





time as lighter components of the oil are consumed, and particularly with the onset of boilover,
when peak emission rates jump by nearly four times. ANS tests consumed about 80% of the initial
oil, as explained previously. The burning of the ANS resulted in a peak particle emission rate of
about 500-700 mg/s for normal burning, which increased to ~3000 mg/s during the boilover period.
The pool fire tests lasted for a longer time from ignition to extinction (about 200 s) compared to

the fire whirl tests (about 150 s).

Figure 7.8: TPM emission rates — (A) ANS pool fire, (B) ANS fire whirl.

To compare the emissions from the large-scale experiments, TPM emission factors are shown
in Figure 7.9. Emission factors represent the mass of particles produced per the mass of fuel
consumed. Figure 7.9—-A shows the results for heptane fires, indicating that the TPM emission
factor for the heptane pool fire is about 18 g/kg-of-fuel, which is more than double of the heptane
fire whirl (about 8 kg/kg-of-fuel). Figure 7.9—B shows the TPM emission factors from ANS fires,
and the trends are similar to that of the heptane fires. The TPM emission factor from ANS pool
fire is roughly double the fire whirl emission (60 g/kg-of-fuel). The emission factors presented for

experiments at the large scale include emissions in the boilover period of burning. Further analyses
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may benefit from separating and comparing emissions factors with and without boilover, perhaps

alongside boilover data from the medium scale.
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Figure 7.9: Comparison of PM emission factors for (A) heptane and (B) ANS fires.

7.2.3. Gas Emissions

The results of O2 measurements for the heptane and ANS fires for both flame regimes are
presented in Figure 7.10 in terms of O2 consumption rate. Heptane fires had an initial fuel slick of
5 mm, while ANS fires had an initial slick thickness of around 7 mm. The HRR data in Figure 7.6
was derived from the data in Figure 7.10. Therefore, Figure 7.10 can also be used to understand
the mass loss rate behavior of the fire. For the fire whirl, the oxygen consumption rate peaks at a
higher value compared to the pool fire due to higher burning rates. On the other hand, pool fires

burn for a longer duration, and this is visible in Oz consumption as well.
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Figure 7.10: Oxygen consumption rate of the Heptane and ANS crude oil tests in both pool fire and

fire whirl regime.

To normalize the oxygen consumption for every case, the total mass of Oz consumed by the fire
was calculated by calculating the area under each of the curves. Then, the total mass of consumed
oxygen was divided by the amount of liquid fuel that was removed to obtain the consumption

factor (CF) of oxygen. The O2 consumption factors for the different fires are presented in Figure
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7.11. Oxygen consumption in heptane fires was similar for both flame regimes, amounting to about
2.2 g/kg-of-fuel. However, the oxygen consumption factor of ANS fire whirls is about 25% greater
that of the pool fire. This means that more oxygen is used for the same amount of fuel, partially

explaining the resulting lower emissions of CO and PM.
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Figure 7.11: Comparison of O, consumption factor (CF) for (A) heptane and (B) ANS fires.

Figure 7.12 shows the CO2 emission rates for the different fires at the large scale. Data for
individual experiments show good repeatability. Similar to the oxygen consumption rate, the fire
whirls show higher CO2 emission rates, which can be attributed to the higher mass loss rate. Figure
7.13 represents the different regimes and conditions, with averaged data for each condition, such

that the emissions may be compared in a single figure.
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Figure 7.12: Comparison of CO, production rate from heptane and ANS fires.
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Figure 7.13: Comparison of CO; production rate for heptane and ANS fires, for both pool fire and fire

whirl regimes.

The CO2 emission factor for every case is reported in Figure 7.14. The total mass of CO2 was
divided by the amount of liquid fuel that was consumed in the fire to obtain the EF of CO2. CO2
emission factors for heptane fires was similar for both flame regimes, around 2 kg/kg-of-fuel.
However, the CO2 emission factor from ANS fire whirls was greater than that from ANS pool
fires. This may be attributed to better air entrainment in the fire whirl regime that permitted
enhanced combustion of the fuel. Therefore, more carbon dioxide was produced by the same

amount of fuel.
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Figure 7.14: Comparison of CO, emission factors for (A) heptane and (B) ANS crude oil fires, for

both pool fire and fire whirl regimes.

Figure 7.15 shows the CO emission rates for the different heptane and ANS fires. Data from
individual experiments have minimal spread, and thus have high repeatability. Averaged trends

for the different fires are combined in Figure 7.16. The production rates of CO from ANS fires

were significantly higher than those from heptane fires.
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Figure 7.15: Comparison of CO production rates for heptane and ANS fires, for both pool fire and fire

whirl regimes.
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Figure 7.16: Comparison of CO production rates for heptane and ANS fires, for both pool fire and fire

whirl regimes.

In addition, the CO emission factor for the different fires are reported in Figure 7.17. The total
mass value of CO emitted was divided by the amount of the liquid fuel that was consumed in the
fire to obtain the EF of CO. CO emission factors from heptane fires were much smaller than those
from ANS fires. The ANS fire whirl had a greater CO emission factor compared to an ANS pool
fire. One potential explanation for this is that the better mixing in the large-scale fire whirl, and

the boilover condition permitted higher temperatures that allowed soot to oxidize partially to CO.
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Figure 7.17: Comparison of CO emission factors for (A) heptane and (B) ANS fires, for both pool fire

and fire whirl regimes.

Overall, there are two major trends that are observed in the gaseous emissions of the large-scale
experiments. First, the emissions are generally lower for heptane fires, which is due to the nature
of the fuel (pure, low boiling point, simple molecular structure), and the absence of the boilover.
Use of the fire whirl regime to burn heptane resulted in lower emissions of soot and carbon
monoxide compared to burning in the pool fire regime. Second, for a multi-component fuel with a
complicated molecular structure, the use of the fire whirl reduces the emission of soot, and it is

supposed that some of the lower particulate emissions may result in slight increase in CO

emissions.

7.2.4. Temperature and Heat Flux Measurements

The temperature of both gas and liquid phase at the center line of the pool was recorded using

the thermocouple tree shown in the experimental setup section. Figure 7.18 shows the temperature
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measurements of a few select thermocouples over the duration of the experiment with heptane in
both pool fire and fire whirl regimes. The temperature measurements show similar trends in
repeated experiments except for persistent fluctuations for every test. The results presented herein

are representing one test for each case and are not averaged to avoid smearing the data.

In the liquid-phase temperatures, T23 was the submerged thermocouple closest to liquid surface
and shows a gradual increase from the initial temperature of heptane (18 °C) to values near its
boiling temperature (95 °C) for fire whirl cases. The temperature increase in pool fire case was
relatively slower. The next thermocouple, T24, was closest to the fuel-water interface and followed
T23 readings closely. Note the low values recorded by T25 in both flame regimes, which indicated
minimal effect from both fires. In the gas phase, three locations (top, middle, and bottom) on the
thermocouples three were selected to present here, T1, T11, T22, with a distance of ~60 cm
between them. Temperatures in the gas-phase peak around (950 °C), but because of the movement
of the flame, specifically flame wander in the fire whirl regime, the temperature fluctuations had
a rough cyclic nature. It is important to note these measurements are not corrected for radiation
losses and, due to their slow response with a large bead size, necessary to avoid damage during

testing, provide an estimated temperature in the flame zone.
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Figure 7.18: Liquid and gas phase temperature for heptane fires in both pool fire and fire whirl

regimes.
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Figure 7.19 shows temperature readings from select thermocouples over the duration of the
experiment with ANS crude oil in both pool fire and fire whirl regimes. In the liquid-phase, T23
showed a gradual increase from the initial temperature of ANS (18 °C) to values near its boiling
temperature (250 °C). The next thermocouple, T24, was closest to the fuel-water interface and
increased to values near the boiling point of water in the moments that boilover occurred. Note the
low values recorded by T25 in both flame regimes, which indicated minimal thermal penetration
from both fires. In the gas phase, three locations (top, middle, and bottom) were selected to present

here, T1, T11, T22, with a distance of about 60 cm between them. Again, temperatures in the gas-
phase peak around (950 °C).
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Figure 7.19: Liquid- and gas-phase temperature for ANS fires in both pool fire and fire whirl regimes.

The heat feedback to the pool of liquid at both flame regimes were measured with a heat flux
gauge (radiation + convection) that was partially submerged within the liquid fuel. The heat flux
gauge was placed facing up in the center of the pool (R0) and also at half-radius distance from

center (R1). Figures 7.20 and 7.21 show the heat feedback for ANS and heptane fires at the center

and half-radius distance from the center of pool, respectively. The heat flux measurements show
similar trends in repetitions of experiments, except for persistent fluctuations for every test. The
results presented are from one experiment for each case and are not averaged to prevent temporally

smearing the data. As shown in Figure 7.20, the heat flux measurements for heptane fires show
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different trends between pool fire and fire whirl regimes. The heat feedback of heptane pool fire
increased to 40 kW/m? after ignition, and then declined to a steady 20 kW/m?, before rising again
prior to extinction. The fire whirl scenario however showed a different behavior and increased to
a relatively steady value of about 70 kW/m? before decreasing continuously until extinction. The
difference could potentially be explained using the flame geometry. For the heptane pool fire, the
flame evolved to a semi-conical shape as it began steady burning, which moved the reacting gases
(flame sheet) away from the center. Inside of the flame sheet, high concentrations of heptane vapor
existed, with excess air outside of the flame sheet. Therefore, the convection portion of the heat
feedback was reduced, thereby reducing measurements at the heat flux gauge. For burning of
heptane in fire whirl regime, the geometry was completely transformed to a narrow cylindrical

shape with flames inclined toward the fuel surface at the bottom.

The ANS experiments show similar trends in both flame regimes, although fire whirls show
slightly higher heat feedback (peak at ~60 kW/m?) compared to pool fires (peak at ~50 kW/m?).

This could explain the higher burning rate for ANS fire whirl scenarios.
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Figure 7.20: Heat feedback from the flames to the fuel layer at the center in both pool fire and fire

whirl regimes.
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The heat feedback received at a half-radius from the center also shows a similar trend for
heptane fires. The only difference is that the amount of heat feedback to the half-radius location is
slightly higher compared to the center location for the fire whirl. This could explain the higher
burning rate for the fire whirl scenarios compared to the pool fire cases. The heat feedback from
ANS fires at the half-radius location shows higher feedback for the fire whirl compared to pool
fire tests. Overall, the relation between the flame geometry and heat feedback to the burning rate

and emissions are crucial to understanding the fire whirl phenomenon.
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Figure 7.21: Heat feedback from the flames to the fuel layer at half radius in both pool fire and fire

whirl regimes.

In addition to the heat flux measurement for heat feedback analysis, a heat flux gauge was
embedded in the fire whirl enclosure wall to capture the incident heat flux impinged on external
walls. As shown in the experimental setup the heat flux gauge was placed 0.5 m away from the
fuel/water container, at a 0.6 m height from the floor. These measurements are required for both
safety and design purposes. As seen in Figure 7.22, the incident heat to the wall is lower than the
heat feedback to the fuel surface but it is still significant. Fire whirls were observed to remain well-

controlled within the test enclosure during experiments, however it is essential that any practical
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applications be constructed out of materials that will withstand sustained heat fluxes up to the
levels observed in tests. For heptane fires in both regimes, the obtained heat flux values are similar
and on order of 20 kW/m?. Because fire whirls exhibit some flame “wandering” around the
enclosure apparatus, i.e. the sweeping motion at the beginning of the experiment before becoming
stationary, momentary higher heat fluxes should also be designed for to exterior walls. Results for
ANS fires showed lower incident heat compared to heptane fires during the steady burning period.
However, after the onset of boilover, the amount of incident heat is doubled due to a dramatic

increase in the width of the flame.
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Figure 7.22: Incident heat flux on the walls, in both pool fire and fire whirl regimes.

7.2.5. Inlet Velocity

For the fire whirl experiments in the large-scale stage of the project, a constant gap size of 45
cm was used, and inlet velocity measurements were conducted using a combination of hot-wire
anemometers and vane flow meters. The entrained air velocity and their variation with height are

shown in Figure 7.23—A and B). Also, circulation of air in the fire whirl enclosure calculated with

the enclosure side length as the length scale, and shown in Figure 7.23—C and D. The average inlet

velocity for heptane fire whirls was between 0.7-0.8 m/s, and showed minimal decrease with
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height, up to 1 m above the lower surface, which was the upper limit for experiments at this scale.

However, ANS crude tests showed a considerable decline in the average inlet velocity with height.

Nevertheless, this data is useful in estimation of the air entering the enclosure and scaling the

behavior of the fire whirl. This will be especially useful for comparison between different scales

and will allow for an estimate of larger configurations that may also form reliable fire whirls.
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7.3. Discussion of the Large-Scale Results

The large-scale experiments showed an overall improved condition for burning in the fire whirl
regime similar to results from smaller scales during this project. The fire whirl regime showed
higher burning rates. In experiments with crude oil, the consumption efficacies of fire whirls were
marginally higher than pool fires. This could be because of improved heat feedback, fuel layer
thickness and the fuel properties. Most importantly this improvement is now observed from bench-

scale experiments up to practical scales, i.e. 70 cm diameter fuel pools.

Consistent with results at smaller scales discussed in earlier sections, emissions were improved
by implementing the fire whirl regime. This is true for both fuels tested, with major differences
observed especially in the form of lower particulate matter emissions. The fire whirl regime shows
significantly lower particulate matter produced when compared to corresponding pool fires. PM
emission factors obtained from crude oil experiments show around a 50% reduction going from

the pool fire to fire whirl regime.

Heat feedback can influence the energy balance of a burning liquid fuel and subsequently alter
its burning rate. Heat feedback measured by partially submerged heat flux gauges showed different
amounts of heat flux transferred to the fuel layer for the pool fire and fire whirl regimes. Figure
7.24 shows a conceptual drawing delineating the different heat feedback between the two flame
regimes. The swirling motion of the entrained air induces an Ekman boundary layer that pushes
the flame down near the fuel surface. The concave flame shape at the base of fire whirl potentially
increases the heat flux feedback to fuel surface, thus increasing the burning rate when compared

to a pool fire.
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8. Scaling Behavior

The results of the analysis have produced data which may, in the future, assist in developing
scale models of fire whirl behavior that could be used to design configurations for practical use,
and also to predict their emissions and fuel consumption behavior. Various data related to the
burning rate or heat-release rate of the fire, as well as the inlet flow velocity for fire whirls have
been collected and analyzed in this work. Figure 8.1 shows a comparison of the measured
circulation vs. the measured heat-release rate from fire whirls and pool fires using ANS and
heptane at all scales. A relatively linear trend is observed between these quantities, indicating the
existence of a simple relationship to relate the governing quantities for fire whirls from bench to
field scale. These could be useful in the future to decide on an appropriate fire size for ISBs, and
also to design the dimensions of the required enclosure or swirl generation device to form
controlled fire whirls. This also presents a basis for relating the data from this work to earlier work

on fire whirls formed in other configurations.
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Figure 8.1: The scaling conditions for the different fire whirls investigated in this work.
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8.1. Scaling of Consumption Efficacy of Fire Whirls

One of the practical aspects of the current project that was addressed was the consumption
efficacy of the fire whirl. Comparisons of the ratio of the mass of fuel burned to the initial mass of
fuel (consumption efficacy) were made at different scales. And the results were compared for pool
fire and fire whirl regimes. This quantity is relevant only to fires burning ANS crude oil. Generally,
experiments were conducted with a fuel slick thickness of 5 mm thickness of ANS crude oil. Some
experiments were conducted with a 7 mm slick at the large scale, although the results were very

similar.

The consumption efficacy for pool fires and fire whirls was expected to converge with
increasing scale and reach an asymptote. As the pan size increased to 70 cm, efficacies of about
80-90% were seen for both pool fires and fire whirls. A removal efficiency of around 90% is
normally observed in large scale field tests. As shown in Figure 8.2, when compared to pool fires,
the fire whirl regime yields higher consumption efficacies when the pool size is smaller, and the
efficacy is roughly the same at the 70 cm scale. The increase in consumption efficacy with scale
shows a non-linear increase for the fire whirl regime. With scale, the trend is more linear for pool

fires.
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Figure 8.2: Scaling of consumption efficacy of pool fire and fire whirl regimes. All experimental

conditions shown here used an initial fuel slick thickness of 5 mm.
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8.2. Scaling of Emission from Fire Whirls

In general, emissions from pool fires and fire whirls formed using liquid fuels show reduced

emissions in the fire whirl regime. Figure 8.3 (A—H) shows the scaling of the various emission

factors for the pool fire and fire whirl regimes. Panels (4—D) show results for heptane fires, and
panels (E—H) show the corresponding results for ANS fires. Emission factors of soot (PM) for both
fuels consistently decrease with increasing scale when the fire whirl regime is used. This is a
promising outcome as particulate matter from combustion has been identified to be very dangerous
for human health. Fire whirls in general showed higher burning rates compared to pool fire regime.
Because of this, the rate of carbon dioxide production was found to be higher as the two parameters
correlate closely. However, the emission factor of CO:2 for heptane fire whirl experiments only
showed slightly higher values across all scales when compared to heptane pool fires, though little
increase would really be expected as CO: is generally closely related to the heat-release rate of the

fuel.

Results for 20 cm diameter tests, unfortunately, do not conform to the overall trends observed
in Figure 8.3. As reported earlier, emissions values for these 20 cm tests are sometimes double
what would be expected and may be due to a calibration or analysis error. The source of this error
was not discovered before the preparation of this report and, unfortunately, additional ANS crude
required to re-perform the necessary experiments was not available in time to include in this report.
These will be conducted in the future and updated before final submission of manuscripts to

journals.
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9. Conclusions

The primary objectives of this work were to (1) Describe and characterize the structure and
behavior of fire whirls over open water; (2) understand the effects and advantages of fire whirls
on ISB; and to understand and quantify emissions from ISBs with and without fire whirls in
scenarios ranging from (3) small to (4) large scale test burns. At the conclusion of this work we
have adequately addressed all four objectives, demonstrating the effectiveness of fire whirls to

reduce emissions and improve burning rates when burning both heptane and crude oil.

Throughout this work we have further understood the structure and behavior of fire whirls over
open water, addressing objective 1. In particular, a relationship between ambient circulation and
the heat-release rate of the fire was shown to be linearly correlated from small (11 cm diameter)
to large (70 cm diameter) scale. This is an impressive range and represents a means to design fire
whirls at larger scales, as desired. Collection of heat fluxes and flame temperatures has also helped
to demonstrate the mechanisms by which improved burning efficiency is achieved, namely higher
heat fluxes to the fuel surface and higher flame temperatures, both augmented by the fluid dynamic

structure of the fire whirl and radiation within the swirling fire plume.

Emissions measurements have directly led to quantification of the advantages of fire whirls on
ISB, addressing objective 2. In particular, particulate emissions are significantly reduced when
burning crude oil in a fire whirl configuration vs. a traditional pool fire configuration, typically by
at least half. The rate of burning is also dramatically increased, which would result in reduced
operational burning times in the field. These results are shown using fuel pool diameters of 10, 20,
30, and 70 cm, demonstrating the ability for improvement to be achieved from small (objective 3)
to large (objective 4) scale. By coupling detailed measurements at the small scale with larger-scale
results, a comprehensive data set is now available to extract both the mechanisms responsible for
improvement in combustion efficiency with fire whirls and a proof-of-concept established which

shows this technique could be applied at practical scales.
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10. Proposed Future Work

As of March 2019, all the tasks related to Phase I, II, and III of the projects are complete. While
these objectives have been completed, work will still continue on this project. Additional
manuscript preparation for submission to multiple journals will continue as more analysis is being
conducted on the results obtained. Further analysis of issues related to the 20 cm pan diameter
emissions will take place as well as separating boilover and non-boilover conditions for an
assessment of their separate impact on emissions factors at various scales. Still, there is additional
work which is now possible as a result of this first project. These potential future steps are proposed

below.

The first is optimization of the fire whirl configuration; essentially manipulation of the burning
rate and circulation, to establish an entrainment condition that leads to reduced emissions. At
direction of BSEE initial tests focused on emissions only for the most ideal configurations,
however finding a means to predict this ideal condition and assessing the effects of conditions on
potential emissions would be practically and scientifically important. For this, the change in
dimensions of the fire whirl configurations (enclosure area, opening area, wall height) will be
studied at the small-scale to assess the effect on fire whirl formation and shape properties, and also
circulation and burning rate. This knowledge is important for implementing the fire whirl in ISB
applications, in particular how far the wall height can be reduced to still achieve ideal emissions
conditions. Their effect on emissions will aid in identifying the right entrainment conditions —

naturally or forced — for in-situ implementation.

Another aspect of this work is to investigate the effect of fuel layer thickness on emissions. Boil
over was observed at some point at all scales, however it is not observed in field conditions. By
varying the fuel layer thickness a longer burning period and combustion of a broader range of
hydrocarbons present in crude oil will be achieved. Boil over will also be avoided for a longer
period of time, thereby the analysis of emission will be less dependent on tests conditions, e.g.
pool diameter. This is a practical step toward use of fire whirl for ISB. Eventually further tests on
different fuels at various stages of weathering will also aid in assessing how effective this

technique can be in practical application.
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11. Appendix

11.1. Construction of fire whirl apparatus for large-scale experiments

Figure Al. Lumber frame for holding sheetrock boards. Lumber cross-section were (2 x 4”).
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Additional images

Figure A7. An image showing boilover during an experiment at the small scale. This image was
submitted to the 2019 Combustion Art Competition, to be held at the 11" US National Combustion

Meeting.
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