direction was observed during
the early stages of the Exxon Valdez accident. Notice that no concentration in excess of 50 pg/m3
is predicted near the water surface. Similar conditions and results were obtained by the University
of Washington team flying a lidar-equipped aircraft over the smoke plume at the Newfoundland
Offshore Burn Experiment in 1993 [24, 22]. They report that no smoke mixed down to the surface,
which can be interpreted more precisely as no measurable smoke mixed down to the surface.
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Figure 30: Footprint of simulated smoke plume originating off Valdez Marine Terminal.
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Figure 31: Footprint of simulated smoke plume originating in the Valdez Narrows.
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The Bligh Reef simulation can also be compared to the North Slope simulation reported in
Figure 26. The difference in the two simulations is due to the different diffusion coefficients
and temperature profiles used over land and over water. In general, there is less vertical mixing
over water and ice covered seas than over land due to the difference in surface characteristics and
thermally-induced vertical convection.

6.2.4 Cook Inlet

The terrain surrounding Cook Inlet is not as mountainous as Prince William Sound or Port Valdez,
but there are certainly regions of comparable terrain gradients. The area comprising the Kenai
National Wildlife Refuge is relatively flat compared to the plume lofting heights expected of the
large burns. An example of a burn in this region is shown in Figure 36. As in the example for
Deadhorse, Prudhoe Bay, the flat terrain version of the ALOFT model, or even the flat terrain wind
speed/lapse rate charts could be used in this region.

A more challenging example is shown in Figure 37. The burn takes place off Harriet Point
on the western shore of Cook Inlet with the winds blowing inland. As in previous onshore ex-
amples, increased vertical mixing in addition to rising terrain heights yield higher ground level
concentrations than would normally be expected over water.

6.3 Single Burn, Various Soundings, Single Location

To further explore the interaction of complex terrain with different meteorological conditions, a
single location was selected as a test site for simulating a single burn (1,000 bbl/h) subject to about
a dozen different atmospheric soundings. The location chosen is Valdez Narrows, and the winds
were fixed to blow from the northeast. Figures 45-56 included in Appendix C summarize the
results. Note that the figures are presented in order of increasing ventilation factor.

To put these cases into some perspective, consider the three-dimensional views of two simula-
tions of smoke plumes originating in the Valdez Narrows, shown in Figure 38. The great difference
in the plume trajectories, and the ground level concentration footprints as well, is due to the dif-
ference in meteorological conditions. The temperature lapse rate in the first case is very nearly
adiabatic and the Brunt-Viisila frequency is very small. This essentially rids the atmosphere of
the effects of the density stratification which for more stable atmospheres tends to suppress verti-
cal motion induced by terrain obstacles. Thus, in the first case where the atmosphere is neutrally
stratified, the terrain plays less of a role in the plume’s trajectory. Contrast this with the bottom
figure. Here the atmosphere is very stable, and the Brunt-Viiséld frequency is relatively large.
Now, vertical motion is severely suppressed, forcing the air flow to go around rather than over the
terrain obstacles. Indeed the plume winds its way through the various passageways between the
larger mountain peaks, leading to greater concentrations near the surface. An excellent descrip-
tion of stratified flow past three-dimensional obstacles is given by Smolarkiewicz and Rotunno in
References [41, 42]. They characterize the tendency of the fluid to go around rather than over an
obstacle in terms of a Froude number?! given as Fr = Uy/(Ny h), where U is the prevailing wind
speed, [V is the characteristic Brunt-Viisild frequency, and h is the characteristic height of the
terrain obstacle(s). Low values of this parameter (less than 0.5) yield flows characterized by small
vertical displacements and the appearance of stagnation regions on both the windward and leeward

I Froude numbers represent the ratio of inertial forces to gravitational forces in buoyancy-driven flows.
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Figure 32: Footprint of simulated smoke plume originating off Bligh Island.
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Figure 33: Footprint of simulated smoke plume originating off Knowles Head.
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Figure 34: Footprint of simulated smoke plume originating off Zaikof Point.
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OTTER CREEK, COOK INLET 5000

BURNING RATE 1000 bbl/hr

WIND DIRECTION 270" =

VENTILATION FACTOR 1030 m¥s <= 3000
—
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Figure 36: Footprint of simulated smoke plume originating at Otter Creek on the Kenai
Peninsula.
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sides of the obstacle. High values of the Froude number yield flows that tend to pass over, rather
than around, mountainous terrain. Not surprisingly, high values of the Froude number correspond
to high values of the ventilation factor, and low Froude numbers correspond to low ventilation
factors. Thus, as a rough measure of the impact of terrain on flat terrain plume calculations, the
ventilation factor is important.

6.4 Multiple Burns, Various Soundings, Various Locations

Thus far, the only in situ burn scenarios that have been considered are those in which there is
a single patch of burning oil. The term “multiple burns” has two meanings: one refers to the
deliberate separation of oil into more than one towed booms, the other refers to the break up of
a large (probably unconfined) burning patch into separate fires. The more likely scenario is the
first where individual teams attacking an oil slick simultaneously boom off separate patches of the
slick and proceed to burn the oil. It is assumed that the distance between any two fires is at least
100 m in the crosswind direction. In this case, as far as the plume modeling is concerned, these
fire plumes can be regarded as independent to a first approximation, and the downwind footprint
is merely a superposition of the individual footprints. Thus, if three burns of comparable size are
being conducted sufficiently far apart, the concentration one might expect to find at some point
downwind would be three times as high as for a single burn. The smoke generation rate for three
burns is triple that of one burn, whereas the heat release rate that dictates the plume rise of any
individual plume does not change. Essentially, the fact that there are three burns as opposed to one
does not dramatically change the plume structure of any so long as the plumes are sufficiently far
apart.

If the fires are closer together, whether because a large burning patch breaks up or because
towed booms are brought close together, there will be some interaction of the plumes. As before,
the smoke generation rate will simply be the sum of the rates of each individual plume, but the
trajectory of each plume will be influenced by its neighbors. Both the flat and complex terrain
versions of the ALOFT model include the capability to track more than one smoke plume, and
the interaction of the plumes is explicitly calculated. In the case where separate patches of oil are
confined in separate towed booms and burned, it is easy to designate the fires in terms of the size
and location of the individual burn areas. However, in the case of large unconfined fire breaking up
into smaller fires, it is more difficult to designate the fires because it is not well understood at what
point a fire will become so large that it no longer generates a single plume or breaks up into multiple
fires. It has been assumed throughout this report that a single burning patch of oil produces a single
smoke plume. Certainly for a patch confined within a boom of typical length (150 — 300 m or 500 -
1,000 ft), this is the case, but a question remains about what will result from the burning of a larger
patch of oil, whether it be confined by broken ice, a small lake, stream or other terrain depression,
or whether it is unconfined, for example, a spreading slick on a large body of water. There have
been a number of examples over the years of in situ burning of spilled fuels on land. Most of
these efforts were not reported, and certainly very little measurements were taken. A case study
of one is given in Reference [45]. As for the burning of unconfined slicks at sea, there is much
less experimental or anecdotal information. Its feasibility has been demonstrated by Guénette and
Sveum at SINTEF in Norway [46] in a series of tests in which an initially confined patch of oil
was ignited and then allowed to spread. The experiments demonstrated a “wind herding” effect, by
which the spreading of the oil is reduced by the fire-induced flow field. In order for this technique
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Figure 38: Three-dimensional views of smoke plumes originating in the Valdez Narrows. The
top plume represents a case where the Froude number, U, /(N h), is large. The bottom
figure is for a case where the Froude number is small.
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to be used, burning would have to commence very shortly after the spill, or as the oil spills from the
vessel, so that a sufficient thickness of oil would be maintained (>1 mm). A particularly interesting
test involved the burning of 8 m?® of oil initially confined in a 10 m diameter ring. The burning
area increased to about 850 m? before the slick thickness decreased and the area receded. It was
observed that one plume was generated by the burning patch when at its greatest width, but the
patch split into two towards the end of the burn as the slick thickness neared the extinction point.

Based on these experiments, plus the Newfoundland Offshore Burn Experiment, it is reason-
able to expect that a roughly circular patch of oil of area less than 1,000 m? (10,000 ft?) will
generate a single plume when burned. It is assumed here that the area represents regions of a
slick that are at least a millimeter in thickness. For burn areas greater than 1,000 m?, it is less
clear whether the slick will split into separate burning regions. Certainly sea conditions, local slick
thickness, and the local wind field will have a tremendous influence on the burning characteristics.
From a modeling perspective, there are two strategies to handle an unconfined burn whose area
exceeds 1,000 m?. Either the fire can be prescribed in terms of a single burning area, or the fire
can be broken up into separate areas. If the fire is broken into separate patches, then the distance
between the patches also becomes a factor. Consider a case in which oil is spilled near Pump Sta-
tion 1 forming a roughly circular pool whose area is 7,600 m?. If this pool were ignited, the fire
would consume about 10,000 bbl/h. To model this scenario, one can designate a single burn area
of 7,600 m2, or multiple areas whose combined total is 7,600 m?. Figure 39 shows the downwind
footprint from a single burn consuming 10,000 bbl/h. Figure 40 shows the footprint from 10 sep-
arate fires each consuming 1,000 bbl/h, with each fire separated by about 50 m. Figure 41 shows
the footprint from 10 separate fires each consuming 1,000 bbl/h, with each fire separated by about
150 m. The footprints from the single fire case and the case where the fires are relatively close
together are not dramatically different. The footprint from the fires spaced more widely apart,
however, shows a substantial increase in ground level concentration. The reason for the difference
is not apparent from the figures. In the case of the single fire, the plume rises higher than those in
the multiple fire cases. As the separation between the fires increases, the interaction between the
plumes decreases until such a point where the plumes are independent of each other. This distance
is on the order of 100 m. When the plumes are effectively independent, the downwind footprint
can then be considered as merely a superposition of the footprints from the individual fires, with
concentrations at each location being the sum of those from the separate fires. The ground level
concentration from the superposition of independent fires is greater than the concentration from a
single fire consuming the equivalent amount of oil. In the next section, as part of an overall strategy
for predicting distances from fires where the particulate concentration falls below a given level of
concern, the issue of multiple fires will be discussed in a more quantitative manner.

6.5 Ground Level Distance Estimates for Complex Terrain

The introduction of complex terrain into an atmospheric dispersion model certainly enhances its
applicability and usefulness, but at the same time increases the variety of burn scenarios to consider.
For the simulations of burns in Alaska described above, it is clear that generalizations are not
easy to make concerning the introduction of complex terrain into the problem. For many cases,
particularly for plumes originating over relatively open waters, it is possible to estimate increased
ground level concentrations on elevated terrain near the coast over which the plume is lofted based
on flat terrain simulations. However, for cases where the plume originates in an area surrounded
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Figure 39: Footprint of simulated smoke plume from a single large fire originating at Pump
Station 1, Prudhoe Bay. The fire consumes 10,000 bbl/h.
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Figure 40: Footprint of simulated smoke plume from 10 fires originating at Pump Station 1,
Prudhoe Bay. Each fire consumes 1,000 bbl/h. The fires are separated by about 50 m.
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Figure 41: Footprint of simulated smoke plume from 10 fires originating at Pump Station 1,
Prudhoe Bay. Each fire consumes 1,000 bbl/h. The fires are separated by about 150 m.
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by steeply rising terrain and carved by glaciers and inlets, it is more difficult to make an estimate of
ground level concentration based on flat terrain results. These situations certainly justify the more
intensive computations required to make predictions.

The calculations described in the previous sections can be used to estimate the distance from a
fire beyond which ground level concentrations of combustion products fall below regulatory thresh-
olds. The combustion product most likely to violate ambient air quality standards is particulate,
and the guideline recommended for in situ burning is 150 pg/m3 (PM-10) averaged over one hour.
The distance beyond which the PM-10 concentration falls below this threshold depends mainly
on the terrain height and the mixing layer depth, with wind speed the next most important factor.
In addition, the region where one might expect to find concentrations in excess of 150 ug/m?® is
not necessarily narrow as in the case of ground level footprints generated by plumes lofting over
relatively flat terrain. Consequently, both the overall shape and extent of the region need to be char-
acterized. A reasonable approach is to idealize the shape of the region as a sector?? of the circle
whose center is the fire itself. Thus a distance and an angle define the region where ground level
concentrations exceed the threshold value. Roughly speaking, both the radius and the angle of the
sector decrease as the ventilation factor increases. The sector angle decreases because the plume
tends to go over, rather than around, terrain obstacles as the ventilation factor (and the similarly
defined Froude number) increases.

Taking all the simulations performed to date with the complex terrain version of the ALOFT
model, some conservative estimates of maximum distance can be made. In addition, flat terrain
plume simulations can be analyzed to determine the extent of concentrations exceeding 150 pg/m3
not only at ground level but throughout the entire plume. The idea behind this approach is that the
distance downwind of a plume lofting over flat terrain where the maximum concentration anywhere
within the plume no longer exceeds the threshold value can be used as a conservative estimate for
the distance where the concentration no longer exceeds the threshold at comparable elevations in
cases of complex terrain. For the 1,000 bbl/h fire used in many of the simulations above, de-
pending on the level of turbulence in the atmosphere, flat terrain calculations show the maximum
hour-averaged 150 ug/m® PM-10 concentration in the plume (not just near the ground) extending
anywhere from 10 to 20 km from the fire when lofted over land. When lofted over water, this dis-
tance extends to about 30 km. This sets the upper bound on ground level concentration, regardless
of the terrain height. This upper bound is inherently conservative because it does not take into ac-
count the increased dispersion of the plume as it interacts with the complex terrain. As can be seen
in Figure 38, a low ceiling height in the presence of relatively high mountains forces the smoke
flow around rather than over the terrain obstacles, which brings the smoke closer to the ground but
also breaks up the plume more effectively than the atmospheric turbulence would on its own.

Both the flat terrain and complex terrain simulations can be summarized in terms of the distance
beyond which the PM-10 concentration falls below regulatory thresholds. The two most important
factors determining this distance are the terrain height and the mixing layer depth relative to the
elevation of the burn site. Taking the 1,000 bbl/h burn as an upper limit for a single fire, 130 g/kg
as the particulate emission factor, and 150 pg/m® as the hour-averaged concentration threshold,
Table 9 lists the maximum distance as a function of terrain height and mixing layer depth. The
mixing layer depth is loosely correlated with the temperature lapse rate, and the wind speeds
considered were in the range from 1 to 12 m/s. Note that the first row of the table corresponds to

22The sector of a circle is the region bounded by two radii and the included arc.
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. . Mixing Layer Depth (m)
Terrain Height (m) |- 156 T 100-330 | 250-300 | 500-1,000 | > 1,000
0-25 (‘Flat Terrain”) | 5 4 3 2 I
25-250 10 8 6 4 3
250-500 5 2 10 8 5
> 500 20 17 05 12 i0

Table 9: Distance from a fire consuming 1,000 bbl/h beyond which the hour-averaged ground
level concentration of PM-10 falls below 150 pg/m3. These distances are expressed in units
of kilometers (1 mir©1.61 km). Terrain Height and Mixing Layer Depth are relative to the
altitude of the burn site. Modifications to these distances to account for different fire sizes
and PM standards can be made according to the formula given by Eq. (40).

relatively flat terrain. The maximum distance estimates can be modified to account for changes in
the fire size, emission factor, concentration threshold, offshore burns, and multiple burns. If the
given burn scenario calls for something other than a single fire on land consuming 1,000 bbl/h, and
the ground level particulate criteria is something other than 150 pg/m® of PM-10, then the distance
from Table 9, Dy pe. should be modified according to the following formula

D = Digpje + 7 In | (# of burns)

150 EF [/ BR \?
o0 EF ( ) + (d—de) km (40)

p. 130 \ 1,000

The expression “(# of burns)” refers to independently burning patches of oil separated by at least
100 m. Superposition of ground level concentration is applied in these cases. The critical hour-
averaged concentration p, should be expressed in units of ug/m3. The emission factor EF should
be expressed in units of g/kg. Emission factors for various PM sizes can be found in Table 1. The
value 130 g/km is for PM-10. The Burning Rate BR is expressed in units of bbl/h per fire. Tt
is assumed that in the case of multiple burns, all the fires are of comparable size. Note that the
Burning Rate, BR, can be expressed in terms of the burn area, burning rate or heat release rate
as long as the value of the denominator (here given as 1,000 bbl/h) is given in equivalent units.
The distance d — d., accounts for the case where a plume originates offshore and is subject to less
atmospheric turbulence over water. The distance d is the actual distance the plume travels over the
water, and d., is given as

dpy = 9y, marine d @l

Ow,coastal

and represents an equivalent distance where the plume would be subjected to coastal rather than
marine atmospheric conditions. The magnitude of the vertical wind fluctuation offshore is roughly
half that of land, thus a good rule of thumb is to assume that the equivalent offshore distance, d
is about half the actual distance, d (See Section 4.4 for more details).

Note that the distance given by (40) may be negative, in which case the distance from Table 9
would be reduced. However, this distance should never be reduced inside of a kilometer from
the fire because of the unpredictable, transient nature of the near field environment that is not
accounted for by the quasi-steady state model. This includes low traveling smoke due to fire
ignition and extinction.

eqr
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The discussion of multiple burns in the previous section can be made more quantitative with the
use of the correction term in Eq. 40. Consider again a very large slick of oil which, if ignited, could
support a fire consuming about 10,000 bbl/h. Its area would be about 7,600 m?. The correction
term to the distance listed in Table 9 depends on whether or not the slick burns as one big fire or as
smaller fires separated by at least 100 m. Suppose, the slick was broken up into 10 smaller patches,
with the burning rate of each patch being 1,000 bbl/h. The correction term in this case would be
7 In10 = 16 km, that is, a distance of 16 km should be added to the Table 9 estimate. However,
if the slick was burned as a single fire, the correction term would be 7 In 105 = 5. This result
is due to the fact that the increased particulate matter generated by increasing the burning rate of
a single fire is offset by the fact that the plume will rise higher into the atmosphere. Breaking up
a larger fire into smaller ones leads to higher ground level concentrations downwind because the
same amount of particulate matter is being injected into the atmosphere at lower altitudes due to
the increased mixing of the smaller plumes with the surrounding air. A forest fire differs from an
in situ burn for exactly this reason — a forest fire of comparable total smoke generation rate to
an in situ burn will exhibit higher ground level smoke concentrations because the source fires are
typically spread over a wider area. Needless to say, the strategy for in situ burning should be to
create as large a fire or fires as possible so that the combustion products rise as high as possible
into the atmosphere.
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7 Conclusions

The strategy from the beginning of the development of the ALOFT model has been to work from
the fundamental conservation equations that describe the introduction of hot gases and particulate
matter into the atmosphere. The justification for this approach is manifested by the extremely
complicated flow simulations of smoke dispersal over the rugged terrain of Alaska. There simply
is no other way to simulate these flow patterns except by solving the fundamental equations of
fluid mechanics. Empirical correlations become hopelessly awkward to apply as the number of
degrees of freedom in the problem increases with the introduction of realistic meteorology and
terrain. Fortunately, the rapid development of relatively inexpensive, powerful computers has made
it possible to compute the solution to the equations of motion that govern the transport of pollutants
in the lower atmosphere at a resolution that is comparable to that of the underlying terrain data.

A combination of numerical modeling and small and large scale experiments has yielded
a tremendous amount of information about the structure, trajectory and composition of smoke
plumes from large crude oil fires. The results of both the ALOFT modeling effort and the series of
large scale experimental burns can be summarized as follows:

1. The results of the original plume modeling study, summarized in Table 9 of Reference [1],
remain valid for flat terrain applications. “Flat” in this context refers to terrain that does not
vary in height by more than about 10% of the expected plume height. Thus, for a single
burn consuming up to about 1,000 bbl/h in wind speeds less than 12 m/s (23 knots), the
maximum ground level extent of particulate concentration in excess of 150 ug/m? (hour-
averaged) is 5 km (3.0 miles) over flat terrain. This distance is considerably less for typical
daytime conditions, and simple correlations of ALOFT results (see Section 4.5) can be used
to produce more refined distance estimates given a knowledge of the wind speed, ceiling
height and burn size.

2. The uncertainty of ALOFT model predictions is largely a function of the uncertainty in
the meteorological conditions and fire emission rates. The factor of safety of 2 that had
been applied to the downwind distance predictions of the original flat terrain modeling effort
(Reference [1]) should no longer be used as a means to incorporate model uncertainty. For
cases involving flat terrain, a more rigorous estimation of uncertainty can be made using the
flat terrain lapse rate/wind speed diagrams introduced in Section 4.5. These simple charts
readily convey the sensitivity of model results to variations in the input parameters. The most
important parameter is the lapse rate, which is roughly correlated with the mixing height.
The latter quantity, along with the terrain height, has been used to extend the generalized flat
terrain results to situations involving complex terrain.

3. The ventilation factor, which is the product of the wind speed and mixing layer depth used
to characterize the dispersive potential of the atmosphere, is a reasonably good indicator of
expected ground level concentration of smoke or combustion products from a large burn.
This is true of both flat and complex terrain. In the case of flat terrain, the ALOFT cor-
relations show clearly the relationship between ground level concentrations and ventilation
factor. In the case of complex terrain, the ventilation factor is similar to the Froude number,
a nondimensional quantity used by the meteorological community to express the propensity
of air currents to flow over, rather than around, terrain obstacles. Low ventilations factors,
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like low Froude numbers, indicate conditions more likely to lead to a higher ground level
concentration of pollutants.

. Smoke particulate is by far the most likely combustion product of crude oil burning to exceed
ambient air quality standards beyond a few hundred meters from the fire. This is true of both
the National Ambient Air Quality Standard (NAAQS) and the Alaska State Regulatory Stan-
dards. Presently, the standards apply to PM-10 particulate, but the translation of results for
other PM sizes and/or concentrations can easily be made and will not alter the conclusions
of this report dramatically. The next likeliest combustion product to violate any air quality
standard would be sulfur dioxide (SO,). Based on the measured ratio of particulate to SO, in
the smoke, SO, will not reach its 3 hour standard until the PM-10 particulate concentration
reaches 7,800 pg/m3. ALOFT-predicted maximum hour-averaged, ground level concentra-
tions from a burn consuming 1,000 bbl/h ANS crude never exceeded 2,000 pg/m? for all the
locations and soundings considered.

. Peak concentrations of ground level smoke particulate for the Newfoundland Offshore Burn
Experiment, the Alaska Clean Seas Burning of Emulsions experiment, and the October 1994
diesel fuel burns in Mobile, Alabama, never exceeded 100 pg/m? beyond a few hundred
hundred meters from the fires, and in most cases were well below that level. All these ex-
periments were conducted under reasonably good weather conditions and over relatively flat
terrain, and the burns were smaller than burns anticipated in a real in sifu burning application.
However, extrapolating these burns to full scale would not dramatically change the overall
results.

. Simple correlations of ALOFT model results cannot be made for cases involving complex
terrain because there are too many degrees of freedom in the problem. The extent of the
surface level PM-10 concentration in excess of 150 ug/m? averaged over several hours can
be as much as 20 km from the burn site for a burn consuming 1,000 bbl/h. However, this
estimate can be refined based primarily on the relative terrain height and the depth of the
mixing layer (see Section 6.5). The distance from a large burn (1,000 bbl/h) can be as low
as 1 km for flat terrain and nearly adiabatic lapse rates, and as high as 20 km for terrain
elevations extending above the mixing layer.

. The downwind deposition patterns from the simultaneous burning of multiple patches of oil
is very much dependent on the distance between the fires. For lateral distances (perpen-
dicular to the wind direction) of at least 100 m, the plumes may be considered effectively
independent, and their individual footprints superimposed. For fires which are closer, the
ALOFT model, either the flat terrain or complex terrain version, must be run to assess the
interaction of the two rising plumes.
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A Description of ALOFT Model Input Parameters

For a given in situ burn scenario, there are three options for making a prediction of the concen-
tration of combustion products downwind using the ALOFT model. The choice depends on the
following criteria:

e Flat vs. complex terrain.
e Availability of meteorological information.
e Amount of detail required in the output.

The decision path is relatively simple: If the terrain varies by more than about 10% of the expected
plume height, then the terrain cannot be considered “flat”, and the complex terrain version of the
ALOFT model (ALOFT-CT) must be used. If the terrain can be considered flat, either a flat terrain
(ALOFT-FT) calculation should be performed or the flat terrain lapse rate/wind speed diagrams
based on ALOFT-FT can be used. This decision is dictated by the availability of meteorological
information and the level of detail required in the output. If the meteorological information is
limited to an estimate of the temperature lapse rate and/or an estimate of the mixing layer depth,
then the correlations will suffice as long as the required information is limited to ground level
maximum concentration and the distance downwind one might expect to find a certain critical con-
centration. If more detailed meteorological information, like a temperature sounding, is available,
then an ALOFT-FT calculation should be performed, yielding more information about the plume
height and structure. The obvious advantage of the correlations is that it requires a few simple
calculations, or a glance at a pre-computed chart, examples of which are found throughout this
report.

The ALOFT model, regardless of version, is narrowly focussed on the problem of smoke and
pollutant dispersion from large fires. Because of this, the input list required of the user is relatively
short. At present, the ALOFT model is being developed for implementation on both UNIX and PC
platforms, but the scope of the model will be limited by the speed and memory of the particular
machine. Nevertheless, the input parameters defined below are generally applicable for all ver-
sions of the model. These parameters are divided into several groups defining the meteorological
conditions, the terrain, the burn conditions and the numerical grid. The specific form of the input
will depend on the version of the ALOFT model being used, and the details will accompany the
numerical codes. However, suffice it say here that the input list will be limited to about a dozen pa-
rameters, most of which pertain to the physical description of the specific problem rather than the
numerical algorithm itself. Numerical parameters will be adjustable for those wishing to modify
the given default values.

A.1 Burn Input Parameters

The burning rate of the fire is a function of the area of burning surface. The heat release rate
and the emission rates of the combustion products are all proportional to the burning rate. These
parameters are fuel dependent, and included in a single file that can be expanded to accommodate
additional fuels or improved measurements of the properties of the existing fuels. The user need
only specify the area of the burning surface (plus the fire’s latitude and longitude for ALOFT-CT).
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The heat and smoke generation rates are then calculated based on the characteristics of the fuel
included in the data base. A typical entry in the data base is as follows:

NORTH SLOPE CRUDE Fuel Name

1.76 Heat Release Rate Per Unit Area (MW/m**2)
0.05097 Burning Rate Per Unit Area (kg/s-m**2)
876. Fuel Density (kg/m**3)

PM10 PARTICULATE Name of Combustion Product

116. -1. Emission Factor (g/kg), Molecular Weight
PM2.5 PARTICULATE

86. -1.

CARBON DIOXIDE .

2810. 44. Emission Factor (g/kg), Molecular Weight
CARBON MONOXIDE

30. 28.

voC

5. -1.

SULFUR DIOXIDE

25. 64.

Heat Release Rate Per Unit Area This is the convective heat release rate of the fire per unit area,
expressed in units of MW/m?. Radiative heat is not considered by the model. For very sooty
fires, it is often assumed that about 10% of the total heat release rate is lost to radiation.

Burning Rate Per Unit Area The rate of fuel consumption, expressed in units of kg/s/m?.
Fuel Density The density of the unburned fuel in units of kg/m?3.

Emission Factors The fraction of the fuel mass converted into whichever combustion product is
listed. These are expressed in units of g/kg.

Molecular Weight This is positive if the combustion product is a gas of definable molecular
weight. If not, -1 is used to indicate that the concentration should only be reported in terms
of its mass density, rather than volume density.

By default, the fuel used in the ALOFT model is Alaska North Slope crude. Other fuel charac-
teristics are listed in Table 10. Notice from this table that the burning characteristics do not vary
significantly from fuel to fuel.
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Fuel Type Burning Rate Heat Release Rate | Smoke Yield
kg/s/m?  bbl/h/ft? MW/m? g/kg
Alaska North Slope crude 0.051 0.122 1.76 116
Cook Inlet crude 0.056 0.140 1.94 92
Louisiana crude 0.056 0.140 2.14 120
Alberta Sweet Mixed Blend || 0.056 0.140 2.00 150
Number 2 diesel fuel 0.067 0.157 2.34 140

Table 10: Burning characteristics of several heavy hydrocarbon fuels. The values for
Louisiana crude and number 2 diesel fuel are based on large scale experiments at the USCG
Fire and Safety Test Detachment, Mobile, Alabama. The values for North Slope and Cook
Inlet crude are based on 1.2 m pan burns, extrapolated to larger scale [1]. The values for
Alberta Sweet Mixed Blend are based on the Newfoundland Offshore Burn Experiment.

A.2 Meteorological Input Parameters

All versions of the ALOFT model make use of a single sounding to describe the vertical stratifi-
cation of the atmosphere. A convenient method to input this information to the code is through
a data format supported by the Forecast Systems Laboratory (FSL) of the National Oceanic and
Atmospheric Administration (NOAA) [40]. This laboratory has set up a database of soundings
for various locations throughout North America for the years 1946 through 1994, and continues
to update the database with more current data. The format for these sounding files is included in
at the end of the section. Some of the information contained in the sounding do not apply to the
problem. ALOFT-CT utilizes the temperature, wind speed and wind direction profiles, whereas
ALOFT-FT only uses the temperature profile. In addition, the user has the ability to override any
or all of the sounding profiles by prescribing the following optional parameters:

Wind Speed A constant wind speed (m/s) is required by ALOFT-FT, and optional in ALOFT-CT.
In ALOFT-CT, the sounding wind speed profile can be overridden by one of the form

u(z2) =uy (zil)p

where u; is the wind speed at the reference height z;, and p is an exponent whose value is on
the order of 0.15. For ALOFT-FT, the wind speed ought to be taken at an altitude to which
the plume is expected to loft, usually a few hundred meters. Extrapolations of ground level
measurements can be made with the above formula.

Lapse Rate A linear lapse rate (°C/m) can override the temperature profile of the sounding.

Wind Direction The prevailing wind direction (degrees) can be specified, overriding the vertical
direction profile of the sounding.

Wind Fluctuations These are expressed in terms of the standard deviation of the wind direction
from its prevailing direction. Both lateral and vertical deviations are required. These are
best obtained with an anemometer whose readings are taken over time periods of the order
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of the burn time. The particulate concentrations resulting from the computation can be con-
sidered as average values over this time period. Table 11 presents values of the default wind
fluctuations.

[ | Marine | Coastal | Mountain |

oy, (M/s) 0.2 0.4 04
oy (m/s) 0.5 1.2 1.2
0w (IM/s) 04 1.0 1.0
Tu (8) 300 300 300
Ty (8) 300 300 300
Tw (8) 100 100 100

Table 11: ALOFT Default Dispersion Parameters [10, 30, 12]

A.3 Numerical Grid Parameters

An ALOFT-CT simulation consists of basically two calculations. The first is referred to as the “far-
field” calculation and is intended to establish a wind field in the vicinity of the burn. The spatial
extent of this calculation is on the order of several tens of kilometers in both the latitudinal and
longitudinal directions. The second calculation simulates the plume rise over several kilometers.
This calculation is performed with the parabolized equations used in ALOFT-FT. Following is a
list of input parameters needed to specify the spatial and temporal bounds of both calculations:

Width of the far-field grid The distance (m) in both the latitudinal and longitudinal directions
across the computational grid. It is usually 30,000 to 40,000. Note that this domain is made
square for computational convenience.

Height of the far-field grid The altitude (m) of the top of the computational grid. It is usually on
the order of 5,000 m.

Height of ground level grid cell of the far-field grid The vertical dimension (m) of the first level
of grid cells in the computational grid. The grid is stretched in the vertical direction, allowing
for greater spatial resolution at the ground. The lateral dimensions of the cells are uniform.

Grid Dimensions The number of cells in the latitudinal, longitudinal and vertical directions corre-
sponding to the z, y and z axes for the three-dimensional, far-field calculation. For the plume
rise calculation, the velocity component along the z-axis (windward direction) is assumed
constant, thus only the dimensions for the y- and z-axes (lateral and vertical directions) are
needed.

Simulation Time The time in seconds to iterate the time-dependent equations for the far-field
calculation. Usually this is on the order of several thousand, i.e., an hour. The plume rise
equations are inherently steady-state.
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A.4 Processing Results

The details about compilation of the numerical code, computer resources required, etc., will ac-
company the specific version of the code. The graphical display of results is the most important part
of the analysis because the ALOFT model is actually simulating in appreciable detail the plume’s
interaction with a complex environment. Ground level wind patterns and particulate concentrations
cannot be conveyed through a simple chart or table, but rather through a picture. Although most
of the numerical algorithm for the ALOFT model was developed at NIST and as a result remains
in the public domain, the software required to render the results graphically is not. It is not the
intention of NIST to develop on its own these tools, but rather to use either packages that are rea-
sonably priced and widely available, or packages that are not proprietary. The results of the Alaska
study presented in this report were produced with NCAR Graphics on a Silicon Graphics UNIX
workstation. NCAR Graphics is a product of the Scientific Computing Division of the National
Center for Atmospheric Research [47]. This package is relatively inexpensive and used widely
in the meteorological as well as many other scientific fields. It is designed primarily for UNIX
workstations. Graphical presentation on the PC will depend on the application.

A.5 Forecast Systems Laboratory (FSL) sounding format

The official FSL data format is similar to the format used by the National Severe Storms Forecast
Center (NSSFC) in Kansas City. The first 4 lines of the sounding are identification and information
lines. All additional lines are data lines. An entry of 32767 indicates that the information is either
missing, not reported, or not applicable.

254 HOUR DAY MONTH YEAR (blank) {(blank)
1 WBAN#H WMO# LAT LON ELEV RTIME
2 HYDRO MXWD TROPL LINES TINDEX SOURCE
3 {(blank) STAID (blank) (blank) SONDE WSUNITS
9 PRESSURE HEIGHT TEMP DEWPT WIND DIR WIND SPD
4
5
6
7
8

The integer at the start of each line indicates the function of that particular row of data according
to the following codes

N

(%2}

'S
I

indicates a new sounding in the output file
station identification line

sounding checks line

station identifier and other indicators line
= mandatory level

= significant level

wind level

tropopause level

maximum wind level

surface level

nn

W~ U W
I

nononou

HOUR is the time of report in UTC (Universal Time)
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WMO# is the World Meteorological Organization station number

WBAN# is the Weather Bureau, Army, Navy number as assigned by the National Climatic Data
Center (NCDC)

LAT is the latitude in degrees and hundredths

LON is the longitude in degrees and hundredths

ELEV is the elevation from station history in meters

RTIME is the actual release time of radiosonde

HYDRO is the pressure of the level to where the sounding passes the hydrostatic check.

MXWD is the pressure of the level having the maximum wind in the sounding. If within the body
of the sounding there is no “8” level then MXWN is estimated.

TROPL is the pressure of the level containing the tropopause. If within the body of the sounding
there is no “7” level, then TROPL is estimated.

LINES is the number of levels in the sounding, including the 4 identification lines.

TINDEX is an indicator for estimated tropopause. A “7” indicates that sufficient data was avail-
able to attempt the estimation; 11 indicates that data terminated and that tropopause is a
“suspected” tropopause.

SOURCE 0 = National Climatic Data Center (NCDC)

1 = Atmospheric Environment Service (AES), Canada

2 = National Severe Storms Forecast Center (NSSFC)

3 = GTS or FSL GTS data only

4 = merge of NCDC and GTS data (sources 2,3 merged into sources 0,1)
STAID is the station identification string of 3 capital letters
SONDE is the type of radiosonde code (only reported with GTS data)

10 = VIZ “A” type radiosonde
11 = VIZ “B” type radiosonde
12 = Space Data Corporation (SDC) radiosonde.

WSUNITS is the units for the wind speed

ms = tenths of meters per second
kt =knots

PRESSURE is given in whole millibars (mb)

HEIGHT is given in meters (m)

TEMP is the temperature in tenths of degrees Celsius

DEWPT is the dew point temperature in tenths of a degree Celsius

WIND DIR is the wind direction in degrees

WIND SPD isthe wind speed in either knots or tenths of a meter per second

An example of FORTRAN format statements necessary to read output rawinsonde data, ac-
cording to the line type, is as follows:

254 (317,6x%x,a4,17)
1 (3i7,2£7.2,217) _
2 (717)
3 (17,3x%x,al10)
4,5,6,7,8,9 (71i7)

Further information on these data files may be found in Reference [40].

89




B Numerical Method

Both the two-dimensional and the three-dimensional form of the nondimensionalized flow equa-
tions derived in Section 4 are very similar in structure, and indeed the algorithm that solves them
is equally similar. This section contains a detailed description of both the two-dimensional algo-
rithm used to calculate the plume rise, and the three-dimensional algorithm used to calculate the
background wind field.

B.1 ALOFT-FT Algorithm (Plume Rise Calculation for ALOFT-CT)

Equations (27)—(30) constitute a mixed system of partial differential equations, i.e., the equations
for the temperature and velocity components are parabolic and the equation for the pressure (de-
rived from the incompressibility condition) is elliptic. The equations and the associated boundary
conditions are solved using a relatively simple finite difference technique. The computational do-
main spanning the crosswind plane is one unit in the vertical direction and (usually) four units in
the horizontal direction, representing a physical domain fL units high and 4 f L units wide. This
area is divided into J x K uniformly sized rectangular cells (preferably square). The horizontal
velocity v* is assigned on the left and right boundaries of each cell, the vertical velocity w* is
assigned at the top and bottom, and the perturbation temperature T* and pressure p* are taken at
cell centers. This placement of the flow variables leads to a very natural and efficient differencing
scheme for the equations. Central differences are used to approximate all spatial derivatives, and
the solution is advanced in time (i.e. the plume is tracked as it moves downwind) with a second
order Runge-Kutta scheme. The particulate concentration (or any other non-reacting combustion
product) may be represented by Lagrangian particles that are advected with the flow. Details of the
entire procedure will be given in the following sections.

B.1.1 The Energy Equation

The nondimensionalized energy equation describing the evolution of the plume perturbation tem-
perature 7™ is given by
or  LoTt Ot . 1 (&T 0T
ot* oy* Oz* " Re Pr \ ay*? ' 022

In the jkth cell of the crosswind plane (1 < 7 < Jand 1 < & < K), this equation is approximated
by the discretized form

(42)

OT* i1 1 .

Fpo i+ Fpe it = V3T, 43
Bt* + y*.3k + z*,5k Re PI' ( )Jk ( )
where

1, Tyap—T5% Ta—T 1
Fy‘,jk = 5 (U jk ? Sy =+ j—Llk ! Sy* :
L[, Te—T y T =T w2 Wik + W¥e_1
Fz"‘,jk = § (w Jk——JT—l— +w j,k—l% + N z J 5 J
. P s = 25+ P5in | Prans = 20 + Ty
(VZT )jk — i+l 6y*]2k j—1,k + 7.k+1 52*32k 7. k—1
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The horizontal velocity component v* is assigned to the right edge of the jkth cell, v*;_; 4 to the
left. Likewise, the vertical velocity component w” ;i is assigned to the top, w*;x_; to the bottom.
Due to the incompressibility condition the flux terms may be written more simply as

vk e — Ve 1k
20y*

w* i T kg1 — w1 T w* ik + w*
jkt  jk+1 ik—-14 jk—-1 2 k k—1
Fz*,jk = + N* ! 2

262 b 2
The term N*2 is the nondimensionalized Brunt-Viisili frequency. It is formed by the user spec-
ified input temperature profile, suitably interpolated onto the computational grid. The Reynolds
number Re is of the order §z* 2, the Prandtl number Pr is of order unity.
The energy equation is initialized by prescribing the perturbation temperature profile in the y-z
plane a few fire diameters downwind of the fire. This may be prescribed in any way as long as

1
S5 0 oyt = - (44)
j=lk=1 f
The superscript “0” indicates the initial distribution of temperature. A reasonable assumption is
that 7*° assumes a Gaussian profile just downwind of the fire itself

0, = L o0/ (k5" 0)?/ 2 (45)

f 3IByIBz7r
where (y*, 2*o) is the center of the plume cross-section, (y*;, z*1) are the coordinates of the jkth
cell, and 3, and 3, represent the cross-section half-widths. It has been observed that the downwind
dispersion pattern is not very sensitive to the choice of these initial parameters. The width of the
initial plume cross section is taken to be roughly that of the fire.

At the boundaries of the computational domain, the temperature perturbation boundary condi-
tion is adiabatic, that is, no temperature gradients are prescribed. This is a reasonable assumption
as long as the plume stays well away from the edges of the computational domain.

The quantity T* 4% is advanced in time through a simple second-order Runge-Kutta scheme.
This technique is sometimes referred to as a predictor-corrector scheme because the solution is
advanced from the nth to the (n + 1)th time step by the following two-step process

T*n+1 ,est — "'*1_7, _ 6t* (Fn ik + F;*,jk _ (VZT*)?’C)

T*n+1 - 5 [ + T*n+l est — 5t (F:—i;lkest Fn+1 est (V2T*);L:-1,est)]

Fpoje =

The superscripts on each term indicate that all components of that term be evaluated at that par-
ticular time level, thus for example, F}. ;; is evaluated with values of v*", w*", and T*". The
superscript “n+ 1, est” indicates that the term is an estimate of the value of that particular quantity
at the (n + 1)th time step.

B.1.2 The Momentum Equations

The nondimensionalized momentum equations for the velocity components in the crosswind plane
derived above for the plume rise approximation are as follows

ov* b ov* + w*a'u* + op* 1 (3 N 0%v* 46
ot* oy* dz* Oy " Re \oy*? ' 922 (46)




ow* _H)*Bw* +w*8w* N op* Fe 1 (0%w* N o?w* 47
ot* oy* dz*  0z* ~ Re \oy*?  9z*? @7
These equations can be rewritten by making use of the vector identities
Viu=V(V-u) -V x (V x u) (48)
|uf”
(u-Viu=V Ty —ux (Vxu) (49)

The term |u|?/2 can be combined with the perturbation pressure p* to form a total head H* =
|u|?2/2 + p*. Also, the vorticity w = V x u is a scalar quantity because of the uniform flow in the
downwind z direction. The reason for the application of these identities is merely to facilitate the
numerical solution of the equations, which are now of the form

ov* . OH* 1 Ow

5 VYT Gy = "TRe o
ow . oM - 1w
g TV et T T Roay

The finite differencing scheme for the spatial derivatives is given as

Ok g e = e 50
at* + 'U‘,]k + 6y* - ( )
ow’* H* k1 — HYj
jk Jk+1 jk
ot + Fue i+ dz* =0 1)
where
* *
P WLk Wik T W54l Wik-1 4L @ik = Wik
*’ ik = -
v 2 Re 62+
VY1 Wi +UY 1 Wi 1k 1 w: .
Foo. = Jk+3z Y j=Lk43 Ci-Lk Wik — Wi-1k e .
w,jk 9 Re Sy* Jk+3
e = Wk T Wk Vik1 = Uk
*® = Sy 52"

The inclusion of a half to a subscript indicates an average, thus

*
w* WYk T Wk
.1 =
]+§,k 2

Free-slip conditions are prescribed for the tangential component of the velocity at all boundaries,
consistent with the uniform wind assumption and spatial resolution of the grid. The boundary
condition for the normal component of velocity is associated with the boundary condition for the
pressure and will be described in the next section.

The velocity components are advanced from the nth to the (n + 1)th time step through the
second-order Runge-Kutta scheme

*7 — *Tl
v*;};-l,est - ’U*;'lk — 5t (qui,jk + J+1;;cy* Jk:) (52)
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w*(H—l,est — — &t ( + ,H*;'l,k+l — *?k> (53)
jk *Jk

dz*
[ H*n-{-l,est _ H*n+1 ,est
*n+l " *n+1 est * n+1,est j+l,k
v ]k‘ = .5 _]k + 5t F’U*,jk + 6y* (54)
[ /H*n+1,est H*n+1 ,est
*n+1l *n+1,est * n+1, est 7.k+1
w ik = .5 k +w ik — ot Fw Jk 52* (55)

The time step §t* is allowed to vary from one time step to another, based on the CFL condition that

roughly states

min(dy*, 6z*)
Vol +u?

This condition essentially guarantees that a particle in the flow cannot travel more than the width

of a grid cell in a single time step.

§t* < (56)

B.1.3 The Incompressibility Condition

Before the velocity components can be updated, it is necessary to determine the gradient of the
total head at the nth time step, as seen in Eqgs. (52) and (53), and then repeat the procedure for
Egs. (54) and (55). To see how this is done, consider the momentum equations in the vector-
invariant form S

u

ot*
where F* denotes the non-linear convection, buoyancy and dissipative terms. Taking the diver-
gence of this equation yields a Poisson equation for the total head

VN = -V .- F* (58)

Notice that the incompressibility condition is asserted here because the time derivative of the ve-
locity divergence is zero. In discretized form, the Poisson equation for the total head is given
as

+F* + VH* =0 (57)

H 16— 2H 56+ H 1k H g1 = 2H 6 + Hjp1

+ =
5y*2 522
Fojk — Foejorke Furjk — Fur jr-1
p— L] . ) _ ), 2J s 5
oy* oz (59)

Equation (58) is solved with a very efficient direct Poisson solver that exploits the uniform gridding
of the computational domain through the use of Fast Fourier Transforms (FFTs) [48]. The lack of
a superscript implies that all quantities are to be evaluated at the same time level. The boundary
conditions for this elliptic equation are mixed. At the ground, the condition

M = —Fyue o

dz* ¥

is enforced, consistent with the fact that the vertical component of velocity w* is zero at the ground.
At the top and side boundaries, the pressure is assumed to be at its ambient value, thus the pertur-
bation pressure is assumed to be zero. According to the steady state form of Bernoulli’s theorem,
the total head H* does not change along streamlines. Thus for outgoing flow, #* = |u*|/2, and
for incoming flow, H* = 0.
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B.1.4 Particle Tracking

As the velocity field evolves in the crosswind plane, the trajectories of the Lagrangian particles
that are used to represent the particulate matter are computed. The particles are introduced into
the flow at the start of the calculation and advected with the induced flow, given by the velocity
field (U, v + v', w + w'), which has been suitably nondimensionalized. The initial distribution of
particles in the crosswind plane mimics the initial temperature perturbation, where the particulate
density p, is prescribed so that

/_O:O/()OOUppdzdsz (60)

where M is the steady-state mass flux of particulate matter (or any other non-reacting combustion
product). The quantity p, is nondimensionalized

M

pP = UL2p*p (61)
so that Eq. (60) is now nondimensionalized
J K 1
22 Py byT0et = 62)
j=lk=1

Again the scale factor f indicates that it may be necessary to rescale the variables to contain the
plume within the limits of the computational domain.

The total mass delivered to the jkth cell at the nth time level is given by the summation of the
masses of all those particles within one cell width of the center of the cell. Thus, for the jkth cell
a particle within one cell width of the center contributes a fraction of its mass to that cell, so that
the particulate density of that cell may be expressed as the sum of the contributions of all particles
in the neighborhood

1/f°

P o =2 (1 —ryp)(1—rz) N 5y o7 (63)
p

where N, is the total number of particles representing the plume cross-section, and 7+ and r,- are
the lateral and vertical distances from the cell center, expressed as fractions of the cell dimensions.

The particles are advected with the flow according to the simple Runge-Kutta scheme that is
used to advance the solution of the governing hydrodynamic equations. Briefly, the average of the
velocity at the start and at the end of a time step is used to update the particle position. A random
perturbation is applied to each particle position to mimic the temporal and spatial variation of the
prevailing winds. This procedure has been described in Section 4.4.

B.2 ALOFT-CT Wind Field Calculation

The solution methodology introduced in the previous section applies equally well to the fully
three-dimensional form of the governing equations (14)—(18). The scalings used to derive these
nondimensionalized equations from the Boussinesq form of the governing equations are different,
however. The length and time scales are no longer tied to the fire size, but rather to the background
atmosphere. Indeed, the fire has no role at all in establishing the background atmosphere. The
height of the computational domain is now fixed at some altitude well above the height to which
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the plume is expected to loft, usually about 5 km. The longitudinal and latitudinal extent of the
domain is usually set to about 30 km. This area is divided into I x J x K rectangular cells,
uniformly spaced in the horizontal directions, with the vertical spacing increasing with altitude so
as to concentrate the grid near the terrain surface. The terrain is introduced into the flow field by
“blocking” off cells that correspond to terrain features such as hills and mountains. The terrain
data is available for Alaska at 3 arc second resolution, or roughly 100 m. In the three-dimensional
calculations, the grid cells are on the order of several hundred meters in width, and tens of meters
in height.

At the side boundaries of the domain, ambient winds are prescribed, based on sounding data.
The z*-axis is aligned with lines of constant latitude, the y*-axis is aligned with lines of constant
longitude, and the z*-axis is aligned with the vertical. As before, velocity components are pre-
scribed at their respective faces of each computational cell, while the scalar quantities defining the
perturbation temperature and pressure are prescribed at cell centers. Central differences are used to
approximate all spatial derivatives, and the solution is advanced in time with the same second order
Runge-Kutta scheme as before. The solution is advanced in time until a wind field is established.
Due to the periodic shedding of vortices from the terrain obstacles, a true “steady-state” is never
achieved. However, after a few hours worth of simulated time advancement, the computed wind
field certainly meets the criteria of a time-averaged solution to the equations.

B.2.1 The Energy Equation

The equation for the nondimensionalized temperature perturbation is as follows

or  ,oT* N v*acf* w*aT* N e PT* 0T+ N T 64
ot e T By 92+ T RePr \0z*2 ' 952 ' 822
The spatial terms of this equation are approximated at the ijkth cell center as follows
o [ F T Tro T
u* ~ - U*ijk i+1,jk ijk + U*i—l,jk ijk i—1,5k
ox* 2 ox* oz*
o7 V[ o Tiiee— T ik = Tiso1s |
I~ — |7, Vs s g IR
" By P A "
w*af* N 1 w*._kTiTj,k+1 - T twti 1Ti§k o T
O0z* 2 “ dz* R dz*
N ne N2 Wik T Wik
k 2
o*T* N 0T n *T* i1k — 25 + Ty
ox*?  Oy*?  0z*? 5z*?
" T — 205+ Ty & + T — 2005 + T 41

The perturbation temperature at some time step n is advanced in time by §t* to time step n + 1

5y*2

§2+2

with the two step predictor-corrector scheme (2nd order Runge-Kutta)

x.n+1,est
ijk

= Ty —br

(u*,n . VT*,n _

1
Re Pr

95

v2j’w*,n)



“xn+l 1 0 ik, n+1,est * *n+1,est rk,n+1,est
Ty = 5 (Tijk + Tijk — 6t (u VT -

1 2 n+1,est )
Re Pr VT )

Adiabatic boundary conditions are applied at solid surfaces (i.e. the ground), and also at the edges
of the computational domain. This means that gradients in the perturbation temperature are set to

zero at all computational boundaries.

B.2.2 The Momentum Equations

The nondimensionalized momentum equations are

ouw* 0w Ou ,ou*  Op* 1 (0w 0% O%u
o o Y oy* T T e " TRe (69:*2 Oy*? * 6z*2)
o  Ov* | Ov* LOovr Op* 1 (0% 0% 0%
ot Br +v Ay* +w Oz*  Oy* ~ TRe (6:5*2 + Oy*? + 82*2>
ow* N u*@ Ly ow* N w*c?w* N op* e 1 (6210* N O?w* N Bzw*>
ot* Ozr* oy* 9z Oz* Re \ 0z*? = Oy*? = 0z*?

The vector identities given by Eqgs. (48) and (49) are applied to these equations as before to simplify

the spatial differencing The momentum equations are rewritten

ou* . . | OH 1 (Owy. Ow:.
g Vs Tt T Re(az*"ay*)
ov* Wt — Wt + OH* _ 1 (aw;. B &u;‘.)
ot* z T oy Re \ 0z* ox*
ow* ., . o« OH* =, 1 (0w,  Owk
5 +vwx.—uwy*+0z* el Re(@x*_ay*)

Notice that the total pressure H*

_ ou* _ ow*
92 Ozt

ow* ov*
X = w**

* T ay* - az* Yy

*
. ov

W

The spatial differencing applied at each respective cell face is as follows

ou*

W« = -
= 0z Oy*

|u*|?2/2 + p*. The components of the vorticity are given by

* * *
ou ijk+F __k+Hi+1,jk_Hijk_O
T*,1 -
ot I oz*
* * %*
ov*ijk F H e — Hie 0
*’z ——
ot v dy*
* * *
ow ik | "k+7{ij,k+1_%ijk_0
z* i -
ot J dz*
where
1
- T * * * T ¥ * * Lk
Foesie = 2(“ i+3,kWan ijk + U i+%,j—l,sz*,i,j—1,k) + 2(“’ i+1,jkWy ije T W i+%,j,k——1"‘)y*,ij,k—1)
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* * * *
1 (Wy*,ijk — Wik Warijk — “’z*,z’jk)
e

R bz dy*
F - _ l( * * + * * ) _ l( * * * *
vk = 5 Uit d eWar e T U 1,51 kWeri-1,5k 5 Wi 541 kWar ijk +w i,j+%,k—1wm',ij,lc—1)
* * * *
_ 1 [ Wae ik — Wer 5561 _ Warijk T Wer i1k
Re dz* ox*
F - - 1 %* * + * * ) _ _];( * * + * *
2 ijk = 5(1’ ijk+3 %z ijk TV i1k 43 Werig-1k) T G\ ik fWym g T U i—l,j,k+§wy*,i—1,jk)
- ' * * * *
T+ Tye 1 (Wi = Yyrimgh Wik — Yorio1k
2 Re dx* dy*
* *
. Wik — Wk Uik — Uik
Warige = Sy* 52
* *
o Uk — Uk Wik — Wik
yriigk dz* o+
* * * *
Wh = Vlitlgk — Viigk U ig41k — U 5k
2" 5igk dx* oy*

Again, the subscript ¢ + % indicates that the variable is an average of its values at the ith and the
(i + 1)th cell.

The advancement in time of the velocity components is identical to that of the temperature
perturbation. In addition, free-slip boundary conditions are applied at solid surfaces. This choice
of boundary condition reflects the relative coarseness of the numerical grid and the fact that atmo-
spheric turbulence is introduced into the problem by randomly perturbing the Lagrangian particles
that represent the combustion products rather than by directly simulating surface friction.

The time step 6t* is determined by the CFL condition

1
5t* < (65)

u*, LU w* ..
—&.Jk J— .k k-
max( s & ‘;yﬁ =% %)

dx* 82*

This condition essentially states that a particle cannot traverse more than the width of a grid cell
in a single time step. In practice, the time step is on the order of about 10 seconds. The estimated
velocity components are tested at each time step to ensure that the above condition is satisfied. If it
is not, then the time step is reduced by 75% and the estimated velocity components are recomputed
(and checked again).

B.2.3 The Incompressibility Condition

The incompressibility condition
ou* 4 ov* 4 ow* 0 66)
oz*  Oy* 9z

when applied to the momentum equations yields a Poisson equation for the total pressure H*

V?H* =~V -F (67)
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which in discretized form is written

Hiivage = 2H %k + Hlimage | Hligjie = 2H %0 + Hlijo1k 4 Ml = 21750 + g1
637*2 5y*2 6z*2

__Feip — Fomicige  Fyie — Fyragie Foijk — Ferije—
oz* oy* Sz

The lack of a superscript implies that all quantities are to be evaluated at time level n. This equation
is solved with a fast Poisson solver [48]. For external boundaries (for example at * = 0), the
Poisson solver is given the boundary condition

*
Hr56 — Hojk (3%(2, t))
= —Fy 0,ik —
ik

dx*

ot

where the function wug(2,t) represents the latitudinal component of the prevailing wind profile,
U(z). It is given by
uo(z,t) = —U(z) tanh(¢/7) sin (68)

where 7 is a ramp-up time for the wind velocity, usually on the order of a few tens of seconds, and
« is the prevailing wind direction. The reason for the ramp-up of the ambient winds is that the
algorithm requires a zero-velocity initial condition throughout the domain because of the presence
of the terrain obstacles. As the velocity at the boundaries ramps up to its prescribed value, the
proper flow field is established throughout the domain.

At the terrain surface, the normal component of velocity is forced to remain zero by setting the
normal component of the pressure gradient plus the flux term F' equal to zero. Specifically, the
normal component of F at the terrain surface takes on the value

x
F, =~ o + Buy
on
where 3 = 0.8/46t* and the total head is taken from the last iteration. This procedure ensures that
the normal component of velocity at the ground (or mountain side) remains nearly zero. The error
incurred by the relaxation scheme is several orders of magnitude less than the velocity itself. This
accuracy is satisfactory, given the fact that the terrain is being approximated by rectangular blocks.

B.2.4 Particle Tracking

The Lagrangian particles representing combustion products that were introduced in the plume rise
phase of the calculation continue to be tracked by the larger scale three-dimensional wind field.
The position x = (z*, y*, 2*) of each particle is governed by the equation

dx
The particle positions are updated according to the same Runge-Kutta scheme which is applied
to the other flow quantities. The concentration of the pollutant in any given computational cell is

simply given by the expression
M Yt

Pijk = ‘N—p Ve

(70)
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where M is the mass flux of the combustion product of interest, IV, is the number of particles
representing that mass, ¢, is the amount of time spent by each particle in the ijkth cell, 6V is
the volume of the cell, and the summation is over those particles which pass through the cell. An
example of this procedure is as follows: Suppose that /N, = 10,000 particles are launched to
represent M = 1 kg/s of smoke generated by the fire. If 100 of these particles pass through a
volume which is 100 m on a side, and the residence time of each particle is ¢, = 20 s, then the
average concentration of particulate in that cell is given as

1kg/s 100 part. x 20s
10, 000 part. 1 x 105 m3

=2x 107 kg/m?

This, of course, is equivalent to 200 pg/m3.
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C Additional Results and Flat Terrain Wind Speed/Lapse Rate
Charts

On the following pages are the flat terrain wind speed/lapse rate diagrams for a variety of burn sizes
and levels of atmospheric turbulence (i.e. land versus marine). In addition, ALOFT-CT calcula-
tions are included for some of the areas studied above, but with a variety of different meteorological
conditions applied.

e Figures 42-44 present flat terrain wind speed/lapse rate diagrams for fires consuming 1,000,
2,000, and 500 bbl/h, respectively.

o Figures 45-56 present footprints of twelve simulated smoke plumes originating in the Valdez
Narrows. These simulations are intended to demonstrate the effect of various meteorological
conditions on downwind dispersion.

o Figures 57-62 present footprints of six simulated smoke plumes originating at the Trans-
Alaska Pipeline just west of Fairbanks. The fires each consume 1,000 bbl/h ANS crude.
Again, these demonstrate the effect of different meteorological conditions.

e Figures 63-68 present the results of six simulations of burns involving six distinct fires, each
fire consuming 1,000 bbl/h ANS crude and originating near the Valdez Marine Terminal.
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FLAT TERRAIN, GROUND LEVEL PARTICULATE CONCENTRATION
FOR VARIOUS METEOROLOGICAL CONDITIONS

BURN SIZE 1336 MW LATERAL VELOCITY STANDARD DEVIATION 1.2 m/s
SMOKE GENERATION RATE 4.5 kg/s VERTICAL VELOCITY STANDARD DEVIATION 1.0 m/s
CRITICAL CONCENTRATION 150 ug/m3

SOLID LINES INDICATE DOWNWIND DISTANCE (km); SHORT DASHES MAXIMUM CONCENTRATION {129/m"); LONG DASHES EXTENT OF CRITICAL CONCENTRATION (km)
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Figure 42: Correlated ALOFT-FT results for a fire generating 1336 MW with typical over-
land wind fluctuations. This fire size corresponds to a 760 m? burn of ANS crude consum-
ing 1,000 bbl/h. This single fire has been used as a base line case for many of the simulations
in this report.
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FLAT TERRAIN, GROUND LEVEL PARTICULATE CONCENTRATION
FOR VARIOUS METEOROLOGICAL CONDITIONS

BURN SIZE 2672 MW LATERAL VELOCITY STANDARD DEVIATION 1.2 m/s
SMOKE GENERATION RATE 9.0 kg/s VERTICAL VELOCITY STANDARD DEVIATION 1.0 m/s
CRITICAL CONCENTRATION 150 ug/m?

SOLID LINES INDICATE DOWNWIND DISTANCE (km); SHORT DASHES MAXIMUM CONCENTRATION (ug/m"); LONG DASHES EXTENT OF CRITICAL CONCENTRATION (km)
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Figure 43: Correlated ALOFT-FT results for a fire generating 2672 MW with typical over-
land wind fluctuations. This fire size corresponds to a 1,520 m? burn of ANS crude consum-
ing 2,000 bbl/h.
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FLAT TERRAIN, GROUND LEVEL PARTICULATE CONCENTRATION
FOR VARIOUS METEOROLOGICAL CONDITIONS

BURN SIZE 668 MW LATERAL VELOCITY STANDARD DEVIATION 1.2 m/s
SMOKE GENERATION RATE 2.2 kg/s VERTICAL VELOCITY STANDARD DEVIATION 1.0 m/s
CRITICAL CONCENTRATION 150 pg/m®

SOLID LINES INDICATE DOWNWIND DISTANCE (km); SHORT DASHES MAXIMUM CONCENTRATION (ug/m®); LONG DASHES EXTENT OF CRITICAL CONCENTRATION (km)
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Figure 44: Correlated ALOFT-FT results for a fire generating 668 MW with typical overland
wind fluctuations. This fire size corresponds to a 380 m? burn of ANS crude consuming 500
bbl/h.
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VALDEZ NARROWS 5000
BURNING RATE 1000 bbl/hr
WIND DIRECTION 75° 2 4000
VENTILATION FACTOR 376 m¥s ~ 3000
N
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Figure 45: Footprint of simulated smoke plume originating in the Valdez Narrows. This sim-
ulation is first in a series of twelve to evaluate the role of different meteorological conditions
on downwind dispersion.
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VALDEZ NARROWS 5000

BURNING RATE 1000 bbl/hr
WIND DIRECTION 75°

VENTILATION FACTOR 383 m¥s §3ooo

. 4000

TERRAIN CONTOUR INTERVAL 100 m Z 2000
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C — ]
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TEMPERATURE (C) WIND SPEED (m/s)

Figure 46: Footprint of simulated smoke plume originating in the Valdez Narrows. This
simulation is second in a series of twelve to evaluate the role of different meteorological con-
ditions on downwind dispersion.
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Figure 47: Footprint of simulated smoke plume originating in the Valdez Narrows. This sim-
ulation is third in a series of twelve to evaluate the role of different meteorological conditions
on downwind dispersion.
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Figure 48: Footprint of simulated smoke plume originating in the Valdez Narrows. This sim-
ulation is fourth in a series of twelve to evaluate the role of different meteorological conditions
on downwind dispersion.
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Figure 49: Footprint of simulated smoke plume originating in the Valdez Narrows. This sim-
ulation is fifth in a series of twelve to evaluate the role of different meteorological conditions
on downwind dispersion.
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Figure 50: Footprint of simulated smoke plume originating in the Valdez Narrows. This sim-
ulation is sixth in a series of twelve to evaluate the role of different meteorological conditions
on downwind dispersion.
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Figure 51: Footprint of simulated smoke plume originating in the Valdez Narrows. This
simulation is seventh in a series of twelve to evaluate the role of different meteorological
conditions on downwind dispersion.
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Figure 52: Footprint of simulated smoke plume originating in the Valdez Narrows. This sim-
ulation is eighth in a series of twelve to evaluate the role of different meteorological conditions
on downwind dispersion.
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Figure 53: Footprint of simulated smoke plume originating in the Valdez Narrows. This sim-
ulation is ninth in a series of twelve to evaluate the role of different meteorological conditions
on downwind dispersion.
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Figure 54: Footprint of simulated smoke plume originating in the Valdez Narrows. This sim-
ulation is tenth in a series of twelve to evaluate the role of different meteorological conditions

on downwind dispersion.
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Figure 55: Footprint of simulated smoke plume originating in the Valdez Narrows. This
simulation is eleventh in a series of twelve to evaluate the role of different meteorological
conditions on downwind dispersion.
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Figure 56: Footprint of simulated smoke plume originating in the Valdez Narrows. This
simulation is twelfth in a series of twelve to evaluate the role of different meteorological
conditions on downwind dispersion.
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Figure 57: Footprint of simulated smoke plume originating at the Trans-Alaska Pipeline just
west of Fairbanks. The fire consumes 1,000 bbl/h ANS crude. First in a series of six.

116



4 6

-20 -15 -10 2
WIND SPEED (m/s)

-25
TEMPERATURE (C)

AN RN RN
AR RS S SR RN

AR RNARRN N AN ANANNERANNNNNNNNN
NN NN RN NARNNANANNNNNNNNNANN
NN RN RO RN RN RNNN AN NNANNNYN

NARNN RN NN RARRNNNNNNNNNSNNNS

N AN AN AR
SNV NS RAR R AN RNRNRRNNRNRNS

NNANRNNANAN
SRNANNRNNAN
AR R R R R
SNANARNNAN

STEELE CREEK, FAIRBANKS
BURNING RATE 1000 bbl/hr

WIND DIRECTION 217°
VENTILATION FACTOR 5651 m¥s

TERRAIN CONTOUR INTERVAL 50 m

NORTH SLOPE CRUDE BURN SITE &

DISTANCE SCALE (km)

I

PMjg PARTICULATE CONCENTRATION (19/m®

NANNNNANNKNAN
NANNANNNNNAN
NANNNNNANNANN
NANNNANKNNANN
NANNNANNANNAN
NANNNANNNNNN
AR R NN
SNNNNNNNANN
NANNNNNNAN
NANNNANNAN
NNNANANNNANNN

i t

ine jus

|
IX.

t the Trans-Alaska P

ing a

t

igina

Footprint of simulated smoke plume ori

Figure 58

ipe

ies of s

In a series o

west of Fairbanks. The fire consumes 1,000 bbl/h ANS crude. Second

117



STEELE CREEK, FAIRBANKS 5000
BURNING RATE 1000 bbi/hr

WIND DIRECTION 277°
VENTILATION FACTOR 6370 m¥s .\_Efsooo

4000
~

TERRAIN CONTOUR INTERVAL 50 m % 2000

NORTH SLOPE CRUDE BURN SITE & o
DISTANCE SCALE (km) 1000
5 : ) 0

P

) -10 0 2 4 65 B

H
Mg PARTICULATE CONCENTRATION (ug/m?
S 5 RS TEMPERATURE (C) WIND SPEED (m/s)

Figure 59: Footprint of simulated smoke plume originating at the Trans-Alaska Pipeline just
west of Fairbanks. The fire consumes 1,000 bbl/h ANS crude. Third in a series of six.
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Figure 60: Footprint of simulated smoke plume originating at the Trans-Alaska Pipeline just
west of Fairbanks. The fire consumes 1,000 bbl/h ANS crude. Fourth in a series of six.
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Figure 62: Footprint of simulated smoke plume originating at the Trans-Alaska Pipeline just
west of Fairbanks. The fire consumes 1,000 bbl/h ANS crude. Sixth in a series of six.
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Figure 64: Footprint of six smoke plumes originating at the Valdez Marine Terminal. Each
fire consumes 1,000 bbl/h ANS crude. Second in a series of six.
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Figure 65: Footprint of six smoke plumes originating at the Valdez Marine Terminal. Each
fire consumes 1,000 bbl/h ANS crude. Third in a series of six.
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Figure 66: Footprint of six smoke plumes originating at the Valdez Marine Terminal. Each
fire consumes 1,000 bbl/h ANS crude. Fourth in a series of six.

125



VALDEZ MARINE TERMINAL 5000

BURNING RATE 6000 bbl/hr

WIND DIRECTION 260° ?4°°°
VENTILATION FACTOR 1421 m¥s < 3000
-
TERRAIN CONTOUR INTERVAL 100 m 5
© 2000
NORTH SLOPE CRUDE BURN SITE ® 2
DISTANCE SCALE (km) 1000
T |
lo s 0 0
PM,, PARTICULATE CONCENTRATION (ug/m?) -10 o 1 2 3 4
0.

. 150. £00. 10458, TEMPERATURE (C) WIND SPEED (m/s)

......

............

.....

Figure 67: Footprint of six smoke plumes originating at the Valdez Marine Terminal. Each
fire consumes 1,000 bbl/h ANS crude. Fifth in a series of six.
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Figure 68: Footprint of six smoke plumes originating at the Valdez Marine Terminal. Each
fire consumes 1,000 bbl/h ANS crude. Sixth in a series of six.
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