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INTRODUCTION

Combustion, as a tool to mitigate spilled oils on the ocean surface, turned out to
be more feasible compared to other possible means by converting rapidly large quantities
of oil into its primary combustion products, carbon dioxide and water, with a small
percentage of other unburned and residue byproducts [1]. According to Evans et al,,
"In—situ burning of spilled oil has distinct advantage over other counter measures. It
requires minimal equipment and less labor than other techniques. It can be applied in areas
where many other methods can’t due to lack of response infra—structure and/or lack of
alternatives." To establish an effective combustion method which has a high burning rate
and emit only environmentally acceptable products, we need to understand the structure
of large crude oil fires is not well understood.

Building and Fire Research Laboratory at the National Institute of Standards and
Technology (NIST) conducted a series of pool fire experiments; radiation and smoke
emissions from large scale crude—oil pool—fires were characterized [2]. To establish
effective correlations among these different pool fires, a series of pool fire experiments
were performed using different diameter pools. The main difficulty in this approach is
that radiant energy emitted to surroundings changes as a function of the pool diameter
affecting chemical and physical structures of pool fires as can be seen in the pioneer work
by Blinov and Khudiakov [3]. Blinov and Khudiakov reported the first results of a series
of pool fire experiments using four different liquid fuels for the diameter of the pool from
less than 1 cm to 22 m. They showed that the regression rate of fuel did not depend on
the pool size, and introduced two different scale lengths. One was associated with
convective motion of fuel vapor, hot products and air, and the other was associated with
the thickness of the hot layer formed on the fuel surface. In 1959, two years after the
report of Blinov and Khudyakov [3], Hottel, by analyzing Blinov and Khudyakov data,
concluded that in the turbulent pool fires, the dominant heat input to the fuel surface
occurs by radiation [4].

Their experimental data [3] had been widely used by many fire researchers until
the Japan Society for Safety Engineers conducted a series of larger scale pool-fire
experiments [5]. In their 1979 experiments, light crude oil was burned using three
different diameter (6.5m, 10.9m, and 30.8m) tanks. In their 1981 experiments, kerosene
was burned using three larger diameter (30m, 50m, and 80m) tanks. For both
experiments, they measured visible flame (smoke) height, burning rate, irradiance from
the flame to ambient environment, and heat feed—back rate at the center of fuel surface.
Unfortunately, the 80m pool fire could not spread over the entire fuel surface due to a
wind effect leaving that data incomplete. However, other five different diameter tank
fires provided interesting data. Akita and Kashio [Gj thoroughly studied those data and
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showed that radiation received at geometrically similar locations outside the pool
decreased with the increase of the pool diameter. The regression rate of fuel remained
approximately constant regardless of the pool diameter. They also reported that smoke
production increased by increasing the pool diameter and a thick smoke layer absorbed
radiation from the flame, thus radiant energy per unit surface from the smoke covered
flame decreased. This effect, called "smoke blockage" becomes important for large scale
pool fires, whose diameter is larger 5 to 10 m depending on fuel [6].

Because radiant emission from large scale pool—fires is not well known, Koseki and
Yumoto [71 measured irradiance from the flame to an ambient environment using a
narrow angle radiometer in order to characterize the smoke blockage effect. Hayasaka et
al [8] applied a high—speed thermography to measure radiation from a large scale pool
fire. Recently, two large scale pool fire experiments were conducted in the US: (1) Gritzo
et al [9] conducted a 20 m pool fire experiment and measured radiative feedback
distributions on the fuel surface. Their measurements were compared with calculations
with fairly good agreement. (2) Koseki, Evans and Walton [10] applied a high—speed
thermography to measure flame characteristics in a 15 m square crude oil fire which was
conducted by NIST at the US Coast Guard Fire and safety Test Detachment in Mobile,
Alabama, March, 1994. In the second experiment, the University of Kentucky team
participated in measurement of a series of IR image maps for the pool fire [2]. Our main
objective was to measure the flame temperature (hopefully the maximum flame
temperature in a luminous zone) by penetrating cold smoke and combustion by—product
layers which surround the flame.

Based on results from our exploratory tests which were carried out during 1991
through 1993, we used four different band pass—filters (5, 6, 8, and 10.6 um, each with a
band pass width + 0.5 ym) with the IR camera. The idea to use these filters with the IR

camera was to test the effect of each band—pass filter on the flame temperature
measurement. A color photograph of the 15 m pool fire was taken and compared to the
corresponding IR images without filters (Fig 1), and that with a 10.6 ym band-pass filter
(Fig. 2). That the IR image with the 10.6 band—pass filter shows somewhat higher
temperature than the IR image without filters is interesting. The 10.6 um filter was
. designed to eliminate emissions from smoke and combustion by—product layers [11], while
the no—filtering IR image likely corresponds to the highest temperature. These test
results indicate that if we can correctly understand the effect of filtering, we may be able
to measure "flame temperature" by penetrating smoke and combustion by—product layers
enveloping the luminous flame.

Because we do not know the real maximum temperature in a luminous flame zone,
these IR data need to be compared to a direct temperature measurement (e.g., by
thermocouples). However, the thermocouple technique has limitations for such a large
scale fire. Therefore, we proposed to apply both IR image and thermocouple techniques
to measure temperatures for laboratory—scale pool fires. In addition, we are investigating
the mechanism of air entrainment near the base of pool fires. From our previous
small—scale pool—fire experiments [12—14] and other large—scale pool—fire experiments
[1,2,5] we learned that the structure of a flame base is always laminar regardless of pool
diameter, at least for the pool fires with diameter between 5 cm and 50 m. This
observation suggests that mechanisms of air entrainment and flame structure near the
base for a large scale pool fire can be studied from a small—scale laboratory pool fire. Our
recent study showed that air entrainment and fuel-air mixing which occur near the base
of pool fires influence soot production rate, flame height, and temperature structure.
Flame anchoring, an important issue related to flame extinguishment, also occurs at the
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base on the diffusion flame. Therefore, the investigation for the flame—base structure in
the large scale pool fires is very important.

POOL FIRE EXPERIMENTS

During 1987 through 1991, we participated in the NIST organized program under
sponsorship from the Mineral Management Service on the investigation of boilover
phenomena in relation to the In—site burning of spilled crude oil on the ocean surface.
We applied a holographic interferometry technique and successfully obtained a series of
transient temperature profiles in liquids [15,16]. We developed pool fire apparatus with a
temperature and fuel level control system. This apparatus was applied to our small scale
pool fire experiments.

THE IR IMAGE TEMPERATURE MEASUREMENT TECHNIQUE

The significant advantage of the IR technique compared to the conventional
thermocouple one can be summarized as follows: .

* No sample preparation is required prior to the measurement;

* The technique is non—intrusive (the system can be controlled in a remote
location away from the fire); and

* Nearly simultaneous temperature mapping in a relatively large area (easily,
20m x 20m) is available with high spatial and temperature resolution.

The IR image technique was proved to be an effective tool for studying large structure
fires [11]. The IR image technique can be a very valuable tool for measuring a luminous
flame temperature of large scale pool fires where the conventional thermocouple technique
has limitations. To investigate this possibility, the following tasks have been conducted
in our laboratory.

Five different diameter (5 cm, 10 cm, 30 cm, 60 cm, and 1.2m) pool fires will be
used and four different hydrocarbon fuels (hexane, toluene, diesel oil, and crude oil) will
be tested. These pool diameters and fuels are selected based on Ref [3] and our previous
studies. The 5 cm pool fire will provide a laminar diffusion flame and the 1.2 m diameter
pool fire will provide a fully developed buoyancy—controlled turbulent—diffusion—flame.
The 10 cm, 30 cm and 60 cm pool fires will be in a transition regime from laminar to
turbulent. In addition, a series of IR images were already obtained for the 15 m diesel oil
fire at Mobile, AL. The above four different fuels were chosen, since our previous tests
showed that these four fuels were typical examples of four different types of liquid
hydrocarbon fuels, i.e., hexane as a saturated aliphatic hydrocarbon, toluene as an
aromatic hydrocarbon, diesel oil as a homogeneous multi—component hydrocarbon, and
crude oil as non—homogeneous multi—component hydrocarbon. A series of transient IR
images for the five different small-diameter—pool fires are planned and these IR image
data will be compared to the thermocouple data explained below.

THERMOCOUPLE TEMPERATURE MEASUREMENT

Radial and axial temperature distributions for the five different small diameter
pool fires will be measured by fine (Alumel—chromel) thermocouples using the same
technique applied in our previous work. Six thermocouples will be placed equi—distantly
along the center line. Other six thermocouples will be also placed equi—distantly in radial
direction near the flame base and half way to the flame tip. Radial thermocouples are
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located in six different locations. TC1 is located outside the luminous flame zone. TC2 is
approximately in the flame sheet location, TC3 — TC5 are in the flame interior, and TC6
in the center of the flame.

Soot deposit may occur on thermocouple beads located in soot forming zone. Some
thermocouples located in a high temperature flame zone may cause radiation loss. The
first cause is related to thermophoretic effect, which will be experimentally estimated
from our previous data for a small scale hydrocarbon—air diffusion flames. The IR image
and the thermocouple data will be compared in order to find effective correlations
between these two as a function of pool diameter and fuel kind. If an effective engineering
correlation is found among these laboratory—scale pool fires, a scaling law analysis will be
conducted to apply these correlations to large—scale pool fires.

VELOCITY MEASUREMENT BY
A PARTICLE-TRACK LASER-SHEET TECHNIQUE

A 5 cm diameter hexane—pool—fire was used for this study. The flame was seeded
by talc particles and two—component velocity profiles were measured by a particle track
laser sheet technique. We focused on the following two mechanisms:

(1) Anchoring and stabilization of the pool fire. Much work has been conducted on
the stability and lift—off of laminar and turbulent jet diffusion flames; whereas, in
a pool fire the fuel and oxidizer velocities near the base are much smaller, and
insufficient to produce shear—stress—induced circulation zones which were observed
in the jet diffusion flames. Therefore, the mechanism for fuel and oxidizer mixing
in pool fires and jet diffusion flames is expected to be different and will be
investigated.

(2) Why and how much (magnitude) air entrainment occurs near the base? The
air entrainment mechanisms near the base and in the intermittent regions are
quite different. In the intermittent region of the flame, air entrainment is mainly
by large—scale buoyancy—induced mixing. near the base, by contrast, air is
convectively entrained to satisfy mass conservation because of the rapidly
accelerating buoyant gases in the flame interior.
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Open Lens

Figure 1 An IR image without filters for a 15 m
square pool fire.

© 0.6 um fitter

Figure 2 An IR image with 10.6 micro-meter band-pass
filter for a 15 m square pool fire.

152



