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Abstract. A new Outdoor Gas Emission Sampling (OGES) system was developed to

serve as a low-cost alternative to expensive industrial gas sampling equipment. This
research showed its effectiveness in sampling a smoke plume from multiple points
simultaneously, obtaining gas concentration curves for common products of combus-
tion such as CO2 and CO in meso-scale experiments. The optimal height for combus-

tion product sampling was determined based on a variety of factors, most notably
CO/CO2 ratio, which showed to be most consistent when located in the intermittent
and plume regime of the McCaffrey plume. Large-scale field tests at U.S. Army Cold

Regions Research and Engineering Laboratory (CRREL) in collaboration with the
Environmental Protection Agency (EPA) demonstrated the potential of using OGES
to evaluate the completeness of combustion for various fuels in a variety of settings.

Oxygen Consumption (OC) and Carbon Dioxide Generation (CDG) methods in
combination with plume theory results show the potential of using point sampling
within a smoke plume to estimate HRR for fires that exceed the capabilities of con-
ventional hood-based calorimeters.
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1. Introduction

Heat release rate (HRR) is one of the most critical parameters in fire hazard eval-
uation [1]. Knowledge of HRR allows for further estimation of burning efficiency,
convective and radiative losses, and emissions such as smoke and by-products,
which may be harmful to the environment. Tsuchiya [2] summarizes multiple
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methods for determining HRR. The first is via thermal methods, which allows cal-
culation of HRR based on specific heat (cp), temperature rise (DT ), and mass flow

rate of flue gases ( _m). The second is through gas analysis methods, which require
the mass flow rate of air, fuel, and exhaust gases through a control volume.
Another common method is shown in SFPE Handbook (SFPE HB) [3] using the
product of mass burning rate ( _mF ;s) and heat of combustion (DHc). Heat of com-

bustion (DHc) is defined as the enthalpy change because of reactants (fuel + oxy-
gen) converting to products (CO2 + H2O) through the process of combustion.
This enthalpy change is assumed to be captured by change in cpDT . This sensible

heating of air, expressed through cpDT , can be further expressed as DHc. As a

result, heat of combustion is often studied and reported for different types of fuels
and length scales [3].

One of the most commonly used apparatuses for quantifying HRR is through
product gas calorimetry following ASTM E1354 [4]. It is used to evaluate various
characteristics of materials such as HRR, effective heat of combustion, mass loss
rate, and soot production. This is achieved with a gas analyzer, differential pres-
sure probe, thermocouple, helium–neon laser, and load cell within the apparatus.
The gas analyzer analyzes concentrations of combustion products within the
exhaust product stream such as CO2, CO, and O2. The differential pressure probe
calculates the flow rate of exhaust product stream within the control volume. The
thermocouple measures the temperature of the exhaust product stream. The
helium–neon laser is part of a smoke obscuration measuring system that analyzes
soot production. The load cell monitors mass loss rate of the burning sample,
obtaining mass burning rate ( _mF ;s).

Heat release measurements using this apparatus are based on Oxygen Con-
sumption (OC) calorimetry [2, 5], which is an HRR quantification technique that
relies on a controlled indoor laboratory environment where there is an accurate
sampling of the exhaust gases. This method utilizes the assumption that a con-
stant amount of heat is released per unit mass of oxygen consumed (DHO2

), which
is 13.1 kJ/g as demonstrated in a study by Huggett [6]. Based on the formulation
by Tewarson, Factory Mutual (FM) Global [7] developed a similar calorimetry
method in the 1970s but instead focused on the generation of CO2 and CO. In
this method, HRR can be calculated from the amount of CO2 and CO produced;
this is referred to as Carbon Dioxide Generation (CDG) calorimetry. For simple
organic compounds, Khan et al. [8] give average energy release constants for CO2

(DHCO2
) and CO (DHCO) to be 13.3 kJ/g and 11.1 kJ/g respectively.

However, because of the variables required to establish HRR, this limits the
size of the design fire because the entirety of the smoke plume needs to be col-
lected to analyze the concentrations of the various exhaust gases. An amount of
make-up air also needs to be provided to the burn space that is equivalent to the
exhaust mass flow being extracted out the exhaust duct of the calorimeter hood.
Cooper [9] states the ideal exhaust mass flow should be equal to the total mass
flow of the plume for accuracy purposes.

Worcester Polytechnic Institute (WPI) possesses a large calorimeter capable of
measuring a 5 MW fire at steady-state and upwards of 15 MW intermittently.
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National Institute of Standards and Technology (NIST) and Factory Mutual
(FM) Global currently have the largest known commercial calorimeters in the US
capable of measuring a continuous 20 MW fire for up to four hours, with a hood
covering dimensions of 13.8 m by 15.4 m [7]. In many cases, larger fires are
required to simulate realistic fire scenarios, such as in-situ burning (ISB) of crude
oil in outdoor conditions, therefore rendering a cone calorimeter setup to be
impractical as the plume cross-sectional area is expected to exceed several meters
[10]. Assuming an oil spill with a burn area of 100 m2, with a burning regression
rate of 4 mm/min, this corresponds to a fire of around 143 MW. Cooper [9] dis-
cussed the amount of make-up air needed in an ideal calorimeter hood design
based on correlations by Heskestad [11]. For a design fire of this magnitude, the
estimated amount of make-up air for the burn space would be around 450 m3/s.
At present, the world’s largest air compressor is capable of 277 m3/s. Both diame-
ter and HRR of this expected fire far surpass the capabilities of any known
calorimeter. This current knowledge gap is where improving a method for gas
emissions point sampling to estimate HRR becomes valuable.

Previous studies by Tukaew [12] and Tukaew et al. [13] at Worcester Polytech-
nic Institute (WPI) were performed using an early design of the Outdoor Gas
Emission Sampling (OGES) system to utilize point sampling within a smoke
plume from a crude oil fire. A windsock covering a large metal frame with a gas
sampling ring, differential pressure probe, and type-K thermocouple was mounted
on an 8 m tall tower structure to serve as the singular gas sampling point. A pul-
ley system was incorporated to maintain the windsock within the smoke plume as
much as possible. The gas sampling ring was connected to a SERVOMEX 4200
industrial gas analyzer to record the gas concentration data. Field tests performed
at the United States Coast Guard (USCG) test facility at Little Sand Island in
Mobile Bay, Alabama [13] showed promise of OGES but also indicated the need
for improvements in the sampling system design to systematically study complete-
ness of combustion and possibly HRR.

A proper understanding of combustion product spatial distribution within a
smoke plume is required to evaluate the applicability of point sampling on esti-
mating burning efficiency and HRR. However, prior knowledge in this aspect is
somewhat lacking. Previous studies regarding combustion production spatial dis-
tribution have been centered towards indoor scenarios related to tenable condi-
tions for occupants [14], but little research has been performed outside of this
specific application. Early studies by McCaffrey [15] showed temperature and
velocity distribution curves along the radial direction within a smoke plume, but
no data regarding combustion product concentrations were published. Sibulkin
and Malary [16] published concentration profiles of CO2 and CO to study the
completeness of combustion in MMA wall fires, but the focus was centered on the
change in peak CO2 and CO concentrations when varying the amount of oxygen
on the fuel side of the flame. Tsuchiya [2] also published values for CO/CO2 ratios
in well-ventilated conditions, such as ASTM HRR apparatus and E-84 tunnel
tests, but did not elaborate further on the practicality of such values.

The Environmental Protection Agency (EPA) has published many findings
relating to gas emissions in outdoor fires [17–19]; however, the focus of such pub-
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lications was related to particulates (PM) and other toxic substances released from
such fires and not the completeness of combustion or HRR, which is the focus of
this study. Hariharan et al. [20] observed particulate-matter emissions from liquid
pool fires and fire whirls, however, similar to EPA, they emphasized cumulative
release of carbon emissions (CO2, CO, and PM) rather than real-time emissions
sampling.

2. Experimental Setup and Methods

2.1. Setup

2.1.1. Sampling Apparatus Design The original iteration of the OGES system
developed by Tukaew [12] and Tukaew et al. [13] utilized a flexible windsock
attached to a rigid metal frame, which would alleviate issues of combustion pro-
duct accumulation within the sampling apparatus. This would allow for the differ-
ential pressure probe within the windsock to obtain a more accurate measurement
of the mass flow rate through the control volume. The wind sock and frame were
mounted to a pulley system which allowed for height adjustments to account for
shifting winds. All gases gathered within the wind sock were transported via tub-
ing to an industrial gas analyzer (SERVOMEX 4200 Industrial Gas Analyzer) to
determine the real-time concentrations of the combustion products. It has an
effective measurement range of 0–2.5% for CO2, 0–1% (0–10,000 ppm) for CO,
and 0–25% for O2.

However, using the wind sock frame and gas analyzer for gas analysis and
velocity measurements required long sampling tubes and wires, as well as exceed-
ing 30 kg in weight. Furthermore, the primary assumption made for the wind
sock design was that the control volume within the wind sock had the same gas
concentrations as the entirety of the smoke plume. This assumption necessitates
an empirical correction factor applied to mass flow rate calculations to account
for the entire plume.

One method of avoiding the use of an empirical correction factor is by using
multiple sampling points, the control volume and gas analysis equipment needed
to be designed in a way that required lower cost than using multiple industrial gas
analyzers. The elimination of long tubes and wires was also desirable; because
future research with multiple simultaneous sampling points would be made more
convenient with wireless monitoring that could be performed remotely. This trig-
gered a new iteration of OGES.

A new portable design was conceived as a substitute for the industrial gas ana-
lyzer, as well as the removal of the wind sock entirely. Small, portable sensors for
CO2 (GasLab TX 20% CO2 Sensor), CO (GasLab AlphaSense CO-AF Sensor),
and O2 (GasLab TX 25% Oxygen Sensor) were purchased and placed within a
sealed chamber. The measurement ranges were comparable to that of the indus-
trial gas analyzer used in the previous iteration of OGES.

To prevent soot, water vapor, and other contaminants from entering the sensor
module and affecting measurements, a sampling train with the proper filters was
used. The first filter, referred to as coarse particle filter, was a polyester air filter
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foam often used in HVAC systems. These filters are designed to filter dust, dan-
der, spores, and mold; and preliminary burn tests showed that they were very
effective in filtering out the majority of soot particles. The foam was placed in a
column to ensure that the entire system remained sealed and ambient air would
not leak into the system. A 10 lm soot filter, or fine particle filter, was connected
after the foam to filter any remaining particulates. Finally, calcium sulfate desic-
cants (Drierite) were used to filter out water vapor before the connected air pump
(4.4 lpm) transported the gases to the gas sensor module. This air pump had the
same flow rate as the one used in the studies by Tukaew [12] and Tukaew et al.
[13]. Figure 1a shows a flow diagram for the new OGES; Fig. 1b and c show a
prototype of the gas sensor module and filter train used throughout the experi-
ments.

Notable improvements over Tukaew [12] and Tukaew et al. [13] include size
and weight, overall portability, and cost. The newfound portability of the new
OGES allowed for the gas sampling ports to be fixated on any structure without
the worry of compromising its integrity, as there is a 50-fold decrease in overall
system weight. Another scenario was to place sampling ports within a crane (or
zip line when the crane was unavailable) as shown in Fig. 5. The crane would
maneuver to sample the smoke plume continuously even during wind shifts in
outdoor fires. This advantage was only made possible by the size and weight
reduction of the new OGES. Another limitation to the original OGES was the
singular sampling point. To achieve improved results for the development of a
combustion product spatial distribution model, more simultaneous sampling
points are required. However, industrial gas analyzers are expensive and therefore
make it impractical to purchase multiple systems while also being hindered by
their lack of mobility. The use of low-cost, portable gas sensors decreases the cost

Figure 1. New OGES, a flow diagram; b gas sensor module with CO2,
CO, and O2 sensors; c filter train.
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of equipment by 20-fold compared to an industrial gas analyzer, which allows for
simultaneous deployment of multiple systems.

One of the most important factors to validate beforehand was the accuracy of
the portable sensors compared to industrial equipment. Four-point calibration
using carrier gases was performed for both the SERVOMEX and portable sensor.
Results showed the signal output to be linear. Figure 2 demonstrates this linearity
for the CO2, CO, and O2 sensors used. Similar to ASTM E1354 [4], the SERVO-
MEX and OGES were zeroed and calibrated at the start of each testing day. For
zeroing, 99.999% nitrogen gas was used. For calibrating, 2.50% CO2, 0.50% CO,
and 20.90% O2 calibration gases were used.

Validation burn experiments (75 cm pool fire) using the new OGES with the
existing SERVOMEX industrial gas analyzer were performed. Figure 3 shows a
flow diagram of the sampling train used during the experiments. To ensure both
sampling systems obtained readings from the same sampling point, a tee was
added before the flow controllers. The flow controllers going to the equipment
ensured that the equipment was still receiving the correct flow rate, which was
equal to the same flow rate used during calibration. Plots in Fig. 4 show that
these portable gas sensors provide readings that are in good agreement with
industrial equipment at gas concentrations around this range. Therefore, results
reported in the latter portion of this study will be concentrations obtained from
the portable sensor readings.

2.2. Experimental Methods

2.2.1. Combustion Product Spatial Distribution Study Meso-scale burn experi-
ments were designed to investigate the spatial distribution of certain combustion
products such as CO2 and CO within a smoke plume. A burn pan of 75 cm in
diameter was placed on a load cell to obtain mass loss rate. Two types of fuel
were used for these experiments: ANS crude oil and 87-octane regular gasoline.
ANS is Alaskan North Slope crude oil that is a pipeline blend from reservoirs off-
shore in the North Slope region of Alaska. Both fuels reached steady-state
approximately 1 min after ignition. The fuel volume was 22 L, which equaled an
initial fuel thickness of 5 cm. The burn pan had a depth of 6 cm. The initial

Figure 2. Four-point calibration demonstrating linear signal output
for a SERVOMEX, b portable sensors.
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ullage of the experiments was 1 cm and reached 6 cm towards the end of the
burns. Considering the burn pan was 75 cm in diameter, lip effects were insignifi-
cant and assumed negligible.

The indoor laboratory environment at WPI provided a vertical plume that was
undisturbed by wind, therefore six to nine sampling locations along the centerline
of the plume could be studied simultaneously. This aspect of a vertical plume in
tandem with centerline sampling points allowed for additional validation of sensor
readings with plume theory correlations [11, 21] to obtain HRR.

Figure 5 illustrates the sampling locations throughout this series of experiments.
Nine sampling locations were selected for the ANS crude oil experiments. Three
repeat experiments were performed for all locations to ensure repeatability of gas
concentrations at specific heights above the pool surface.

2.3. Large-Scale Field Study

A large-scale field study was performed at U.S. Army Cold Regions Research and
Engineering Laboratory (CRREL) in a large wave tank with a burn area of 1.9 m
by 1.7 m. 2,000 kg of salt was added to the 68,000 L of water situated within this

Figure 3. Flow diagram for the SERVOMEX and the new OGES during
75 cm validation burn experiments.

Figure 4. Validation burn experiment plots for a CO2, b CO. Pool
diameter = 75 cm; fuel = ANS crude oil; initial fuel thickness = 5 cm;
fuel volume = 22 L; sampling height = 1.5 m above pool surface.
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large wave tank to achieve a salinity of 30 parts per thousand, mimicking the
salinity of the ocean. Two types of fuel were burned in the field trials: HOOPS
crude oil and bunker fuel. HOOPS stands for Hoover Offshore Oil Pipeline Sys-
tem consisting of oils from the Diana, South Diana, Hoover, Marshall, and Madi-
son fields in the Gulf of Mexico. The fuel was burned floating on top of water
bound by a boom. Fuel volumes for HOOPS crude oil and bunker fuel were 260
L and 32 L respectively, equating to respective initial fuel thicknesses of 8 cm and
1 cm. Three wave profiles were used in the experiments (wave period; wave
height): Wave 1–2.5 s, 7 cm; Wave 2–4 s, 14 cm; Wave 3–1 s, 4 cm. Wave 1 and 3
were faster but shorter waves; Wave 2 was slower but taller. OGES was set up in
an attempt to continue research of completeness of combustion for various fuels,
as well as estimate HRR based on gas concentration readings. The main purpose
of the parametric study with the presence of waves was to investigate the influence
of waves on emissions; this was to see if using the same methods to calculate
HRR for wave cases would yield a similar agreement to cases with no waves.

Similar to the meso-scale experiments, the large-scale nature of the CRREL
field trials piqued interest in combustion product distribution at different heights
above a fire. A sampling point on the superstructure at 2.80 m above the pool was
selected as the sampling point. This sampling location was chosen based on the
presence of an existing Thermocouple (TC), which allowed for gas emission data
to be compared to temperature data during data analysis. The superstructure

Figure 5. Sampling locations for meso-scale 75 cm burn
experiments, a ANS crude oil; b 87-octane regular gasoline.
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above the pool will be referred to as TC tree in the subsequent text; this sampling
point is denoted as OGES TC tree.

EPA was present for several burn experiments to perform burn emission sam-
pling with the aid of a crane at locations much higher than the TC tree. In light
of this, another sampling point was added in the crane to provide an additional
data set for the WPI studies and collaborate with EPA data when needed, deno-
ted OGES Crane. The concept of crane sampling is similar to the studies by
Tukaew [12] and Tukaew et al. [13]. However, fixating the sampling point on the
crane was only made possible as a result of decreased size and weight of the new
OGES.

To visualize the overall setup, Fig. 6a shows an overview of the layout at
CRREL, while Fig. 6b is a side view. The sampling tube for OGES TC tree was
connected to the filter train and gas sensor module located within a control shed
next to the wave tank. In addition, this control shed housed the data logging
equipment for the gas sensor data, temperature data, and controller for the wave
tank paddle. On the other side of the wave tank was the EPA station where EPA
personnel were situated during burn experiments to monitor data streams. Fig-
ure 7a shows an overview photo of the wave tank; Fig. 7b shows a detailed photo
of the OGES TC tree sampling point. The OGES Crane sampling point, as shown
in Fig. 8, was connected via sampling tube to gas sensor data logging equipment
located in the EPA station. Table 1 summarizes the locations of the sampling
points relative to the fuel surface.

A source of concern would be the difference in tube length, especially the TC
tree sampling point versus the crane sampling point, which would result in differ-
ent time delays recorded by the data logging equipment. This concern was allevi-
ated by comparing the gas sensor data to the temperature data to consider the
amount of time delay within the sampling lines.

Out of five total experiments, EPA personnel and the crane operator were only
present for two experiments. For subsequent experiments, a zip line was mounted
at the facility to mimic the crane as much as possible. The OGES Crane sampling
point was fixed to this zip line at a height of 4.00 m above the pool surface, the
highest possible height at this facility. A string of metal wire was used to pull
OGES Crane along the zip line to maintain its presence within the smoke plume
during wind shifts. The location of the zip line is shown in Fig. 6.

A more detailed photograph of the sampling point for OGES Crane as well as
the sampling rigs used by EPA, called the Flyer, is shown in Fig. 8. The OGES
sampling tube is fixated on an aluminum frame next to the Flyer, while its tip is
reinforced with a barbed metal hose connector to ensure the tip does not deform
and collapse in the case of higher temperatures when the crane moves to close
proximity of the flames. The Flyer was developed in-house by EPA and can mea-
sure CO2, CO, PM2.5 (particulate matter of mass median diameter 2.5 lm or less),
Black Carbon (BC), total carbon/organic carbon/elemental carbon (TC/OC/EC),
polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds (VOCs),
and polychlorinated dibenzo-p dioxins/polychlorinated dibenzofurans (PCDD/
PCDF) from the smoke plumes. The main goal of EPA was to study the accumu-
lation of toxic gases and particulates throughout a burn experiment. As shown in
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the previous figure, the sampling instrumentation was suspended and maneuvered
via crane into the smoke plume with guidance from the Flyer’s operator, who
monitored real-time temperature and CO2 levels. In particular, this study com-
pared measured CO2 and CO values with EPA.

Figure 6. Diagram of layout and OGES connections at CRREL, a
overview; b side view.
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Figure 7. OGES setup on CRREL wave tank, a overview photo, b
detailed photo.

Figure 8. Detailed depiction of OGES and EPA setup on the crane.

Table 1
OGES sampling points for CRREL experiments

OGES sampling point Location

TC tree Height: 2.80 m

Position: Centerline

Crane Varies: Crane operator attempts to maintain payload within

smoke plume as much as possible
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2.4. Meso-Scale Versus Large-Scale Experiments

This study involved two different setups, one at the meso-scale in an indoor labo-
ratory environment at WPI, the other at the large-scale in an outdoor environ-
ment at CRREL. However, regardless of scale, both sets of experiments are
inherently similar in that they are both pool fires. However, the large-scale experi-
ments had three additional variables. The first one was the presence of a large
body of water beneath the oil; the second was the addition of waves; the third was
the presence of wind and changes in wind direction. These were not included in
the meso-scale experiments. Diagrams from Fig. 9 provide a summary of the pool
fire sizes as well as the sampling heights of the gas analysis equipment.

3. Results and Discussion

3.1. Meso-Scale 75 cm Indoor Experiments

3.1.1. Combustion Product Spatial Distribution Figure 10 shows the vertical distri-
bution along the centerline for CO2 and CO emissions for the meso-scale 75 cm
burn experiments. Figure 10(a) shows the results for ANS crude oil and Fig. 10(b)
for 87-octane gasoline. Heights below 1.00 m were omitted for being in too close
proximity to the base of the fire, yielding concentrations that exceeded the capa-
bilities of the gas sensors and industrial gas analyzers. The shaded regions corre-
spond to the intermittent zone defined by McCaffrey [15, 21]. This will be
important in a later discussion regarding HRR.

Interestingly, trends for both types of fuels are similar with respect to vertical
distance from the pool surface, but the trends between CO2 and CO are drasti-
cally different. Observations for both ANS crude oil and 87-octane gasoline show
concentration of CO2 seems to decrease in a relatively linear fashion with respect
to height, while CO concentration decreases exponentially. Since this trend is con-
sistent for both types of fuel, observations suggest this trend is species-specific and

Figure 9. Diagrams summarizing the different pool fires used in this
study at a meso-scale and b large-scale.
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not fuel-specific. For other harmful combustion products, such as nitrogen oxides
(NOx) and sulfur oxides (SOx), which were not measured in this study, it is cur-
rently unknown whether these gas species diffuse in a manner that is similar to
CO2 or CO. Future studies on combustion product sampling can include measure-
ments of these additional gas species to achieve an improved understanding of dif-
fusion for specific gas species. This is elaborated further in the large-scale
experiments at CRREL when discussing the validity of OGES TC tree and OGES
Crane data.

3.2. CO/CO2 Ratio

Another method for burning behavior analysis is the comparison of CO/CO2

ratio. Before comparing between data sets, the CO/CO2 ratios at different heights
along the centerline of a smoke plume should be evaluated to determine the opti-

Figure 10. Vertical distribution of CO2 and CO concentrations within
the smoke plume of 75 cm pool fire, a ANS crude oil; b 87-octane
gasoline. Error bars represent the variation of measured
concentrations among the three repeat tests.

Table 2
Average CO/CO2 ratio at different heights above pool surface for
75 cm indoor pool fire experiments with two different fuels

Height above pool surface (m) ANS crude oil 87-Octane gasoline

1.0 0.1119 ± 0.0307

1.5 0.0504 ± 0.0042 0.0736 ± 0.0011

2.0 0.0245 ± 0.0015 0.0327 ± 0.0131

2.5 0.0173 ± 0.0017 0.0121 ± 0.0025

3.0 0.0169 ± 0.0009

3.5 0.0201 ± 0.0032 0.0116 ± 0.0011

4.5 0.0233 ± 0.0105 0.0241 ± 0.0004

5.5 0.0253 ± 0.0042
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mal sampling point above a fire that will serve as a basis for further burning
behavior analyses. Table 2 and Fig. 11 show the CO/CO2 ratios for a 75 cm pool
fire using ANS crude oil and 87-octane gasoline at the different sampling heights
mentioned in the previous section. Normalized plots are shown in Fig. 11 by
dividing sampling height over observed flame height.

As indicated in Fig. 5, the flame height for the 75 cm ANS crude oil fire was
approximately 1.5 m. Observing CO/CO2 ratios for ANS crude oil, there is an
obvious difference between the values obtained above the flame tip compared to
below it. There is a visible decrease in CO/CO2 ratio above the flame tip at 1.5 m.
This can be attributed to the fact that at heights of 1.5 m and below, it is the con-
tinuous flame zone, and therefore ongoing flame chemistry is still a significant fac-
tor that is affecting the results of emissions sampling. The standard deviation also
reflects this as ongoing combustion results in rapid changing of gas species, and
therefore sampled gas concentrations show immense fluctuations between repeat
tests.

For 87-octane gasoline, Fig. 5 shows the flame height to be approximately 2 m.
With that knowledge, a visible cutoff point past the location of the flame tip is
observed once again. Similar to the ANS crude oil cases, the standard deviation
between repeat tests is much larger for heights in the continuous flame zone,
where combustion is ongoing. In contrast, the standard deviation for heights in
the plume zone is rather small.

At heights above the flame tip, where only the smoke plume is present and
there are no flames, average CO/CO2 ratios along the centerline of the fire main-
tain consistent values between 0.0173 and 0.0253. Even at heights where effects
from the ambient environment begin to cause significant dilution of the sampled
gas species, the standard deviation is rather small between repeat tests compared
to locations in the continuous flame zone. Tsuchiya [2] measured and reported
CO/CO2 ratios from experiments performed in an ASTM HRR apparatus and E-
84 tunnel for various solid fuels, such as particleboard, asbestos board, and red
oak. Values reported in literature indicate that for well-ventilated indoor scenar-
ios, the three solid fuels mentioned above yielded CO/CO2 ratios between 0.002

Figure 11. Summary of CO/CO2 ratios for 75 cm indoor pool fire
experiments with two different fuels. Error bars represent the
variation among the three repeat tests.
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and 0.300. The CO/CO2 ratios obtained in this study show consistency with values
reported by Tsuchiya.

CO/CO2 ratios maintain consistent values above the flame tip; however, obser-
vations show the value begins to deviate when the normalized height, or height
above pool surface divided by observed flame height, exceeds 2. The hypothesis
from observations is that CO concentration decays exponentially with height,
while CO2 concentration decays in a relatively linear fashion. At heights exceeding
two times the flame height, rapid dilution of CO gas may yield results that are not
representative of the actual burning behavior.

Using the crude oil and gasoline data sets as a baseline, the optimal sampling
heights for meso-scale experiments should be above the flame tip but no more
than two times that of the observed flame height. This ensures only gas emissions
from the smoke plume are sampled but the effects from ambient dilution are mini-
mized, particularly for CO. This corresponds to the intermittent and plume regime
of the McCaffrey plume [15].

3.3. Large-Scale Outdoor Experiments at CRREL

Five burn experiments were performed at CRREL. The first three experiments
were performed using HOOPS crude oil to compare between a baseline case and
two wave profiles. The latter two experiments consisted of bunker fuel, as well as
a third wave profile.

Densities for HOOPS crude oil and bunker fuel were 784 kg/m3 and 940 kg/m3

respectively. The three wave profiles are described using wave period and wave
height. Wave 1–2.5 s, 7 cm; Wave 2–4 s, 14 cm; Wave 3–1 s, 4 cm.

3.4. OGES TC Tree Data

OGES TC tree was 2.8 m above the surface of the pool and located at the center-
line of the fire. Table 3 is a summary of the combustion product measurements
sampled by OGES TC tree throughout the five experiments. For the case of CO2,
the value is reported after deducting 0.046 vol% from the measured concentra-
tion. Deduction of this value from the measured concentration is to account for
the initial ambient CO2 concentration, which averaged 460 ppm, or 0.046 vol%,
during the experiments. This yields the amount of CO2 produced from the fire. In
practice, this value is very small and this subtraction can be neglected, however, it
is included in this study for completeness. For CO, the ambient value is 0 ppm.
Since there is a consumption of O2 instead of production, the reported value is
obtained after deducting the measured O2 concentration from the measured ambi-
ent value of 20.80 vol%.

In Table 3, peak values represent the peak amount of gas concentration mea-
sured by OGES. For CO2 and CO, it represents the peak amount produced. In
the case of O2, it represents the peak amount consumed. Average (Avg) values
represent sampled gas concentrations averaged over the entire burn.

Figure 12 shows the CO2, CO, and O2 concentration curves throughout the
entirety of the burn for the first three experiments sampled from by OGES TC
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tree at 2.8 m above the pool surface. The plots shown were readings from the
portable gas sensors.

Figure 13 provides timeline photographs to explain the gas concentration curves
for Fig. 12c. At 1 min, there is a very tall initial flame height. This is attributed to
the lighter components in the crude oil being burned off in the early stages of the
fire. The CO2 and CO values reflect this as there is a peak at the start of the fire.

Figure 12. CO2, CO, and O2 concentration curves throughout the
entirety of the burn experiment at 2.8 m along centerline, a HOOPS
crude oil without wave; b HOOPS crude oil with Wave 1; c HOOPS
crude oil with Wave 2.
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At 10 min, the flame height has decreased slightly because the fire is now burning
heavier components. There is a corresponding decrease in CO2, however, CO val-
ues have increased because heavier components tend to have a higher degree of
incomplete combustion. At 30 min, oil foaming from boiling water below the oil
causes the flames to extinguish temporarily. However, the foam breaks down after
a few minutes and the surrounding residual flames allow reignition of the entire
pool to occur. At 40 min, there is a steady flame, but the smoke is much thicker
and darker compared to earlier photos. At 43 min, the fuel slick is now very thin
and allows boilover to occur, resulting in a very tall flame for a short period
before complete extinction of the fire.

3.5. OGES Crane Data

For the first two experiments, EPA utilized a crane to collect data regarding emis-
sions from outdoor pool fires, specifically particulate matter (PM) and volatile
organic compounds (VOC). Similar to this study, EPA also sampled CO and CO2

concentrations throughout the burn. For three experiments, the crane was not
present and the zip line was used, as shown in Fig. 6. Table 4 is a summary of the
combustion product measurements sampled at a height of 4.00 m (zip line) or
around 5.70 m (crane) throughout the five experiments. The measurements were
not made along the centerline but followed the plume trajectory.

As noted in Fig. 6 in the experimental setup section, the crane was not static.
The crane operator would maneuver the crane to allow for the sampling point to
be completely engulfed by the smoke plume depending on the direction of the
wind. However, as seen from Table 4, this was not without its challenges. Initially,
the crane operator required some repetitions to maintain the sampling apparatuses
within the smoke plume. In addition, obstruction from the dark smoke limited
visibility and required external communication. This caused slight delays, which
would result in gaps of missing data points during sudden wind shifts. Because of
this, an average value for the combustion product concentrations could not be
reasonably calculated for the first experiment.

Figure 13. Timeline photograph of HOOPS crude oil with Wave 2.
Flame heights concur with measured gas concentrations at
corresponding time stamps.
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Table 4 shows sampled concentrations to be relatively higher when using the zip
line compared to the crane. This is because the zip line was situated at a height of
4.0 m above the pool, while the average height for the cases with a crane was
approximately 5.7 m. 4.0 m was the highest allowable mounting height for a zip
line at the CRREL facility.

However, recall the conclusion from the meso-scale experiments concerning
optimal sampling height. It should be above the flame tip but no more than two
times that of the observed flame height. Visual observations from video footage
showed the average flame height to be around 2.7 m. Since 5.7 m was the mini-
mum height for the crane, it consistently exceeded this value, which resulted in
sampling heights that exceeded the optimal range for OGES. Meso-scale experi-
ments showed that CO concentrations decay exponentially with height, diffusing
much quicker than CO2 as height increases. This shows the possibility for skewed
results, especially when sampling heights exceed a certain range.

3.6. Comparison with EPA Results

As mentioned previously, EPA was only present for the first two experiments,
therefore only two cases will be compared to EPA data in this section. Using
Modified Combustion Efficiency (MCE) to compare burning behavior for different
experiments,

MCE ¼ CO2

CO2 þ CO
ð1Þ

where CO2 and CO are in vol%.
MCE is a different way of expressing the CO/CO2 ratio. In general, a higher

CO/CO2 ratio represents a higher degree of incomplete combustion, while a higher
MCE represents the opposite. Both terms can be compared since the included
variables are the same. Figure 14 shows a comparison between calculated MCE
values obtained from both OGES TC tree and OGES Crane. Both peak and aver-
age concentrations values are reported in the figure. EPA values were obtained
from the final report [23].

An initial assumption is that increased convective cooling from wave behavior
would lower the combustion efficiency of a fire. Interestingly, both EPA and WPI
data seem to suggest that the effect of Wave 1 on combustion efficiency is negligi-
ble. More observations on the influence of waves are given in the latter HRR dis-
cussion.

It is observed that OGES TC tree yielded MCE values that were consistent with
the reported values by EPA. Both peak and average concentrations from OGES
TC tree produced reasonable results. At the same time, however, one cannot
ignore that OGES Crane yielded results that are not in good agreement with other
values. It is also noted that the values approach unity, meaning OGES Crane only
captured relatively low amounts of CO compared to CO2. A possible reason is
that wind shifts affected OGES Crane more than OGES TC tree. The fact that
OGES TC tree was in much closer proximity to the fire aided in its ability to be
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fully engulfed within the smoke plume compared to OGES Crane during wind
shifts. Another contributor to uncertainty can be attributed to the same model of
CO sensors being used on both OGES TC tree and OGES Crane. The CO sensors
were calibrated for higher concentrations upwards of 5000 ppm, but CO concen-
trations at the average crane height of 5.7 m were in the range of 100 ppm. The
sensors likely had less sensitivity at low concentrations.

However, the same report by EPA [23] reported peak CO concentrations of
approximately 150 ppm in the same sampling location. The peak CO concentra-
tion of 105 ppm sampled by OGES Crane was within a similar range. A reason-
able hypothesis stems from the results shown in the meso-scale experiments. CO
concentrations show exponential decay with respect to height compared to CO2

concentrations. This shows that sampling locations that exceed a certain height
may yield CO/CO2 ratios, or MCE values in this case, that are not representative
of the actual burning behavior when using these values to predict HRR.

3.7. Heat Release Rate (HRR)

Six different methods can be used to calculate the HRR ( _Q) or energy release rate
of a fire, as shown in Fig. 15.

Of these, this paper uses three methods to calculate HRR: Oxygen Consump-
tion (OC) method, Carbon Dioxide Generation (CDG) method, and Mass Burn-
ing Rate (MBR) method. OC method is represented by the product of _mO2

and
DHO2

. CDG method is represented by the product of _mCO2
and DHCO2

. In the
CRREL experiments, however, sampled CO concentrations were rather high com-
pared to small and meso-scale fires, which represents a larger degree of incomplete
combustion. Therefore, considerations for CO production were included in the

Figure 14. MCE comparison between WPI and EPA reported values.
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calculations. Regarding the correction term for CO production in the OC method,
the detailed procedure is provided in Janssens and Parker [5].

For this derivation, a reaction is assumed where all CO is converted to CO2, as
shown in Eq. (2), where the heat release per unit mass of oxygen used to convert

CO to CO2 (DHCO
O2

) is 17.6 kJ/g and ðD _mO2
Þcor represents the mass flow rate of O2

for the oxidation of CO produced [5]. Measurements of OGES are presented as
volume fractions of a given gas species within the control volume (XO2

, XCO2
, XCO),

therefore these terms need to be present within the equations.

COþ 1

2
O2 �!

DHCO
O2 CO2 ð2Þ

From this, ðD _mO2
Þcor can be represented as Eq. (3),

ðD _mO2
Þcor¼

1

2
_mCO

MO2

MCO
¼ 1

2
_mO2

XCO

XO2

¼ 1

2
ð1� /ÞXCO

XO2

MO2

MCO

_m
1þ /ða� 1ÞX

0
O2

ð3Þ

where the term / is given by

/ ¼
X 0
O2
ð1� XCO2

� XCOÞ � XO2
ð1� X 0

CO2
Þ

ð1� XO2
� XCO2

� XCOÞX 0
O2

ð4Þ

and MO2
and MCO are the molecular weight of O2 and CO respectively. Recall that

the general assumption for complete combustion is

Figure 15. Six different methods of calculating HRR. The first two
methods multiply heat of combustion (DHc) and mass of fuel consumed
( _mF ;s) or mass of fuel vapor released ( _mF ;g) per unit time. The third
method is based on the amount of consumed oxygen. The fourth
method uses produced CO2. The fifth method assumes energy released
by combustion is used to heat the gas to a flame temperature at the
flame location. The sixth method is based on the temperature rise of
the exhaust gasses passing through the control volume [24].
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CxHy þ ðxþ y
4
ÞO2 �!

DHO2 xCO2 þ yH2O ð5Þ

Using Hess’s Law, the calculated HRR using the OC method is represented as
Eq. (6),

_QOC ¼ DHO2
ð _m0

O2
� _mO2

Þ � ðDHCO
O2

� DHO2
ÞðD _mO2

Þcor ð6Þ

Combining Eq. (6) with Eqs. (3) and (4) gives the final form for the OC method
with CO correction.

_QOC ¼ ½DHO2
/� ðDHCO

O2
� DHO2

Þ 1� /
2

XCO

XO2

� _m
1þ /ða� 1Þ

MO2

Mair
X 0
O2

ð7Þ

The original expression by Janssens and Parker [5] also includes humidity of air

by multiplying the last term in Eq. (7) by ð1� X 0
H2OÞ. However, in this study, dry

air was assumed and X 0
H2O was zero. Mair was 29 g/mole, and a was 1.105 [5].

A study by Brohez [25] analyzed the uncertainty of adding CO and soot correc-
tion terms to the OC method. Brohez [25] recommends when burning fuel of
unknown chemical composition, crude oil in this instance, the simplest measure-
ment procedure comprising of only O2 measurement should be used for the OC
method, and therefore both CO and soot corrections can be neglected. ASTM
E1354 [4] supports this, observing that even a 10 vol% production of CO yielded
only about a 2% difference in HRR calculations from the simplest form. The
CRREL experiments in this current study showed only a 0.3–1.1% difference in
HRR from the simplest form of OC method, which is comparable to the values
reported in literature. Although the addition of correction terms is useful for a
laboratory setting where accuracy is important, the large-scale and outdoor nature
of the CRREL experiments allowed this uncertainty to be deemed negligible.

For the CDG method, the base form is shown as Eq. (8).

_QCDG ¼ DHCO2
ð _mCO2

� _m0
CO2

ÞþDHCOð _mCO � _m0
COÞ ð8Þ

To incorporate these values, _mCO2
¼ _V XCO2

qCO2
is the product of total volume

flow rate ( _V ), volume fraction of CO2 (XCO2
), and density of CO2 (qCO2

). A similar

procedure can be performed for CO. _V can be calculated by dividing total mass
flow rate ( _m) over the density of air (qair). From this, the expanded CDG method
equation becomes Eq. (9).

_QCDG ¼ DHCO2
ð _m
qair

XCO2
qCO2

� _m
qair

X 0
CO2

qCO2
ÞþDHCOð

_m
qair

XCOqCO

� _m
qair

X 0
COqCOÞ ð9Þ

Burning Behavior Analysis in Meso and Large-Scale Oil Slick Fires 1985



Equations (7) and (9) show HRR calculations based on OC and CDG methods
require knowledge of the total mass flow rate through the control volume. Plume
theories derived by Heskestad [11] and McCaffrey [21] were used to estimate mass
flow rates along the centerline of the fire at different heights. In addition, profiles
of vertical velocity across the horizontal direction of the plume are assumed to be
uniform based on integral formulations by Morton et al. [22]. This results in a
simplification where a uniform ‘‘top hat’’ profile was used when estimating mass
flow rate at a certain height. This assumption also means a radial distribution of
CO2, CO, and O2 is not needed.

McCaffrey [15, 21] divides a buoyant diffusion flame into three distinct regimes:
continuous flame zone, intermittent zone, and plume zone. Continuous flame zone
is the zone where the flame is always present. Intermittent zone is the zone where
the eruption and break from the anchored flame with a regular flicker of a few Hz
can be observed. Plume zone is the zone above the visible flame where flames are
no longer present. The regime is determined based on height above the burner (z)
and total HRR ( _Q). McCaffrey [21] provides equations to calculate mass flow rate
( _m) along the centerline of the fire based on the regime, as shown in Table 5.

McCaffrey [15] also provides equations for centerline velocity and temperature
of a buoyant diffusion flame, shown as Eq. (10) and (11) respectively. Table 6
shows the constants used for the three distinct regimes. u0 is centerline velocity; g
is gravitational acceleration, or 9.81 m/s2; T0 is ambient temperature; DT0 is tem-

Table 6
Summary of centerline constants for a buoyant diffusion flame from
McCaffrey [21]

Regime k g
z/ _Q2/5

(m/kW2/5) C

Continuous flame 6.8 (m1/2/s) 1/2 < 0.08 0.9

Intermittent 1.9 (m/kW1/5�s) 0 0.08–0.20 0.9

Plume 1.1 (m4/3/kW1/3�s) -1/3 > 0.20 0.9

Table 5
Summary of mass flow rate correlations for a buoyant diffusion flame
from McCaffrey [21]

Regime

z/ _Q2/5

(m/kW2/5) Correlation

Continuous flame < 0.08 _m= _Q = 0.111(z _Q2/5)0.566

Intermittent 0.08–0.20 _m= _Q = 0.026(z/ _Q2/5)0.909

Plume > 0.20 _m= _Q = 0.124(z/ _Q2/5)1.895
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perature rise above ambient; C is an empirical correction factor, or 0.9; g is an
empirical exponent coefficient.

u0= _Q1=5 ¼ kðz= _Q2=5Þg ð10Þ

2gDT0=T0 ¼ ðk=CÞ2ðz= _Q2=5Þ2g�1 ð11Þ

The third method of calculating HRR is taking the product of mass burning rate
( _mF ;s) and heat of combustion (DHc) for a given fuel [3, 25]. Shi et al. [26] report

the heat of combustion for crude oil as 44,770 kJ/kg. The mass burning rate
(MBR) was calculated based on the average observed regression rate of the fuel
layer throughout the experiments. For the meso-scale experiments, this was
obtained from load cell data. For the large-scale field experiments, this was
obtained by using an underwater camera and the fuel thickness measurement scale
shown in Fig. 6b. Further details are available in [27]. Using that as a baseline
HRR value, this study calculated HRR based on measured combustion product
concentrations.

HRR can also be obtained by using empirical constants reported by Babrauskas
[28, 29] for large-scale pool fires,

_Q ¼ DHc _m1ð1� e�kbDÞ � A ð12Þ

Equation (12) shows that in addition to the heat of combustion for a given fuel,
two additional empirical constants need to be determined. First is the asymptotic
mass loss rate per unit area ( _m1). The mass loss rate per unit area approaches
asymptotic as the pool diameter increase towards infinity. Generally, this equation
can be applied to pool fires that are 1 m in diameter or greater. The second con-
stant is the product of extinction-absorption coefficient and beam-length corrector
(kb). However, this correlation yields an HRR value solely based on pool diame-
ter and fuel type, which in this study is identical across cases that use the same
fuel. It cannot account for external factors such as waves.

3.8. Meso-Scale 75 cm Indoor Experiments

Using Eq. (12) for the meso-scale indoor experiments, a 75 cm ANS crude oil fire
would have an HRR of 350 kW, while an 87-octane gasoline fire would be
720 kW. This set of experiments only measured combustion product concentra-
tions. However, the fact that sampling points were located at the centerline
allowed for McCaffrey plume correlations [15, 21] to be used to estimate mass
flow rate at the sampling point, as shown in Table 5 and Eq. (10) (11). Once these
variables were obtained, HRR was calculated using CDG method with measured
CO2 and CO concentrations. Figure 16 shows estimated HRR from CDG method
using measured gas concentrations at different heights. The horizontal lines repre-
sent HRR approximated by Babrauskas [28, 29] for a 75 cm pool fire.
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A sample calculation is provided for HRR calculations using the CDG method.
Taking the ANS crude oil case at a height of 2 m above the pool (z = 2 m),
which falls into the intermittent flame region of the McCaffrey plume, and using
the HRR value of 350 kW by Babrauskas, _m¼ 2.02 kg/s can be obtained using
the correlations and constants from Table 5. In the case of OGES, it is assumed
that the filter train allowed the sampled combustion gases to be lowered to ambi-
ent temperature, therefore the densities for specific gas species at 20 �C were used:

qair¼ 1.20 kg/m3, qCO2
¼ 1.84 kg/m3, and qCO¼ 1.17 kg/m3. From Fig. 10, the

average measured CO2 and CO concentrations were 2.180 vol% and 534 ppm
respectively. Ambient CO2 and CO concentrations were measured to be 0.046
vol% and 0 ppm respectively. DHCO2

and DHCO are 13.3 and 11.1 kJ/g respec-
tively. Using Eq. (9),

_QCDG ¼ ð13,300 kJ/kg) � ½ð2:02
1:20

m3=sÞ � ð0:02180Þ � ð1:84kg/m3Þ � ð2:02
1:20

m3=sÞ

� ð0:00046Þ � ð1:84kg=m3Þ� þ ð11,100 kJ/kg) � ½ð2:02
1.20

m3==sÞ � ð0:00053Þ

� ð1:17 kg/m3Þ � ð2:02
1.20

m3/sÞ � ð0Þ � ð1:17kg/m3Þ�
¼ 908 kW:

This value concurs with the value presented in Fig. 16 for ANS crude oil at 2 m
above the pool surface.

From Fig. 16, it is interesting that using CDG method from OGES measured
CO2 and CO concentrations yielded HRR values that consistently overestimated
for both ANS crude oil and 87-octane gasoline when compared to Babrauskas
[28, 29] values. Other measurement methods such as oxygen data, temperature
data, and fuel regression rate were lacking, so other methods of validation were
not present for this set of experiments.

However, the takeaway from these results is that there is a similar trend for cal-
culated HRR with respect to sampling height. In the continuous flame zone (1–
1.5 m for ANS crude oil, 1.5–2 m for 87-octane gasoline), the calculated HRR

Figure 16. Estimated HRR for meso-scale 75 cm indoor pool fire
experiments. Measured gas concentrations at different heights were
used with CDG method to obtain HRR values.
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increases, moving further away from the HRR predicted by existing correlations.
However, once in the intermittent zone (1.5–2 m for ANS crude oil, 2–2.5 m for
87-octane gasoline), the calculated HRR values are closer to measured values
from literature. Once the plume zone is reached at further distances (> 2 m for
ANS crude oil, > 2.5 m for 87-octane gasoline), the HRR calculated by CDG
method again begins to deviate farther from the expected value.

There are two conclusions drawn from these observations. First is that multiple
sampling points are needed to achieve a better understanding of the total mass
flow rate of the plume. The second is that when multiple points are not possible,
the sampling location of gas emissions should be performed in the intermittent
zone of the fire, as that yields values that are closest to plume theory correlations.

3.9. Large-Scale Outdoor Experiments at CRREL

Based on Eq. (12), HRR is estimated to be 6.2 MW for HOOPS crude oil. Bab-
rauskas [28] does not report values for bunker fuel specifically, but it is stated that
bunker fuel falls under the category of heavy fuel oil. Using the constants for
heavy fuel oil, the estimated HRR for bunker fuel is 4.3 MW. As stated previ-
ously, this correlation yields an HRR value solely based on pool diameter and
fuel type, which means an identical HRR will be obtained across cases that use
the same fuel. However, this is not the case with external factors such as waves
and is one of the limitations of this correlation.

As mentioned in previous sections, this study utilized existing plume theories
such as McCaffrey plume [15, 21] to estimate mass flow rate, velocity, and temper-
ature along the centerline at the sampling height, as shown in Table 5 and
Eq. (10) (11). Once these variables were obtained, HRR was approximated using
CDG method with measured CO2 and CO concentrations, or OC method with O2

and CO concentrations. Recall that OGES TC tree was located along the center-
line of the fire at 2.8 m above the pool surface. This is why McCaffrey plume
could be used to obtain variables not measured in this study. However, for the
same reason, HRR could not be obtained using OGES Crane data, since the
crane was not always situated along the centerline of the plume. HRR calcula-
tions were performed similarly to the sample calculations presented in Sect. 3.3.1.

Based on the three distinct flame regimes from McCaffrey [15, 21], Table 5
shows that OGES TC tree was located in the intermittent zone for all five experi-
ments. MBR provided a baseline value for HRR calculation; the value was then
used to estimate the mass flow rate along the centerline using Table 5. XO2

, XCO2
,

and XCO were obtained from OGES TC tree measurements, after which these val-
ues were used to calculate HRR using OC and CDG method.

Initially, HRR was calculated using OC and CDG methods respectively using
both peak and average gas concentration values. However, results showed using
peak gas concentrations sampled by OGES did not yield HRR values that were in
good agreement with the HRR based on MBR. Using peak values consistently
resulted in a significant overestimation of HRR. However, average gas concentra-
tion values yielded HRR values that were much more reasonable for this fire size.
This made sense, as the MBR was calculated based on an average regression rate

Burning Behavior Analysis in Meso and Large-Scale Oil Slick Fires 1989



of the fuel layer. For the three cases with HOOPS crude oil, HRR based on MBR
was in good agreement with the two HRR values predicted by OC and CDG
method within a reasonable degree of error when average gas concentrations were
used. Figure 17 shows calculated HRR values using the different methods; HRR
calculated using peak gas concentrations are omitted.

Similar to the comparison with EPA data, both MCE (Eq. (1)) and HRR calcu-
lations seem to suggest that a fast but short wave like Wave 1 allows more com-
plete combustion of the fire. However, a slow but tall wave like Wave 2 causes
HRR to decrease. Regardless of the wave, OGES shows the capability to capture
combustion products and effectively estimate HRR based on OC and CDG meth-
ods even with the presence of waves. Quantification of waves is out of the scope
of this study, but future research is needed to quantify the effect of waves on oil
slicks burning above water.

It is interesting to observe that these same methods underestimate HRR for
bunker fuel by a considerable margin. For bunker fuel, this suggests a thin fuel
layer of 1 cm allows for very fast heat penetration to the water sublayer under the
fuel, which promotes burning phenomena such as boilover as the water reaches its
boiling point. The boiling water in conjunction with the waves atomizes the fuel
quicker since the fuel slick thickness is very thin initially; this enhances the burn
rate compared to a calm scenario. The hypothesis of why OC and CDG methods
are underestimating the HRR is that the vaporizing water content is a significant
component in the flue gases and should be quantified in further studies to more
accurately predict HRR using point sampling.

Although currently limited to certain fuels, OGES has demonstrated a low-cost
but effective alternative to expensive industrial gas analyzers for HRR estimation,
especially in large-scale outdoor fire scenarios where complete encapsulation of the
plume is unfeasible and only point sampling is possible. Further refinement of this

Figure 17. Comparison of four HRR calculation methods for five
experiments at CRREL.
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system, such as measurement of mass flow rate at the sampling location and
quantification of water vapor content, can allow it to become applicable for a
wider range of fuels.

4. Conclusion

This study provides new data on burning dynamics of meso and large-scale oil
slick fires with and without waves using an Outdoor Gas Emission Sampling
(OGES) system. Several improvements, with cost, weight (portability), and mea-
surement capability compared to an earlier design of OGES [12] are also dis-
cussed.

Unlike standard calorimeters that sample the entire fire plume using a large
exhaust hood, OGES relies on point sampling of O2, CO2, and CO at strategic
locations within the plume. These measurements are coupled with plume correla-
tions (McCaffrey [15, 21], Heskestad [11]) to estimate the average mass of air
entrained in the horizontal plane where sampling is performed, and calculate the
heat release rate (HRR) using Oxygen Consumption (OC) or Carbon Dioxide
Generation (CDG) method. Experiments show good agreement with HRR calcu-
lated from the average mass loss rate. Further, Modified Combustion Efficiency
(MCE) calculated independently by EPA for the large-scale oil slick fires also
compare reasonably well with OGES. Additional measurements on NOx, SOx, and
unburned carbon would further improve the accuracy of OGES and is a pathway
for future research.

The meso-scale experiments show that the concentration of CO2 varies linearly
in a vertical height along the plume centerline between 2 to 7D where D is the
pool diameter. This region, which falls in McCaffrey’s intermittent plume region
[15, 21], is advantageous for point-based sampling, particularly using the CDG
method.

With high soot-producing fuel like bunker fuel, the HRR is underestimated
with OGES. This requires further research especially with future experiments
designed with additional sampling points located radially. However, at present,
the OGES system has shown to be a low-cost but effective way to measure HRR
in large-scale outdoor fire scenarios where traditional hood-based calorimetry
methods are not possible.
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