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ABSTRACT

In 1991 a series of 14 mesoscale fire experiments were performed to measure the
burning characteristics of crude oil on salt water. These oil bumns in a pan ranged in
size from 6 m square to 15 m square. Results of the measurements for burning rate
and smoke emissions are compared to those from previous smaller scale burns
conducted both in the U.S. and in Japan. The burning rate as indicated by the
regression rate of the oil surface was found to be 0.055 + 0.01 mmy/s for pan fires
with effective diameters greater than 7 m. Smoke particulate yields from fires greater
than 2 m in diameter were found to be approximately 0.13 of the oil burned on a
mass basis. Predictions of smoke plume trajectory and particulate deposition at
ground level from the Large Eddy Simulation (LES) model developed as part of this
research effort were found to be different from those predicted by the EPA approved
SCREEN model. LES is a steady-state three-dimensional calculation of smoke plume
trajectory and smoke particulate deposition based on a mixed finite difference and
Lagrangian particle tracking method.

'INTRODUCTION

In-situ burning of spilled oil has distinct advantages over other countermeasures. It
offers the potential to convert rapidly large quantities of oil into its primary
combustion products, carbon dioxide and water, with a small percentage of other
unburned and residue byproducts. Burning of spilled oil from the water surface
reduces the chances of shoreline contamination and damage to biota by removing the
oil from the water surface before it spreads and moves. In-situ buming requires
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minimal equipment and less labor than other techniques. It can be applied in areas
where many other methods cannot due to lack of response infra-structure and/or lack
of alternatives. Oil spills amongst ice and on ice are examples of situations where
practical alternatives to burning are very limited. Because the oil is converted to
gaseous products of combustion by burning, the need for physical collection, storage,
and transport of recovered fluids is reduced to the few percent of the original spill
volume that remains as residue after burning.

Burning oil spills produces a visible smoke plume containing smoke particulate and
other products of combustion which may persist for many kilometers from the burn.
This fact gives rise to public health concerns, related to the chemical content of the
smoke plume and the downwind deposition of particulate, which need to be answered.
Air quality is also affected by evaporation of large oil spills that are not burned.
Volatile organic compounds (VOC) including benzene, toluene, and xylene and
polycyclic aromatic hydrocarbons (PAH) are found in the air downwind of an
evaporating crude oil spill. Laboratory measurements are useful to determine the
types of chemical compounds that are expected from large oil spill burns or the
evaporation of the spill. To determine the rate of emissions and the transport of the
chemical compounds from a burning or evaporating spill, mesoscale experiments have
been conducted outdoors using a 15 m square pan. In these experiments a layer of
crude oil was discharged onto the surface of a salt water pool. The local air quality
during evaporation and burning of the oil was measured.

BACKGROUND

Extensive experimental studies to quantify the capabilities of in-situ burning began
in 1983 at the Oil and Hazardous Materials Simulated Environmental Test Tank
(OHMSETT) facility in Leonardo, New Jersey under joint funding from the Minerals
Management Service (MMS), U.S. Coast Guard (USCG), Environmental Protection
Agency (EPA), and Environment Canada (EC). The primary feature of the facility
was a water-filled concrete tank 203 m x 20 m x 2.4 m water depth. The tank and
associated measurement and control equipment were used to evaluate the performance
of oil spill response methods. In the studies conducted at OHMSETT, Prudhoe Bay,
Amuligak, and several other crude oils were burned to evaluate the effects of selected
physical variables including slick thickness, weathering, sea state, wind velocities, air
and water temperatures, degrees of emulsification, and degrees of ice coverage on oil
removal efficiency [1]. Results showed that 50 to 95 percent of all of the oils tested
could be removed from the water surface by burning, as long as emulsification of the
oil with water had not occurred before ignition. Ice coverage from less than 30 to 98
percent, wind speeds from calm to 26 m/s (measured 10 m above the water surface),
and water temperatures from -1° to 13°C had little effect on the amount of oil
removed from the water surface. Weathered, but not emulsified, oils burned with a
greater percentage of removal than did the fresh oils. This was unexpected, but
appeared to be a function of increased viscosity of the weathered oil [2]. These tank
experiments added to the successes in removing large quantities of oil by burning in
field experiments conducted by Brown and Goodman [3] and Buist and Twardus [4].
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Based upon the success of these research efforts, a joint MMS and EC in-situ burning
research program continued in 1985. This research program was designed to study
how burning large oil spills would affect air quality by quantifying the products of
combustion and developing methods to predict the downwind smoke particulate
deposition. Initially, laboratory experiments were conducted by the Center for Fire
Research, now the Building and Fire Research Laboratory, at the National Institute
of Standards and Technology (NIST). This work sought to quantify the processes
involved in oil spill combustion on open waters and in water filled channels formed
in broken ice and included measurements of smoke production and prediction of
smoke dispersal. Technical support from EC allowed the study to be broadened to
include chemical analysis of the oil, oil residue, and oil smoke.

In the first year of the study [5] the bumning process was studied at two pool
diameters, 0.6 m and 1.2 m. The emission rate, size distribution, and specific
extinction coefficient (relative blackness) were measured for the smoke produced by
the fires. The structure of the smoke agglomerates was examined by electron
microscopy. The burn residue left on the water by natural quenching of the
combustion was analyzed and found to be depleted of short chain alkanes and
cycloalkanes when compared with the fresh crude oil. A calculation of the induced
air flow into a distribution of pool fires simulating the simultaneous burning of oil in
many separate ice leads was performed to demonstrate the magnitude of the fire
induced wind.

In the second year [6] extensive measurements of the PAH content of the crude oil
and the smoke were performed in cooperation with Environment Canada. Measure-
ments showed that about 10 percent of the crude oil was converted to smoke in the
combustion process. A methodology was developed with which the downwind
dispersal of smoke generated by one or more oil spill fires in close proximity may be
predicted.

In the third year [7] smoke emission was measured during the burning of oil layers
thin enough to cause boiling in the supporting water layer. Under these conditions
both smoke emission and the PAH content of in the smoke were reduced compared
to burning of thicker layers. The smoke yield was found to decrease by more than
a factor of two when the initial oil layer thickness was decreased from 10 mm to
2 mm. Considering 18 different PAH compounds, the total PAH content in the
postburn products, oil residue, smoke and vapors, was found to be less than that
contained in the oil that was burned. Measurements of the optical properties and
sedimentation velocities for aged and diluted smoke samples were performed. The
median aerodynamic effective diameter of the smoke particulate size distribution was
found to increase by 30 percent after a simulated one day of aging in a smoke plume.
These characteristics are important in estimating smoke properties downwind of the
oil spill fire. Analyses of smoke dispersal in the atmosphere were continued by
formulating a model for smoke particle settling time which is directly related to soot
deposition on the ground remote from the combustion site.
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In the fourth year [8] measurements focussed on the determination of the agglomera-
tion rate for smoke particles at both ambient temperature conditions, which
corresponds to the cooler, diluted smoke in the plume and at a temperature around
100°C, which corresponds to the temperature several flame heights above the fire.
Development of the plume dynamics model continued with a formulation in terms of
buoyancy induced vortex trajectories (which represent the large scale plume
turbulence) so that the agglomeration rate inferred from the laboratory measurements
could be incorporated in the plume model. In the laboratory study the agglomerate
size was observed to increase with holding time in the aging/dilution collection
chamber, while in a steady state plume model, the agglomerate size will increase with
downwind position along the plume.

In the fifth year [9] preparations began for the mesoscale burns to be conducted in
cooperation with the USCG at their Fire and Safety Test Detachment in Mobile,
Alabama. Preparation involved the development of new instrumentation to perform
measurements of combustion characteristics and smoke emissions from large crude
oil pan fires up to 15 meters in diameter. Many methods of transporting instrument
packages into the smoke plume were investigated during the year. Testing indicated
that the best method was tethered miniblimps. Efforts in the calculation of smoke
plume trajectory were concentrated on developing models capable of predicting the
"footprint” of soot particle deposition downwind of a burn.

In the sixth year [10,11,12] measurements were made with the newly developed
instrumentation on large oil fires from 3 meters in diameter at the Fire Research
Institute in Japan, to 15 meters in diameter (mesoscale) at both the Navy Fire Fighter
Training facility in Norfolk, Virginia and the U.S. Coast Guard’s Fire and Safety Test
Detachment in Mobile, Alabama. Initial two- and three-dimensional calculations of
smoke particulate transport were completed.

The effort in the seventh year of the research program was concentrated on analysis
of the data from the 1991 mesoscale experiments. The initial results were the major
burning characteristics of mass loss rate and fraction of the oil bumed that was
emitted as particulate. The extensive ground and smoke plume measurements of
chemical components emitted from the oil fires remain to be analyzed fully.
Additional laboratory measurements of smoke yield were performed with the identical
oil used in the mesoscale experiments to examine the effect of scaling. Calculations
of the smoke plume trajectory and downwind particulate deposition at ground level
were completed.

EXPERIMENTAL FACILITIES

To understand the important features of in-situ burning it is necessary to perform both
laboratory and mesoscale experiments. Finally, actual burns of spilled oil at sea will
be necessary to evaluate the method at the anticipated scale of actual response
operations. In this research program there is a continuing interaction between findings
from measurements on small fire experiments performed in the controlled laboratory
environments of NIST and the Fire Research Institute (FRI) in Japan, and large fire
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experiments at facilities like the USCG Fire Safety and Test Detachment in Mobile,
Alabama where outdoor liquid fuel burmns in large pans are possible.

At NIST, two major facilities were used to perform measurements on crude oil pool
fires ranging in size from 0.085 m to 0.6 m in diameter. The smallest fires, 0.085 m
diameter, were conducted in the Cone Calorimeter to determine the effective heat of
combustion for the crude oils and evaluate smoke yield using three different
measurement methods. The Cone Calorimeter, shown in figure 1, is more formally
known as Standard Test Method for Heat and Visible Smoke Release Rates for
Materials and Products Using an Oxygen Consumption Calorimeter [13]. The name
of the apparatus, Cone Calorimeter, is derived from the shape of the heater used to
irradiate samples. The heater coils are formed along the inner surface of a truncated
cone. By imposing additional thermal radiation on a small sample, the sample is
made to burn as if it were in the middle of a larger fire. The major material
flammability characteristics can be evaluated using this laboratory apparatus. These
include: rate of heat release, effective heat of combustion, total heat release,
ignitibility, mass loss rate, smoke specific extinction area, and yields of various
gaseous species and particulate.

A larger calorimeter apparatus capable of accommodating samples up to 0.6 m in
diameter was used to provide additional NIST laboratory data on the effect of fire
diameter on smoke yield from crude oil fires. This instrumented exhaust hood shown
in figure 2 has been the workhorse of the laboratory scale studies of crude oil

combustion for several years in this research program [5-11]. Samples drawn from
the exhaust hood duct were used to quantify the amount of each major combustion
product generated per kilogram of crude oil burned, the chemical composition of the
smoke including PAH content, the particulate size distribution of both fresh and aged
smoke, and the oxygen consumed in the combustion process. Oxygen consumption
calorimetry is used to calculate the heat release rate of the fire, which is the primary
quantity used to characterize burning intensity. To further characterize the
combustion process, additional instrumentation was used to measure radiant heat flux
from the flame and the mass loss rate of the burning fuel.

The relatively small, 0.6 m diameter, fires provided a means of measuring fire
characteristics under controlled conditions, but are too small to provide an adequate
test of measurement equipment being developed for field use. Through the
cooperation of the Fire Research Institute (FRI) in Tokyo, Japan, joint studies of
crude oil burning characteristics were conducted. FRI maintains a fire test facility in
which crude oil pools up to 3 m in diameter are burned, with all of the combustion
products collected in a large hood system. Figure 3 shows a 2 m diameter crude oil
fire burning in the 24 m x 24 m x 20 m high test hall. This facility could accommo-
date fires that are large enough so that sampling packages designed for mesoscale
tests could be evaluated. The exhaust system for the building was instrumented so
that measurements similar to those performed in the NIST facility could be made by
effectively using the entire FRI test building as a smoke collection hood.






