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Swirling flows are ubiquitous in nature, occurring over a large range of length
scales — on the order of many tens-of-thousands of kilometers in the case of Saturn’s
hexagonal polar vortex, to just a few centimeters in dandelion flight. Most instances
of swirling flow involve momenta competing in two different directions, axial and
azimuthal. Whirling flames (also known as fire whirls) occur at the intersection of
vortical flow fields and buoyant, reactive plumes, and they represent a general class
of flows that may be considered slender vortices involving axial momentum from
heat-release and tangential momentum from air entrainment.

In this work, two previously unexplored characteristics of whirling flames are
considered over a wide range of scales, spanning three orders of magnitude in length

and four orders in heat-release rate. First, emissions of particulate matter (PM)



from fire whirls (FW) were measured and compared to those from free-buoyant pool
fires (PF). For different pool diameters and fuels, FWs showed higher burning rate
and fuel-consumption efficiency, but lower PM-emission rate, leading to lower PM-
emission factors. The lower PM emissions from FWs is attributed to a feedback cycle
between higher oxygen consumption from improved entrainment, higher average
temperatures, increased heat feedback to the fuel pool, which in turn increases
burning rate and entrainment. A scaling analysis showed that the PM emission
factor decreased linearly with the ratio of inverse Rossby number to nondimensional
heat-release rate.

Second, the structure of the blue whirl (BW), a soot-free regime, was investi-
gated using dimensional analysis and non-intrusive optical diagnostics. Experimen-
tal data of heat-release rates and circulation for BWs and FWs from the literature
were used to define the nondimensional equivalents of buoyant and azimuthal mo-
menta. The combinations of these parameters showed that FWs primarily formed
in a buoyancy-dominated regime, and that a circulation-dominated regime was re-
quired for BW formation, corroborating hypotheses that the transition was caused
by the bubble mode of vortex breakdown, resulting in the formation of a recircula-
tion zone. Finally, OH- and PAH-PLIF, OH* and CH* chemiluminescence suggest
a triple-flame structure anchored at the blue ring region of the BW, with the rich
branch formed by the lower blue cone, and the lean branch by the upper purple
haze. These results show that the mixing process occurs upstream of the conical

region and that the recirculation zone is comprised of combustion products.
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Chapter 1

Introduction

1.1 Swirling Flows and Whirling Flames

Swirling ows are ubiquitous in nature. They occur at a large range of length
scales on the order of many tens-of-thousands of kilometers in the case of Sat-
urn's hexagonal polar vortex [1] and Jupiter's Great Red Spot [36], a few hundred
meters in the case of secondary motions causing river meandering [37{39], to just a
few centimeters in dandelion ight [2]. Historically, eddies and vortices have been
the topic of academic [40, 41], technical [42], and even artistic interest in the case
of Vincent van Gogh'sThe Starry Night [43], which has intrigued turbulence re-
searchers [44{46].

Most instances of swirling ow involve momenta competing in two di erent
directions, primarily axial and azimuthal. Whirling ames (also known as re whirls)
represent a general class of ows that may be considered slender vortices involving

axial (buoyant) momentum from heat-release, and azimuthal momentum from air



Figure 1.1: Examples of swirling ow in nature at di erent length scales. I(eft)
Polar vortex within the hexagonal jetstream of Saturn, from [1]. Right) Separated
vortex structure in dandelion ight, from Cummins et al. [2].

entrainment. These structures are observed frequently in wildland res and have
been studied for many decades in the context of re spread and re ghter safety [47{
49]. Most recently, four fatalities were reported as the direct result of the formation
of a large re whirl during the 2018 Carr Fire in California [50,51]. Fire whirls can
also accelerate wildland re spread rates dramatically by increasing buoyancy and
helping loft rebrands long distances, causing res to initiate prior to the arrival of
the re front [52]. Various types of re whirls can also occur in large urban res [53].
Many approaches to classify, scale and predict re whirl formation for the
purposes of safety are prevalent [5]. The simplicity of generatimgacting re whirls
in a laboratory and the complex interaction between combustion and uid mechanics
[8] provides a platform to study phenomena such as turbulence suppression, mixing,
vortex stretching and dynamics. Various aspects such as formation methods in the
laboratory [5,47,48], thermal structure [8], velocity structure [54], scaling [11, 12],

ow structure [55,56], etc. have been reported in the literature. Byram and Martin



[48] listed three essential conditions required for thermally-driven vortex structures
such as re whirls (i) an eddy generating mechanism, (ii) a uid sink within the
eddy, and (iii) drag (or a boundary layer) at the bottom boundary of the slender
eddy.

Swirling ow elds are used in engineering applications to enhance combustion
e ciency and reduce emissions [57,58]. They are typically used in aerospace appli-
cations and involve gaseous and liquid fuels, and both premixed and nonpremixed
modes of operation [59]. Whirling ames are distinct from swirling ames in the
manner that fuel and air interact [60]. In swirl ames, the momentum of fuel in-
jection is comparable with that of the air, both of which have axial and azimuthal
components, enabled by mechanical forcing of both to enhance turbulent mixing
prior to combustion. The reduced reaction length allows high heat-release rates to
be achieved in small burners. In whirling ames, however, momentum of the fuel
supply is negligible, as is azimuthal momentum of the entrained air. Turbulence is
suppressed in re whirls [8], causing ame lengths to increase when compared to
non-whirling pool ames, even when the burning rate similar. Jet ames under the
in uence of rotating ow elds posses di erent boundary conditions at the base of
the ame, but show similarity to re whirls in the vortex structure of the continuous
ame region [61{63].

Most re whirls, irrespective of formation method or fuel (except light, oxy-
genated fuels such as methanol or ethanol), exhibit a yellow color, which stems from
incandescent soot particles in the ame (see Figure 2.3). An aspect of re whirls

that has not been explored in the literature is the quanti cation of particulate-
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matter (soot) emissions. This is investigated in the rst part of this dissertation by

comparing emissions from re whirls and free-buoyant pool res.



1.2 The Blue Whirl

In recent experiments by Xiao et al. [64], the blue whirl was discovered during
experiments with liquid-fueled re whirls formed over a water surface. An abrupt
transition from a traditional re whirl to a completely blue ame was seen at some
experimental conditions. The thermal characteristics of this ame structure was the
subject of the author's M.S. thesis [65].

The blue whirl is a laminar regime of the re whirl that burns with negligible
soot formation and stabilizes directly over a liquid fuel surface [22,65,66]. The ame
(Figure 1.2) has an inverted conical region below, a hazy region above, and a bright
blue ring at the edge. This ame regime is of interest since it transitions from the
sooty re whirl regime without any externally-forced air entrainment.

Soot-free ames are preferred in many applications where combustion e ciency
and issues like coking are critical to performance. Achieving a soot-free ame typi-
cally requires either premixed or lean operation, which may not be possible in many
industrial applications due to the safety and control issues associated with premixed
ames. Non-premixed (di usion) ames are the choice for most industrial applica-
tions, but are challenged by soot formation. Thus, a burner based on the blue whirl
could present opportunities to have control over the combustion process similar to
a non-premixed ame, and inherent soot-free operation even when burning liquid
fuels.

Swirl stabilization has been used as a technique to extend the lean-side op-

erating range of combustors [59, 67,68] and to reduce emissions [58, 60, 69]. Since



Figure 1.2: An image of the blue whirl formed with heptane over a water surface.
The lower portion of the image is the re ection of the ame over the water surface.

such combustors typically operate at high power output, it is necessary for them
to operate in the turbulent regime and use various injection techniques to pro-
mote fuel-air mixing. The reduced residence times in combination with lean, low-
temperature combustion of light fuels, such as methane or propane, can lead to low
emissions [57,59,61, 70, 71].

The blue whirl, however, is a laminar whirling ame. In all the experiments,
the blue whirl transitions from the re whirl, and the transition requires buoyancy
and circulation to exist in speci c ratios, and emits negligible quantities of soot
(PM). The thermal structure and experimental conditions required for blue whirl
formation were studied in previous work [65], but questions regarding the mecha-
nisms governing its formation and the nature of combustion still remained.

Questions regarding the transition and structure of the blue whirl ame are the
second aspect of whirling ames considered in this work. Using recent experimental

data on the formation limits of the blue whirl [24], dimensional analysis and scaling



are used to explain the uid-dynamic factors that govern the transition process from
a re whirl to a blue whirl. Non-intrusive optical diagnostics are used to present
preliminary insight into the ame structure. Some of the results presented here have

been used as boundary conditions for numerical simulations of the blue whirl [33,72].



1.3 Motivation and Scope

Emissions and near-limit aspects of re whirls have not been given much con-
sideration in the literature. Emissions such as NQ SQ,, CO, and particulate
matter (PM) from air-breathing engines are regulated since they can impact hu-
man health [73]. Emissions fromn-situ burning (ISB), which are essentially large
pool res, have been characterized in the literature [73{76]. I1SBs are a trade-o
between marine pollution, caused by oil spreading over the sea water, and air-
borne particulate-matter (PM) emissions, which can impact human respiratory sys-
tems [77,78]. Reducing airborne particulate emissions could reduce the environmen-
tal impact of remediating o shore and onshore oil spills.

Reducing soot emissions from ISBs, incinerators and gas ares [79] o er moti-
vation to investigate the di erences between the re whirl and pool re regimes. In
this work, the hypothesis that is tested is that for a burning pool of liquid fuel, re
whirls emit a lower mass of particulate matter. Applicability to ocean environments
and practical ISB apparatus may be considered in the future using the fundamental
results presented here to design combustion devices.

While emissions from re whirls in a wildland re may not be of much practi-
cal interest, the intensi cation in combustion due to a re whirl and the emissions
behavior are still fundamental questions that are a gap in the literature. The addi-
tion of swirl to gaseous-fuel burners has been shown to reduce emissions [60]. These
results, however, are not immediately applicable to free-burning res [80] such as

pool res and re whirls  regimes in which the role of turbulence is quite disparate.



In the rst part of this dissertation (Chapters 3 and 4), particulate matter
(PM) emissions are measured from pool res and re whirls formed using di erent
fuels. Parameters such as fuel and slick diameter are varied to study behavior at
di erent length scales. These emissions are compared for re whirls and free-buoyant
pool res. If combustion e ciency is higher and emissions from re whirls are lower
than that from pool res, re whirls could potentially be used in an engineering
device at an appropriate length scale such that it may be utilized for improving
incineration of spilled combustible materials.

The second part of this dissertation (Chapters 5 and 6) discusses the blue
whirl, the near-limit whirling ame that occurs at very low heat-release rates [24]
and is very sensitive to experimental conditions. These factors do not permit their
use in practical engineering devices in the near future since su cient energy-release
rates may not be achieved for applications such as propulsion. The ame is, however,
of academic interest to identify the characteristics that enable soot-free combustion
while directly burning liquid fuels. It could also serve as a model to study reacting
vortex breakdown and edge ames under in a rotating ow eld.

A scaling analysis is presented to understand the conditions that in uence the
transition from the re whirl to the blue whirl. This analysis builds on previous work
by Hu et al. [24], and uses ame geometry to determine the characteristic length
scales for nondimensionalization of the two parameters that in uence whirling ames

circulation and heat-release rate. Buoyancy and momentum dominated regimes
are common in many ame and re problems [81] and these analogies are used here

to explain the transition.



Finally, the ame structure of the blue whirl is investigated using optical diag-
nostics including chemiluminescence and planar laser-induced uorescence (PLIF).
Species such as OH, PAH, OH* and CH* are imaged to identify their locations in
the ame and comment on the general structure and relate them to previous work.
The results from both of these aspects have been used for numerical modeling of the
blue whirl [72,82]. Scaling results were also used to design preliminary micrograv-
ity experiments of re whirls, conducted in the 5.18 s drop tower at NASA Glenn

Research Center in May 2019 [83].
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1.4 Outline of the Dissertation

This dissertation explores whirling ames at di erent length scales from an
experimental standpoint. The largest re whirls were on the order of 5 m in height,
while the smallest blue whirls were on the order of 5 cm. A general literature re-
view on re whirls, the motivation and background on the diagnostic techniques
are presented in Chapter 2. The chapters that follow are roughly organized based
on the journal articles that compose this dissertation, and each contains a separate
introduction and literature review. A comprehensive list of references is provided
as a bibliography. Chapter 3 presents the experimental data obtained for pool res
and re whirls. This raw data is analyzed in detail and the relevant nondimensional
relationships in uencing PM emissions are presented in Chapter 4. The e ect of
boilover on the burning characteristics and emissions from large-scale ANS crude oil
res is also discussed. Chapter 5 presents the dimensional analysis used to explain
the onset of vortex breakdown and the transition to the blue whirl regime, fol-
lowed by non-intrusive optical diagnostics measurements in Chapter 6. A summary,
conclusion and future research directions are presented in Chapter 7. Additional
gures, raw data and preliminary data for future work are included in Appendices
A C. Videos are included in a separate accompanying document&gpplementary

Figures.
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Chapter 2

Review of Fire Whirls and Experimental Methods

2.1  Swirl and Whirl Combustion

Whirling ames, also known as re whirls, are a class of thermally-driven
vortices which can be either reacting or non-reacting ows. A detailed classi cation
is given by Kuwana et al. [11] and Tohidi et al. [5]. Type-I re whirls are stationary,
on-source (formed directly over the fuel source), reacting re whirls. Reacting re
whirls that are unsteady and shed periodically (Type-Il) are typically formed when
a line re is subject to angled crosswind. Type-lll re whirls can be reacting or
non-reacting (comprised only of hot combustion products), but are usually formed
0 source [53]. They typically form close to one or more nearby reacting plumes.
The re whirls investigated in this work are all classi ed as stationary, on-source,
and Type-I.

Whirl ames are distinct from swirl ames, with the de nitions depending on

the manner in which fuel and air are introduced into the reaction zone [60, 84]. In
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Figure 2.1:. Radial variation of azimuthal velocity in (A) a swirl combustor [3], and
(B) a re whirl [4].

whirl combustion, air is introduced with a strong azimuthal component and very
low axial component. Fuel is introduced separately and whirl ames are typically
nonpremixed ames. In contrast, in swirl combustion, air is introduced with a
combination of both axial and azimuthal components, and may be premixed with
fuel. The method of ame stabilization between these ames is dierent. Swirl
ames are stabilized by a recirculation zone that acts as a ame holder, and peak
azimuthal velocities are found at the edges of the enclosure, and don't show the
existence of a free-vortex region due to wall e ects.

Whirling ames have a radial distribution of azimuthal velocity that is well
described by a Burger's vortex model [12], and have an inner core de ned by solid-
body rotation and an external free vortex region. The dierences are shown in

Figure 2.1, adapted from references [3,4]. The inner core in swirl ames consists of

13



reactants and products, whereas the inner core in whirling ames consists mostly of
fuel vapor [8]. Additionally, swirl ames typically operate in the turbulent regime,
even at low swirl numbers [85]; the reaction zone in re whirls is typically in the
laminar or transitional regimes for a very large range of length scales, with the plume

being turbulent [86].
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2.2 Fire Whirls

One of the necessary conditions for re whirl formation according to Byram
and Martin [48] is the presence of drag along the surface over which the re whirl is
formed (refer to section 1.1). This third condition, essentially a radial boundary layer
at the base of the re whirl, is not expected to be applicable to some laboratory re
whirl apparatus that are referred to as an \Emmons-type rotating mesh" setup [8],
where circulation is externally imposed on the ame.

In re whirls (Figure 2.3), the uid sink is created by buoyancy that is gener-
ated by heat release from combustion. In a laboratory, the eddy is generated either
by arrangement of obstacles in the path of the entrained air using vanes or walls, or
mechanically swirling air by means of a rotating mesh or fans (Figure 2.2). During
wildland res, concentrated regions of buoyant ow may be created by res in con-

ned regions and eddy formation is enabled by topographical factors or opposing
winds. In a laboratory environment, re whirls are generated in a multitude of ways,
all of which can be classi ed as either natural air entrainment [9, 12,56, 87, 88] or
forced entrainment.

The design of natural entrainment con gurations typically involves a set of
walls with multiple openings that permit tangential entrainment. Con gurations
with two half-cylindrical shells are used for small re whirls, while the four-walled
con guration is the most common [5]. When the number of panels used is above
four, they are sometimes referred to asanes although few studies utilize such

con gurations [89]. Coenen et al. [23] used twelve vanes for their experimental study
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on the blue whirl. Fire whirls can also be formed without the use of physical walls.
The shedding of re whirls from line res was shown to be dependent on a critical
ambient velocity by Zhou et al. [90], and Wang et al. [91] built a con guration using
air screens, and may be considered to be a variation of the four-walled apparatus.
The most popular of forced-entrainment apparatus is the Emmons-type rotat-
ing mesh [8,92,93]. Lee and Garris [94] modi ed this con guration to include a line
burner between two screens moving anti-parallelly, generating multiple equidistant
re whirls. Byram and Martin also suggested the use of a combination of both nat-
ural and forced entrainment methods to generate re whirls by using a combination
of vanes and air curtains [48]. The combination of natural and forced entrainment
systems are used in some laboratory apparatus for safety purposes. A combination
of the four-walled con guration with an exhaust suction system was used to generate

the re whirl photographed in Figure 2.3.
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