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Abstract

In-situ burning (ISB) is one of the most effective means of removing oil spilled over
open water. While current ISB practices can eliminate a large fraction of the spilled oil,
they still result in significant airborne emissions of particulate matter. ISBs are classified
as large, free-buoyant pool fires, from which black smoke consisting of particulate matter
(PM, soot) emanates as a plume. An experimental investigation of soot emissions from
pool fires (PF) and fire whirls (FW) was conducted using liquid hydrocarbon fuels, n-
heptane and Alaska North Slope (ANS) crude oil, in fuel pools 10 − 70 cm in diameter.
Burning attributes such as burning rate, fuel-consumption efficiency, and emissions of PM,
unburned hydrocarbons, carbon dioxide, and oxygen consumption were measured. For both
fuels and all pool diameters, compared to PFs, FWs consumed fuel at a higher rate, had
lower post-combustion residual mass and PM emission rates. Collectively, these resulted
in consistently lower PM emission factors (EFPM) for FWs at all scales. For FWs, EFPM

decreased linearly with a nondimensional quantity defined as the ratio of inverse Rossby
number to nondimensional heat-release rate. These results show that the addition of ambient
circulation to free-burning PFs to form FWs can increase burning efficiency, reducing both
burning duration and EFPM across length scales. The reduction in EFPM with increasing
influence of circulation is attributed to a feedback loop of higher temperatures, heat feedback,
burning rate and air-entrainment velocity, which in turn contributes to maintaining the
structure of a FW. Boilover was observed for fires formed with ANS crude oil at the 70 cm
scale, although the overall EFPM was not affected significantly. This investigation presents a
foundation to evaluate the detailed mechanisms further, such that appropriate configurations
can be developed help minimize the environmental impact of ISBs.

Keywords: in-situ burning, emissions, particulate matter, emission factor, fire whirl

∗corresponding author
Email address: mgollner@berkeley.edu (Michael J. Gollner)

Preprint submitted to Combustion and Flame March 17, 2021



Nomenclature

Abbreviations
ANS Alaska North Slope
EF emission factor
FW fire whirl
PF pool fire
ISB in-situ burning
OF oxidation factor
PM particulate matter
TC thermocouple
UHC unburned hydrocarbons

Symbols
Apool area of fuel pool
C concentration of emission species
cp specific heat of air
Cw heat capacity of water
D pool diameter
Fr Froude number
g gravitational acceleration
Gr Grashof number
∆hc lower heating value of fuel
Hf flame height
mw mass of water sublayer
ṁ burning rate
ṁ′′ average mass flux of fuel
M mass of emission species
q̇′′ heat-flux feedback
q∗f nondimensional heat flux

Q̇ heat-release rate

Q̇∗ nondimensional heat-release rate
Ri Richardson number
Ro Rossby number
S side length of fire-whirl setup
tb burning duration
∆T excess temperature at the flame
∆Tw rise in temperature of water sublayer
Uθ tangential velocity

V̇ volumetric exhaust flow rate
wf flame width
W gap width
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Greek symbols
β ideal gas expansion coefficient
ηb burning efficiency
ηfuel fuel-consumption efficiency
ν kinematic viscosity
Γ circulation
ρb air density at 1300 K

1. Introduction

1.1. Oil spills and marine pollution

Marine activities, such as oil exploration and extraction, can result in accidental onshore
or offshore oil spills. Such oil spills pose a serious threat to surrounding populations [1],
response workers [2], and ecosystems [3, 4]. In the event of a spill, an efficient, effective, and
robust treatment technique is crucial to mitigate its impact.

In-situ burning (ISB) is one of the most reliable and effective oil spill-treatment tech-
niques [5, 6], particularly in remote regions, harsh climates, or where the size of the accident
makes it impossible for immediate mechanical recovery or dispersant techniques to be used.
It has been suggested, through laboratory and meso-scale testing of in-situ crude oil com-
bustion, that the composition and concentration of emissions from ISB may be an acceptable
trade-off in relation to inshore and offshore contamination, its environmental consequences
and cleanup costs [5, 7]. In some cases, ISBs have been shown to eliminate at least 90% of
the released liquid oil [8, 9]. Thus, ISB remains a fast and portable method of treating oil
spills, which is especially important as 70% of the untreated oil spills may emulsify during
the first 24 hours [10].

Previous studies quantified emission factors of gaseous species emitted from burning
gaseous, liquid, solid fuels [11, 12] and vegetative fuels relevant to wildland fires [13, 14, 15].
Common emission species of interest are particulate matter (PM, soot), CO, CO2, polycyclic
aromatic hydrocarbons (PAHs), and volatile organic compounds (VOCs). Recent work on
pool-fire burning of gaseous and liquid fuels [12] quantified these emissions by periodic
sampling in the fire plume, assuming that the products of combustion CO2, CO, methane
and unburned hydrocarbons (UHC) were distributed uniformly in the plume, and defining
emission factors for each species based on the mass of carbon burned.

Large pool fires such as ISBs are oxygen-starved due to limited air entrainment into
the central flame core above the fuel surface [16, 17]. Additionally, crude oil contains a
high fraction of heavy hydrocarbons [18]. Hence, ISB pool fires are prone to emitting large
quantities of soot, seen as black smoke emanating from ISBs. The emission of soot (PM)
is one of the major operational limits of current ISB practices as high concentrations can
cause health concerns for populations in downwind regions. Such fires are also nonpremixed
flames, where lower oxygen concentrations, high temperatures and long residence times are
favorable for soot inception and growth [19].

Increasing burning efficiency and reducing PM emissions requires combustion to take
place with higher oxygen concentrations, better mixing and shorter residence times. Re-
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placing pool fires (PF) with fire whirls (FW) could provide these conditions. Applications
such as the cleanup of spilled oil over the ocean through ISB and waste incinerators for
complex fuels present the motivations to study and evaluate the differences in emissions
between PFs and FWs.

1.2. Fire whirls

The addition of swirling flow in a combustor improves flame stability, enhances combus-
tion efficiency and reduces emissions [20]. In swirl combustors using a jet flame, reduction
in emissions depends on improving fuel-air mixing by increasing the turbulence intensity
and operating in the fuel-lean regime [21, 22]. While there are similarities between swirl
combustion and FWs, they differ in the manner of air entrainment. In swirl combustion,
air is usually premixed with fuel and injected through a central fuel port or spray injector
with considerable axial momentum. In FWs, however, air entrainment primarily occurs
in the radial direction at the bottom surface boundary over which a FW is formed, and
there is negligible axial momentum from air entrainment. The result is that combustion
occurs mostly as a nonpremixed flame [23] in a cylindrical structure that is described by the
Burger’s vortex [24]. In contrast to swirl combustion, turbulence is generally suppressed in
FWs [25]. The fundamental question that needs to be answered to evaluate the potential for
using FWs in ISBs is – when compared to PFs, do FWs emit lower quantities of airborne
soot?

The objective of this work is to determine whether burning a pool of liquid fuel as a
FW can result in lower PM emissions than when burning as a PF. PFs and FWs were
formed at different length scales, with liquid-fuel pools 10, 20, 30 and 70 cm in diameter.
Burning characteristics such as burning rate, fuel-consumption efficiency, emissions of PM,
unburned hydrocarbons (UHC), CO2, heat feedback to the fuel pool, and emission factors for
each species were used to compare the two regimes. Finally, scaling parameters influencing
a reduction in PM emissions in FWs are discussed, and a preliminary explanation of the
factors controlling this behavior is presented.

2. Experimental methods

2.1. Apparatus

A fixed-frame, four-wall fire whirl configuration [26, 27] was used to form FWs at all
pool diameters (see Figure 1A). In this configuration, the buoyancy of the fire plume inside
the enclosure causes air to be entrained through the four gaps, generating the ambient swirl
required to form FWs. Stable and reliable FW formation was observed when the ratio of
the width of each gap (W ) to the width of the side wall of the enclosure (S) was fixed
at W/S = 1/4. The walls were removed for PF experiments. A circular aluminum dish
was used to hold the fuel pool, with varying diameters (D = 10, 20, 30, 70 cm). The dish
was used to hold a water sublayer above which the fuel slick floated, mimicking open-water
conditions. The top edge of the dish was flush with the bottom surface of the enclosure.
Experiments for D = [10, 20, 30] cm were performed at the University of Maryland, and
those at D = 70 cm scale were performed at Worcester Polytechnic Institute.
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Figure 1: Schematic of experimental setup.

For D = [10, 20, 30] cm, the fuel dish was placed over a load cell to measure instantaneous
mass. This data was then used to calculate the mass-loss (burning) rate. Burning rate at
D = 70 cm was measured as the ratio of total mass of fuel consumed to the burning duration.
The residue mass was measured by noting the weight of 3M adsorbent pads before and after
collecting the residue. The velocity of air entrainment through the gaps into the enclosure
was measured using a Testo 450i vane anemometer positioned at the center of one gap
between the enclosure walls. Since the measurement was made at the periphery of the
enclosure, the average inlet velocity may be assumed to be in the azimuthal direction and
denoted as (Uθ). The different experimental conditions are shown in Table 1.

Boilover is a rapid combustion process that occurs during burning of thin films of heavy
hydrocarbon fuel (such as ANS crude oil) which is spread over a water sublayer. This usually
occurs during laboratory-scale experiments and an important parameter that controls the
onset of boilover is the temperature of the water-fuel interface. To keep this temperature
below the boiling point of water and avoid boilover in the D = [10, 20, 30] cm scales, a
magentic stirrer was used to mix the water sublayer. For D = 70 cm, the thickness of the
crude oil slick was increased to 7 mm, and a pump system was used to recirculate water
in the sublayer, but boilover could not be avoided. The impact of the onset of boilover on
emission factors is discussed in detail in section 4.2.

For D[10, 20, 30] cm scales, the temperature of the water sublayer was measured using
four K-type thermocouples (75 µm bead diameter) submerged in the sublayer. The mass
of water in the sublayer (mw) was measured before each experiment, and the total rise in
bulk water temperature (∆Tw) was obtained. Using these, the temporally and spatially
averaged heat feedback (q̇′′) was calculated as q̇′′ = (mwCw∆Tw)/(Apooltb), where Cw is the
heat capacity of water, Apool is the area of the fuel pool, and tb is the burning duration. For
D = 70 cm, a Schmidt-Boelter gauge was positioned in the center of the pool to directly
measure the total (convection and radiation) heat feedback.
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Table 1: Experimental conditions for PFs and FWs formed using heptane and ANS crude oil.

Pool diameter

D

[cm]

Gap width

W

[cm]

Enclosure side

length, S

[cm]

Enclosure wall

height, H

[cm]

Fuel

volume

[ml]

Slick

thickness

[mm]

10 15 60 60 40 5

20 25 100 100 160 5

30 25 100 100 350 5

70 45 175 240 3000 7

The FW setup was placed under an exhaust suction hood to collect all the combus-
tion products. A schematic of the arrangement is shown in Figure 1B. The exhaust duct
was instrumented with two sampling tubes − one connected to a TSI DustTrak 8534 for
measuring PM, and the other connected to a California Instruments CAI ZPA NDIR/O2

gas analyzer with a particulate filter positioned upstream. Three K-type thermocouples,
with a bead diameter of 50 µm, were positioned within the duct to measure temperature
at the gas-sampling location. Instantaneous flow rate was measured using a Verabar V100
differential pressure sensor installed immediately upstream of the sampling location in the
exhaust duct. For the experiments at D = 70 cm, a Spectris Servomex 4200 gas analyzer
was used to measure the concentration of gaseous species. In all cases, the concentration of
CO2, CO and O2 was measured in the range 0–10%, 0–1% and 0–25%, respectively. A gravi-
metric calibration of PM measurements [28] was performed using a 0.8 µm filter operated
concurrently in parallel with the DustTrak.

2.2. Calculating emission factors

A two-point reference calibration for CO2, CO and O2 was performed for the gas analyzer
by using 100% N2 for the zero value, and a mixture of 0.8% CO, 8% CO2 and 21% O2 for
the span value. The instantaneous concentration measured for each species and the total
volumetric flow rate through the duct were used to calculate the emission rate in units of
[mass/time]. The total mass, M , of each species was measured as an integral over time,

M
[
mg

]
= V̇

[m3

s

] ∫ tb

0

C
[mg
m3

]
dt
[
s
]

(1)

where V̇ is the volumetric flow rate measured in the exhaust duct, C is the concentration
measured by either the gas analyzer or PM sensor, and tb is the burn duration.

The concentration of unburned hydrocarbons (UHC) was not directly measured. Instead,
it was estimated by using the carbon mass balance approach [11], assuming that the emissions
were composed of four carbon-containing species, CO2, CO, PM and UHC. The carbon mass
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emitted as UHC was estimated as the difference between carbon mass in the fuel consumed
and the total carbon mass measured as CO2, CO and PM. The carbon mass in heptane and
ANS crude oil was 84% and 85.9% [18], respectively. For each of the emitted species, an
emission factor was defined as

EFspecies =
Mass of carbon in emission species [g or kg]

Mass of carbon in fuel consumed [kg]
(2)

based on the carbon mass in the species and carbon mass in burned fuel, similar to previous
work [11, 29]. The burning efficiency (ηb) was defined as

ηb =
Mass of carbon emitted as CO2

Total mass of carbon in CO2, CO, PM, UHC
(3)

to compare the relative amount of C emitted as CO2 to the total mass of C emitted from
the fuel as CO2, CO, UHC and PM. In this way, both ηb and EF are bounded between 0
and 1, and also causes ηb to be numerically equal to EFCO2

. Finally, oxidation factor (OF)
was defined for each case as

OF =
Mass of O2 emitted as CO2

Total mass of O2 consumed
(4)

which quantifies the fraction of total oxygen consumed that is emitted as CO2. An oxidation
factor of 1 implies all the O2 consumed is emitted in the form of CO2.

3. Results

3.1. Physical Characteristics of PFs and FWs

For each experiment, photographs of PFs and FWs were obtained using a digital camera.
Some of these images are shown in Supplementary Figures 1 and 2. For PFs, the average
flame height, Hf ∈ [1, 2]D. At the base of PFs, the flame width, wf , is equal to the pool
diameter, D. PFs have a conical flame shape as wf reduces with axial distance. Entrained
air along the boundary layer toward a PF causes necking of the flame at the base and initiates
Rayleigh-Taylor instabilities [30], which cause the flame sheet to roll up (see Supplementary
Figure 1A) and fluctuate periodically [31], a phenomenon referred to as “puffing.” In contrast
to PFs, Hf ∈ [3, 6]D for FWs, which have a cylindrical shape. FWs also show stronger
necking at the base of the flame, resulting in reduced average flame width, wf ∈ [0.5, 1)D.
FWs do not show puffing, which is replaced by a helical instability that causes the flame to
wrap around a vortex core [32].

The rate of fuel consumption (burning rate, ṁ) was measured using instantaneous mass
data from the load cell for D = [10, 20, 30] cm. Since the load cell could not be used for the
large 70 cm pool, ṁ was estimated as the ratio of the total mass of fuel burned to the burn
duration. The variation of burning rate with D (Figure 2A) shows that for both heptane
and ANS crude oil, ṁ is higher for FWs. The experimental variability in the measurement
of ṁ was negligible, resulting in very small error bars in Figure 2A. For fires formed using
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Figure 2: Comparison of (A) ṁ and (B) ṁ′′ for PFs and FWs. (C) Variation of ηfuel with D for ANS fires.

(D) Combinations of Q̇ and Γ for the FWs in this study, showing a logarithmic relationship.

each fuel at D = [10, 20, 30] cm, the ratio of burning rate of FWs to PFs is about 2, and
this ratio reduceds to about 1.3 at D = 70 cm.

Comparing each flame regime individually for D = [10, 20, 30] cm, ṁ for heptane fires
is larger than that for ANS fires. This trend, however, reverses at D = 70 cm, where ṁ
of ANS is higher than that of heptane. This is also evident in Figure 2B, which shows the
variation of fuel mass flux (ṁ′′) for the different conditions. These quantities are tabulated
in Supplementary Table 1.

Upon extinction of ANS crude oil fires, some residue remained on the water surface. This
residue is primarily composed of heavier hydrocarbons and tars in the fuel [18]. Measurable
residues were not observed with heptane fuel. For ANS fires, fuel-consumption efficiency
(ηfuel) was defined as the ratio of fuel mass burned to the total initial mass of the fuel, and
is shown in Figure 2C. ηfuel is higher for FWs when D = [10, 20, 30] cm, but this difference
is negligible at D = 70 cm. The sharp rise in ṁ′′ for ANS fires and the negligible difference
in ηfuel between PFs and FWs at D = 70 cm scale are both attributed to boilover (section
4).
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3.2. Circulation and heat feedback

The combination of circulation (Γ) and heat-release rate (Q̇) defines the state and shape
of a FW [33]. Values of Γ and Q̇ for the FWs in this study are shown in Figure 2D. The Q̇
was estimated as Q̇ = ṁ∆hc, where ∆hc is the lower heating value of the fuel, and Γ was
estimated as Γ = 4S Uθ. The Q̇ of the FWs in this study spans three orders of magnitude,
wider than most previous studies. According to the classification by Lei et al. [33], the
shapes of the FWs in this study may generally be considered as cylindrical FWs.

The Γ calculated for the FWs in this study is compared to the inverse of the Rossby
number in Figure 3A. The quantity Ro−1 describes the ratio of azimuthal momentum from
circulation to the buoyant (axial) momentum from heat release. Following [34], Ro−1 was
estimated as (ΓD)/(ṁ′′/ρb), where ρb is the air density at T = 1300 K. While Γ increases
continuously with pool diameter, Ro−1 increases from the 10−30 cm scales, but is relatively
unchanged between the 30 and 70 cm scales. Both Γ and Ro−1 are generally higher for FWs
formed using heptane when compared to those formed using ANS crude oil.

The variation of average heat-flux feedback, q̇′′, with D is shown in Figure 3B. q̇′′ is
higher for FWs at all scales, although the difference is very small in the 10− 30 cm scales.
At D = 70 cm, however, q̇′′ for FWs is more than twice that for PFs. Also, for both the
flame regimes, the value of q̇′′ is higher for fires formed with ANS crude oil than those
formed with heptane, partly due to the higher concentration of soot particles in the flame
(see section 3.3). For FWs, since Γ increases linearly with D, q̇′′ also increases roughly
linearly with Γ (Figure 3C). For each case, nondimensional heat flux was estimated from
[35] as q∗f = q̇′′ / (ρ0 cp ∆T

√
gD) and its variation with Γ is shown in Figure 3D. In general,

an increase in circulation corresponds to an increase in heat flux feedback to the pool, similar
to previous studies [36, 37]. The experimental variation is higher for fires at D = 70 cm since
these measurements were made directly using a Schmidt-Boelter gauge, whereas experiments
in the smaller scales were averaged temporally and spatially, and instantaneous fluctuations
are not apparent.

3.3. Emissions

The DustTrak 8534 instrument, used to measure PM concentrations in the exhaust duct,
can distinguish two size ranges of PM, PM-2.5 and PM-10, denoting particle sizes below 2.5
µm and 10 µm, respectively. But measurements showed little variation between the con-
centrations of these particle sizes, indicating most particulates are 2.5 µm in diameter or
smaller. Therefore, these measurements are reported as Total PM (TPM) here. During
combustion of each regime, measurements were obtained at a frequency of 1 Hz, and the
experimental results are shown in 4. Panels (A) and (B) compare heptane fires, and panels
(C) and (D) compare ANS fires, with the different line colors indicating individual exper-
iments. PM emission rate data for the other scales are included as Supplementary Figures
3–5.

As FWs have a higher burning rate than PFs, the duration of PM emission is lower. The
peak emission rate of PM is higher for PFs (250 mg/s for heptane PF, 3000 mg/s for ANS
PF) than for FWs (175 mg/s for heptane FW, 2300 mg/s for ANS FW). The instantaneous
PM emission rate from ANS fires is an order magnitude higher than that from the heptane
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Figure 3: Variation of (A) Γ and Ro−1 with D, (B) q̇′′f with D. Panels (C) and (D) show the linear increase
in q̇′′f and q∗f with Γ for FWs. Solid lines indicate linear fits for heptane FWs, and dashed lines indicate
those for ANS FWs.
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fires. For heptane fires, the peak emission rate is observed roughly around the middle of the
burn duration. For ANS fires, however, there is an initial linear increase in the emission rate
from ignition, with a sudden spike in the rate, followed by a quick drop towards extinction.
The sharp spike in the emission rate (at ∼65 s for ANS FWs, ∼110 s for ANS PFs) is caused
by the onset of boilover. Boilover was seen only with the 70 cm ANS crude oil experiments,
and hence the sharp rise in PM emission rate was not seen in ANS fires at D = [10, 20, 30]
cm.

The PM emission factor, EFPM, calculated according to Equation 2 is presented in Figure
4, which shows that FWs emit a lower mass of PM per unit mass of fuel burned. For all the
different fire conditions, the lowest EFPM occurs at D = 30 cm. Additionally, for PFs and
FWs formed using ANS crude oil, the value of EFPM in the pre-boilover and post-boilover
periods are similar to the overall EF (Figure 4F).

The EFs of UHC (EFUHC) and of CO2 (EFCO2) are shown in Figure 5. The lowest EFUHC

is seen at D = 20 cm for both heptane and ANS crude oil. For heptane fires (Figure 5A),
EFUHC for FWs is slightly lower than from PFs, and this simultaneously corresponds to
slightly higher EFCO2 (Figure 5C). For ANS fires at D = [10, 70] cm, EFUHC is slightly lower
for FWs, along with slightly higher EFCO2 . At D = [20, 30] cm, however, FWs show slightly
higher EFUHC but lower EFCO2 (Figure 5D). Compared to CO2 and UHC, CO is found only
in trace amounts. EFCO is shown in Figures 5E and 5F. For heptane fires, FWs show lower
EFCO than PFs. This is reversed for ANS fires, with FWs showing higher EFCO than PFs.

The EFs discussed above were calculated based on the mass of carbon in the fuel. The
EFs determined on the basis of the total fuel mass burned are tabulated for all species in
Table 2. EFs calculated by the two methods vary numerically, but show the same trend
with D. The mass of UHC emitted was calculated using the molecular weight of propane
(C3H8) and the estimate of carbon emitted as UHC.
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Figure 4: PM emission rate, measured at 1 Hz, as a function of time for heptane fires at D = 70 cm are
shown in panels (A) and (B). Data for ANS fires at D = 70 cm are shown in panels (C) and (D). Boilover is
evident in the PM emission rate for both ANS PFs and FWs. EFPM is shown as a function of D in panels
(E) and (F). Panel (F) shows markers for overall EFPM, and those calculated for the pre- and post-boilover
periods.
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Figure 5: Variation of different EFs with D. EFUHC is shown in panels (A) and (B), EFCO2
in panels (C)

and (D), and EFCO in panels (E) and (F). Data for ANS fires at D = 70 cm includes markers for the pre-
and post-boilover periods.
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4. Discussion

The experimental results presented above show that a pool of liquid fuel when burned as
a FW, in comparison to a PF, has a higher burning rate and emits lower peak concentrations
of airborne PM. These factors together result in a lower EFPM for FWs. Additionally, when
ANS crude oil is used as the fuel, FWs had a higher ηfuel since the residual mass upon
extinction was lower. A minimum slick thickness of 2 − 2.5 mm is required to sustain
burning over water surfaces [5, 38] due to heat loss to the water surface beneath the fuel.
Consequently, the consumption efficiency for a given flame regime and pool diameter is
directly proportional to the initial slick thickness since all fires will eventually burn down to
the minimum slick thickness.

The behavior of EFPM also shows significant dependence on the fuel type. The EFPM for
ANS fires is an order of magnitude higher than those for heptane. Lighter fuels are known
to have lower EFs than fuels that are contain high-molecular weight, complex components
[11, 12]. For a given flame regime and D, higher values of EFPM are seen for crude oil, a
multi-component fuel with long-chain hydrocarbons with complex structures [18].

The addition of swirl to jet flames results in the reduction of emissions from swirl burners
[21]. In swirl burners, the reduction in emissions is enabled by enhanced mixing that is caused
by increased levels of turbulence intensity, which allows combustion to approach premixed
conditions. Turbulence, however, is suppressed in FWs, and this is one of the reasons for
elongation of the flame as compared to a PF formed over a pool at the same D [23, 25]. The
reduced effect of turbulence is evident in the lower values of the Grashof number (Gr) for PFs
(Figure 6). Gr was estimated as Gr = gβ∆TD3/ν2, where g is gravitational acceleration, β
is the ideal-gas expansion coefficient, ∆T is the excess temperature, and ν is the kinematic
viscosity. Gr increases significantly with D, but only the fires at D = 70 cm approach the
turbulent regime (Gr > 109) [39]. Thus, the lower value for EFPM for FWs is not explicable
based on turbulence or mixing effects.

Figure 6: Grashof number (Gr) at different values of D for the different cases.
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The values EFUHC and EFCO2 are at least an order of magnitude higher than EFPM,
showing that a majority of the carbon in the fuel is emitted in the form of gaseous compo-
nents, and that only a small fraction is emitted as particulate soot. So, small differences
in the values of EFUHC and EFCO2 between the PF and FW regimes can cause significant
differences in EFPM. This is evident when comparing Figure 4 (C,D) with Figure 5 – the
value of EFPM for FWs is roughly half that of PFs, but the values of EFUHC and EFCO2 are
within 10% of each other for the different cases.

In the following section, we focus on the nondimensional quantity, EFPM, and use FW-
scaling parameters to provide preliminary explanations of the differences between PFs and
FWs that lead to reduced emissions.

4.1. Scaling

In a FW setup with natural entrainment, Γ is intrinsically coupled with Q̇ [40]. This is
because the buoyancy, that stems from Q̇, controls the strength of air entrainment into the
enclosure, Uθ, which in turn determines Γ. The effect of circulation on FWs is represented
by either the Froude number (Fr = U2

θ /gD), which is analogous to the Richardson number
(Ri = gβ∆TD/U2

θ ), or the inverse Rossby number, Ro−1. Both Fr and Ri represent the
competing effects of tangential momentum from ambient circulation and buoyant momentum
from heat release. While Ri has previously been used to describe Hf [41], Chuah et al. [34]
showed that the effect of circulation on FWs and Hf was better represented by the inverse
Rossby number (Ro−1), a nondimensional quantity that is equivalent to Ri. The effect of
buoyancy on the FW is represented in the form of a nondimensional heat-release rate, Q̇∗,
defined for FWs as [42]

Q̇∗ =
Q̇

ρ0 ∆T
√
gD5

(5)

where ρ0 is the ambient air density [43], Q̇ is the average heat-release rate. The variation
of Q̇∗ with D is shown in Figure 7A. We now define the ratio (Ro−1/ Q̇∗) to compare the
effects of buoyancy and circulation for FWs formed at different length scales. The effect of
this ratio on EFPM for heptane and ANS FWs is shown in Figure 7B.

For ANS FWs, Figure 7A shows a linear relationship between EFPM and (Ro−1/Q̇∗).
EFPM decreases as (Ro−1/Q̇∗) increases, indicating that as the effect of circulation in-
creases relative to buoyancy, conditions are favorable for lower PM emissions. The ratio
(Ro−1/Q̇∗) has a similar effect on EFPM from heptane fires, with the lowest emissions seen
at (Ro−1/Q̇∗) ≈ 150. Beyond this value, however, there is an increase in EFPM for heptane
FWs.

For a given fuel and D, with the increasing effect of circulation, EFPM reduces linearly
with (Ro−1/Q̇∗), but there exists an upper limit beyond which EFPM rises again. The
increase in EFPM for heptane fires beyond this threshold value agrees with previous obser-
vations of FW behavior under high values of Γ – above a certain value of ambient Γ, FWs
show reduced Hf , increased wf , and increased soot emissions that are visible as black smoke
[44, 45, 33]. Recent experiments conducted by Lei et al. [33] showed that as Γ is increased at
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Figure 7: (A) Variation of Q̇∗ with D. (B) Variation of EFPM with (Ro−1/Q̇∗). Burning efficiency for (C)
heptane and (D) ANS fires. Oxidation factor for (E) heptane and (F) ANS fires.
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a constant value of Q̇, Hf first increases, then decreases. This change in Hf and wf resulting
from high Γ is referred to as “over-rotation” [45]. Above (Ro−1/Q̇∗) ≈ 150, the increase in
EFPM may be attributed to over-rotation in heptane FWs. It appears that there may be a
different value of this threshold for different fuels, since over-rotation was not observed for
ANS FWs in Figure 7B.

For ANS FWs, the highest value of the ratio (Ro−1/Q̇∗) is found at D = 30 cm. Going
from D = 30 to D = 70 cm, the value of Ro−1 remains relatively unchanged (see Figure
3A), but Q̇∗ increases (Figure 7A), causing (Ro−1/Q̇∗) to decreases from 213 to 141. The
increase in Q̇∗ at 70 cm is a direct consequence of the steep rise in ṁ′′ caused by boilover.
In contrast, for heptane FWs, the largest value of the ratio (Ro−1/Q̇∗) is 231, occurring at
D = 70 cm. Similar to ANS FWs, heptane FWs at D = [30, 70] cm have similar values for
Ro−1, but Figure 7A shows that heptane FWs have the lowest value of Q̇∗ for fires at D = 70
cm. The significant reduction in Q̇∗ from the D = 30 to 70 cm is the major contributing
factor to increasing the effect of buoyancy (Figure 7B) on the FW and leads to an increase
in the value of the ratio Ro−1/Q̇∗. Thus, over-rotation in heptane FWs at D = 70 cm is a
consequence of a decline in Q̇∗ rather than an increase in Ro−1. It is hypothesized that if
boilover did not occur, the value of Q̇∗ would have been lower, causing the value of the ratio
(Ro−1/Q̇∗) at D = 70 cm to be higher than that at D = 30 cm, potentially presenting the
opportunity for over-rotation to occur. This may not, however, be a preferred FW state for
practical applications since it leads to an increase in EFPM.

The variation of ηb and OF, calculated according to Equations 3 and 4, with D are shown
in Figure 7 (C-E) for the all the different cases. Generally, FWs have higher values for both
ηb and OF as compared to PFs, showing that a higher fraction of carbon from the fuel is
oxidized to CO2, causing EFPM to be lower for FWs than for PFs. Based on the expressions
in Equations 2 and 3, ηb is numerically equivalent to EFCO2 . Again, the metrics ηb and
OF are calculated based on gaseous components, which are primarily composed of CO2. So
even slight improvements in converting carbon in the fuel to CO2 can result in significant
reduction in soot (PM) emissions. Both these metrics are generally higher for heptane fires
than for ANS fires.

4.2. Boilover

The violent burning of thin layers of oil over water is referred to as boilover [46]. Figure
8A shows a comparison of normal burning (panel A) and boilover burning (panel B). This
regime of burning is caused by a sudden expansion of superheated water-vapor bubbles that
nucleate at the fuel-water interface. Characteristics such as burning rate and flame height in
this regime depend on many factors including slick thickness, D, fuel type and vaporization
order, weathering, q̇′′, etc. [38, 47]. Generally, boilover causes a significant increase in both
Hf and ṁ.

During boilover, the bubbles shoot through the fuel-water interface, ejecting oil droplets
into the flame [46]. Streaks of these evaporating fuel droplets are visible in Figure 8B,
significantly increasing the effective surface area for combustion. This results in the large
value of both ṁ′′ (Figure 2B) and ηfuel (Figure 2C) for ANS fires at the 70 cm scale when
compared to the smaller scales. Boilover burning is also responsible for increased q̇′′ (Figure
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3), partially through enhanced radiative feedback, which in turn sustains a high temperature
at the fuel-water interface.

In this work, boilover was observed only with ANS crude oil, and was actively avoided
in the 10 − 30 cm experiments by using a magnetic stirrer to continuously mix the water
sublayer. This ensured that the water bulk temperature increased only about 10 − 30 K,
depending on D and the flame regime. This prevented the fuel-water interface temperature
from reaching boiling point, avoiding any bubble nucleation. At D = 70 cm, however, a
stirrer could not be used. Instead, a recirculating pump system was installed to recirculate
the water from the water-fuel interface to the bottom of the sublayer. The recirculation
system, however, could not completely prevent boilover due to the large value of D, but
could delay the onset. For ANS experiments at D = 70 cm, a slick thickness of 7 mm was
used instead of the 5 mm that was used at the smaller scales. The recirculation system and
increased slick thickness delayed boilover onset by about 40 s, allowing sufficient time for
capturing data in both normal burning and boilover burning regimes.

The onset of boilover can be determined visually, but was also determined by the rate
of emission of carbon emitted by the fire. This was determined from the cumulative mea-
surements of the carbon emission from CO2, CO and PM. Carbon-emission rate is almost
constant during the normal burning, shown in Figure 8C for heptane PFs (D = 70 cm).
When boilover occurs, however, the slope of this curve changes during the burning period,
seen in Figure 8D, showing the carbon-emission rate for ANS PFs. The time at which the
slope of the carbon-emission increases to a new value is denoted as the onset of boilover.
For the 7 mm slicks used in these experiments, the mean boilover-onset time for PFs and
FWs was 111 s and 63.5 s, respectively.

The carbon-emission rate is higher during the boilover phase because of the higher overall
values of ṁ and ṁ′′ for ANS fires (Figure 2 A and B). The mass of fuel consumed in each
phase was calculated using the boilover onset time, the fraction of O2 consumed in the
pre-boilover regime, and then extrapolating the fraction to the total fuel mass consumed.
For FWs, only 14% of the fuel is burned prior to boilover onset, compared to 25% for PFs
(Figure 8E). Thus, a majority of the fuel consumed by the FW is during the boilover phase,
resulting in the steeper carbon-emission rate in Figure 8D.

Figure 4 and Table 2 show that the value of EFPM for the pre- and post-boilover periods
is very similar to the overall EFPM, meaning that the fraction of total carbon in the fuel that
is emitted as soot is similar in these periods. This suggests that in terms of soot emissions,
the effectiveness of the FW regime is rather similar during normal burning and boilover
burning. Present understanding of ISBs suggests that boilover does not occur over open
water [5]. Given some of the benefits of boilover over normal burning such as increased ṁ′′,
ηb, radiative feedback, and an EFPM similar to normal burning, it may be advantageous to
purposely induce boilover in open-water ISBs.

4.3. Factors influencing PM emissions

There are differentiating factors between PFs and FWs and their relation to EFPM. First,
the higher oxygen consumption (and OF) for FWs suggests that their global equivalence ratio
is leaner than that of PFs. This causes higher average temperatures in the FW structure,
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Figure 8: Images of a PF under (A) normal and (B) boilover burning, formed using a 5 mm slick of ANS
crude oil at D = 10 cm. The streaks seen in (B) are formed by the fuel droplets emanating from the fuel
pool. Variation of carbon-emission rate with time (D = 70 cm) for (C) heptane PF and (D) ANS PF. (E)
Bar graphs showing the difference between PFs and FWs (D = 70 cm) on the basis of time for onset of
boilover, fuel mass consumed before boilover onset, and fuel mass consumed during boilover.
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which has a larger surface area as compared to PFs. The high temperatures and improved
view factor results in higher radiative heat feedback to the fuel pool [36]. The radiative
feedback is higher in ANS fires than heptane fires (Figure 3) due to the higher concentration
of soot particles in the flame. The convective heat feedback is also enhanced by the strong
radial inflow at the bottom boundary layer [26]. When compared to PFs, increased heat
feedback (q̇′′) leads to higher fuel-evaporation rate (ṁ) and thus, higher heat-release rates
(Q̇). In a FW apparatus with natural air entrainment, increased Q̇ corresponds to increased
Uθ and Γ, which in turn contribute to decreasing overall equivalence ratio, increasing OF,
∆T and q̇′′, completing the feedback loop. The increase in q∗f with Γ, and the higher ηfuel
values for ANS FWs indicate that the high-molecular-weight components in ANS crude oil
require higher heat feedback to evaporate [47]. Overall, the lower EFPM from FWs is a
consequence of higher burning efficiency as compared to PFs.

The exact mechanisms leading to a reduction of EFPM when a pool of fuel is burned as
a FW rather than a PF are not immediately apparent from the data presented here. The
complex feedback mechanism between the fluid dynamics of air entrainment and combustion
in the whirling flames needs to be investigated further. More detailed experiments at small
length scales will shed light on the role of the vortex structure, turbulence and mixing char-
acteristics, and their interplay with the chemical kinetics of soot formation and destruction.
Additionally, the effects of boilover are not fully understood in the context of emissions and
is dependent on the flame regime. For instance, considering EFCO from PFs, post-boilover
emissions are higher than pre-boilover, but this is reversed for FWs. Still, boilover has only
a minimal effect on the overall EFPM. The data presented here serves as a platform for
more detailed investigations in the future by incorporating the effects of chemical kinetics
and soot formation using a combination of non-intrusive diagnostics, scaling methods and
numerical simulations.

5. Summary and Conclusions

An experimental investigation of airborne emissions from pool fires and fire whirls was
conducted at fuel-pool diameters of 10, 20, 30 and 70 cm. Two liquid fuels were used,
heptane and ANS crude oil. Free-buoyant pool fires were formed in a quiescent background,
and fire whirls were formed in a fixed-frame setup that allowed natural entrainment of air.
Attributes such as burning rate, burning efficiency, emissions of particulate matter, carbon
dioxide, carbon monoxide, and oxygen consumption were measured for the different pool
diameters and flame regimes. Results showed that for both fuels, as compared to pool fires,
fire whirls burned fuel at higher rates. When burning ANS crude oil, the mass of unburned
residue was lower for fire whirls, showing that the fuel consumption efficiency of fire whirls
was also higher.

Although the burning rate was higher for fire whirls, the peak emission rate of partic-
ulate matter (soot) form fire whirls was lower than from pool fires. The emission factor of
particulate matter emissions from fire whirls was ∼ 50% lower than that from pool fires.
This was true for both heptane and ANS crude oil, across all pool diameters. For pool
fires and fire whirls, the emissions behavior of the two fuels was significantly different. The
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emission factor of particulate matter for ANS crude oil fires was an order magnitude higher
than that for heptane fires. The burning efficiency also showed that over half of the carbon
in the crude oil was emitted as unburned hydrocarbons. This is attributed to the significant
differences in the composition of the fuels and the fires they supported.

For the fire whirls in the study, a ratio of the inverse of the Rossby number and nondi-
mensional heat-release rate, Ro−1/Q̇∗, was defined to compare the effects of buoyancy and
circulation on the fire. As the value of Ro−1/Q̇∗ increased, the emission factor of particulate
matter decreased linearly for ANS fire whirls. For heptane fire whirls, the linear relationship
existed for diameters between 10 and 30 cm, but increased at 70 cm. Generally, the flame
height of a fire whirl increases with Ro−1. But beyond an upper threshold, the flame height
reduces and flame width increases. This is a state referred to as over-rotation, which also
corresponds to an increase in particulate emissions. While over-rotation has been reported
qualitatively in the literature [44, 45], the ratio Ro−1/Q̇∗ quantifies the phenomenon and
helps explain the increase in emissions as a consequence of the decrease in flame surface
area.

Over-rotation was not observed in fire whirls formed using ANS crude oil at the 70 cm
scale. This is attributed to another phenomenon, boilover, which occurs during burning
of thin films of dense hydrocarbons floating over a water surface. Boilover caused a rapid
increase in burning rate, which resulted in an increase in heat-release rate and buoyancy.
This was reflected in a significant decrease in the ratio Ro−1/Q̇∗, corresponding to an increase
in the buoyant momentum relative to tangential momentum. Boilover ensured that over-
rotation did not occur. The high burning rate during boilover also resulted in significant
increases in the flame height and fuel-consumption efficiency. The onset time of boilover
was lower for fire whirls, and fire whirls also consumed a higher fraction of the initial fuel
mass during the boilover period. Additionally, the overall particulate-matter emission factor
was similar to that in the pre-boilover and post-boilover periods, showing that it may be
advantageous to induce boilover during in-situ burns.

The reduction in particulate-matter emissions from fire whirls is attributed to the follow-
ing factors. Compared to pool fires, fire whirls consume more oxygen per unit mass of fuel,
leading to a lower global equivalence ratio. They also have higher burning efficiency, and a
higher fraction of the oxygen consumed was converted to carbon dioxide. Collectively, these
result in higher temperatures in the fire whirl structure, leading to the higher heat feedback
to the fuel surface. Heat feedback increased linearly with pool diameter and circulation, and
led to higher burning rate, which in turn resulted in higher air-entrainment velocities, which
in turn leads to higher oxygen supply to the fire whirl, completing the feedback loop.

A number of open questions regarding the emissions from fire whirls remain to be an-
swered before practical applications are considered. While soot-free whirling flames such as
the “blue whirl” are known in the literature [48, 49, 50], they form at very small length scales
[40] and the transition to the blue whirl is highly sensitive to experimental conditions [51, 52].
Fire whirls, on the other hand, can be formed more robustly across a large range of length
scales. While fire whirls do emit some quantities of soot, the results of this work demonstrate
that they can still offer opportunities to significantly reduce the environmental impact of
ISBs, which are currently burned as pool fires [53]. The range of heat-release rates and
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circulations for fire whirls in this study is wider than those in the literature, although these
factors were not varied independently in this study and only the natural-entrainment config-
uration was used. To understand the independent effect of these parameters on emissions,
systematically varying these quantities by controlling air entrainment could help isolate the
effects. The effect of boilover on emissions needs to be investigated further since its onset
does not seem to significantly affect the particulate-matter emission factor. The metrics
presented here provide a global explanation for the reduction in particulate emissions com-
pared to pool fires, and future work will focus on the exact mechanisms leading to efficient
combustion.
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