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A B S T R A C T

The evaporation and burning characteristics of isolated heavy fuel oil (HFO) droplets are experimentally studied
at conditions representative of practical applications, producing novel, detailed results on the effect of oxygen
concentration. Also, and for the first time for HFO, the temporal evolution of the flame stand-off ratio (based on
CH* emission) and the cenosphere burning size are presented along with the droplet size histories. The effect of
ambient oxygen concentration is first analyzed qualitatively, identifying different sub-stages. Later, a quantita-
tive analysis is presented in terms of ignition delay time, micro-explosion regimes, shell swelling ratio, ceno-
sphere size and several time metrics. The results show that, as ambient oxygen changes, the liquid and solid
stages show marked differences not only in terms of time scales but also in the transition of burning regimes.
Cenospheres generated in oxygen-free conditions are found to be ~1.4 times larger than those in droplet com-
bustion. Although similar in size, the solid-to-liquid consumption time ratio in 5% O2 is found to be significantly
longer, about twice than for the 10% O2 ambient. The characterization of these differences is thought to be
relevant not only for oil flames but also for the promising future of heavy oil gasification applications.

1. Introduction

Due to recent developments and regulations, different technologies
are continuously evolving to achieve a cleaner and more efficient utili-
zation of heavy fuel oil (HFO) and other petroleum residues. Various
strategies such as blended heavy-oil combustion in internal combustion
engines [1], fuel flexible firing in a dry low NOx gas turbine engine [2],
chemical-looping combustion [3] as well as gasification technology [4]
are being applied, to name a few. Furthermore, the combustion and
gasification of alternative liquid fuels such as residual, pyrolysis and
slurry oils (e.g. vacuum residue oil, tire pyrolysis oil, etc.) are under
active consideration by researchers due to their high waste-to-wealth
value [5,6]. Resembling HFO, some of these fuels are also viscous, not
so equipment-friendly and exhibit complex evaporation and combustion
characteristics such as disruptive evaporation (droplet
micro-explosions), solid residue generation, longer ignition delay times,
etc. [7]. Therefore, in this scenario of future interest and the associated

challenges with such difficult-to-burn (DTB) liquid fuels/oils, HFO is
chosen for detailed studies in the present work due to its intrinsic rele-
vance as well as a representative of DTB liquids.

Irrespective of its final application (combustion or gasification),
heavy fuel oil is usually injected as a dense spray of fine droplets
(50–100 μm [8–10]) and hence, isolated droplet methods have been
widely employed for its detailed characterization. For this, two main
configurations are available viz., free falling type and suspended droplet
type. The first kind has been traditionally preferred for coke (ceno-
sphere) formation studies [11–16], whereas suspended droplets have
been used more often for the intrinsic characterization of the liquid
phase [11,17–24], as well as for cenosphere morphology [15,16,25,26]
or even the interaction between both [27]. A common key finding from
these studies is that the combustion of every droplet of heavy oil consists
of three basic processes: liquid phase evaporation, generation of ceno-
sphere and, for cases with ambient temperature >1150 K [25] and
enough O2 availability, the burning of the cenosphere. The

* Corresponding author. Laboratory of Fluids Engineering and Energy (LIFEn) Engineering Research Institute of Aragon (I3A), University of Zaragoza Calle Maria
de Luna, 10, 50018 Zaragoza, Spain.

E-mail address: amuelas@unizar.es (A. Muelas).

Contents lists available at ScienceDirect

Energy

journal homepage: www.elsevier.com/locate/energy

https://doi.org/10.1016/j.energy.2024.133765
Received 16 July 2024; Received in revised form 25 September 2024; Accepted 7 November 2024

Energy 313 (2024) 133765 

Available online 7 November 2024 
0360-5442/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:amuelas@unizar.es
www.sciencedirect.com/science/journal/03605442
https://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2024.133765
https://doi.org/10.1016/j.energy.2024.133765
https://doi.org/10.1016/j.energy.2024.133765
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


polymerization of HFO heavy compounds is reported to form a viscous
shell which condenses into a solid cenosphere [12,16,24,26], whose
properties vary with the fuel and the particular conditions. For cases
where the cenosphere burns, it occurs in stages such as glowing delay,
oxidation and burnout with fragmentation, being the solid-to-liquid
burning time ratio in hot ambient air (21% O2) of the order of 1.3–2
[23,25]. Thus, the burning of the solid residue becomes a limiting factor
for achieving a complete conversion of HFO droplets within a given
residence time.

While previous studies have greatly contributed to the current un-
derstanding of HFO droplet combustion, it is interesting to note that
most works have utilized the suspended droplet technique with closely
similar test conditions, as summarized in Table 1. With the exception of
the pioneering work of Hottel et al. [28] and few quantitative results
from suspended tests by Marrone et al. [11], practically all such studies
had the droplet surrounded by 21% O2 (i.e. fresh air), while also using
relevant but relatively low gas temperatures. However, the detailed
measurements of temperature and species concentration inside real
flames of heavy oil show that most of the injected fuel droplets evapo-
rate/burn at 0–5% O2 and very high temperatures, ~1700 K [29].
Moreover, the cenospheres generated in practical applications would be
consumed downstream of the flame, where low oxygen conditions are
bound to exist [29], with temperatures of ~1400 K (a limit imposed by
the material in common use for the heat/work transfer equipment).
Furthermore, despite the clear interest and relevancy of heavy fuel oil
gasification [4], only a handful of detailed results are available, e.g. see
Refs. [30–34]. These studies suggest that a minimum temperature of
1100 K along with steam/O2 as gasifying agents is required for better
quality of syngas [33] as well as to utilize Entrained Flow Gasifiers
(EFGs) which operate at ~1700 K for obtaining tar-free syngas [35].
Thus, despite the obvious differences in ambient composition due to the
presence of steam/gasifying agents, experiments on single droplets at
high temperatures and low/zero oxygen concentration can be also
clearly relevant for HFO gasification.

In this context of conditions encountered in practical applications
compared to the experimental conditions tested so far, the authors note
the following: (1) heavy oil behavior (qualitatively and quantitatively)
will vary with ambient %O2, but surprisingly there are no results on this
(except those presented but not discussed in Refs. [11,28]), (2) the
majority of heavy oil droplets usually evaporate inside the spray core (in

combustion as well as in gasification applications) and hence its char-
acterization under O2-free and low O2 atmosphere is needed and clearly
lacking, (3) despite the great practical relevance of cenosphere burning
for the design and sizing of HFO combustion equipment, the most
relevant experimental results have been presented in terms of burning
times for identified regimes based on visual appearances in Refs. [20,22,
23] whereas the temporal evolution of cenosphere size during its con-
sumption has not been reported so far, and (4) some characterization
methods that have become standard for detailed studies of droplet
combustion and validation of numerical models, (e.g. the identification
of the diffusion flame surrounding evaporating droplets based on radi-
cals) have barely been applied to the case of HFO; (5) furthermore, in the
few studies where the droplet envelope flame has been characterized
[15,24], its visualization and subsequent quantification has been based
on the black-body emission of soot particles, rather than on chemilu-
minescent emission commonly used to detect the actual reaction zone.
Therefore, despite the abundant literature on HFO combustion, it can be
concluded that all these aspects represent relevant research gaps that
need to be addressed to achieve a detailed description of the main
droplet behaviors and underlying mechanisms and cover conditions (in
terms of temperature and oxygen concentration ranges) representative
of high-temperature HFO gasification and combustion applications.

Accordingly, the present work is aimed at bridging these existing
research gaps. To that end, evaporation and combustion of HFO droplets
have been studied under conditions representative of practical appli-
cations, significantly extending the ranges normally found in the liter-
ature. The suspended droplet technique has been adopted in this study,
as it allows to follow the whole evaporation/burning history of a single
droplet. A potential drawback, however, is that this configuration is
known to be susceptible to various undesired effects viz., fiber con-
duction, radiative heat absorption and forced/natural convective heat
transfer [36]. Taking care of these aspects, a suspended droplet facility
has been developed, providing ambient conditions that differ from those
reported so far (as compared in Table 1), while also keeping the trans-
port field close to the canonical, 1-D case. Novel results in terms of
chemiluminescence-based flame stand-off ratio, liquid droplet size
evolution and cenosphere burning history are presented first in section
3.1. Later in section 3.2, the effect of ambient oxygen concentration is
specifically quantified and discussed in terms of ignition delay time,
micro-explosion regimes, shell swelling ratio, cenosphere size and time
metrics.

2. Experimental methodology

2.1. Fuel properties

In this work, an industrially sourced sample of heavy fuel oil is
studied. The physical properties and the chemical composition of the
sample are given in Table 2.

Table 1
Comparison of common test conditions in the literature with those employed in
the present work for tests with suspended droplets of heavy oil.

Parameter Conditions tested Present work

Initial droplet
size

≈0.5–2 mm ≈0.5 mm

Ambient
temperature

≈700–1200 K • 1336 ± 50 K for
pure evaporation
• 1408 ± 20 K for
cenosphere
combustion

Ambient %O2 ≈21% in most cases 0%, 5% and 10%
Ambient
convective
field

Quiescent (e.g. Vg ~0–0.08 m/s), or
forced (e.g. Vg ~7 m/s)

Re ≈ O(0.5) based on
droplet diameter

Radiative heat
flux

Not quantified, but usually it is a
relevant heat source (e.g. furnace
walls, flames, heating elements, etc.)

23.5 kW/m2 (weak)

Fiber diameter ≈100–200 μm (thick) 15 ± 3.75 μm (thin)
Fiber type S-type thermocouple (Pt/Pt13Rh, kfiber

= 80 W/(m⋅K)) or quartz (kfiber = 1.4
W/(m⋅K))

Nicalon™ SiC (kfiber =
2 W/(m⋅K))

Table 2
Properties of the heavy oil used in the current work.

Parameter Value Test Method

Density at 25 ◦C (kg/m3) 971 ASTM D1480-21
Asphaltene (n-C5) (%wt.) 5.28 ASTM D2007-19
Higher heating value (MJ/kg) 43.028 UNE 164001 EX
Ultimate analysis (%wt.)  UNE-EN 5104
C 88.30 
H 10.61 
N 1.02 
S 0.69 
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2.2. Suspended droplet facility (SDF)

Fig. 1(a) shows a 3D view of the developed facility with all its
components. The droplets evaporate/burn in a high temperature stream
of combustion products generated by a McKenna flat flame burner. The
burner operates with premixed CH4/Air/O2 so that the %O2 in the flue
gases can be adjusted as required. To achieve an oxygen-free ambient,
the flow rates of CH4/Air are fixed at slightly rich conditions (φ = 1.07),
with 94 Nl/h of methane and 835 Nl/h of air. Similarly, for attaining 5
and 10% O2 by volume in the hot co-flow, an additional stream of pure
O2 (50 and 100 Nl/h) was added to this fixed premixture of CH4/Air. The
burner’s combustion products (consisting mainly of N2, H2O, CO2 and,
for some cases, O2) are confined by a quartz tube, supported at the base
of the McKenna burner and vertically oriented, with the flow moving
downwards. The H2O/O2 mass fraction ratios for combustion conditions
are estimated to be 2.88 and 1.22 for the co-flow containing 5 and 10%
O2, respectively. At the outlet of the quartz tube, a sufficiently wide and
thin nozzle creates a horizontal jet of cold air that prevents the hot gases
from reaching the droplet until the test is started (see element #5 in
Fig. 1(a)). The droplet is deployed at the intersection of two 15 μm
Nicalon™ SiC fibers placed in a cross-fiber arrangement (Fig. 1(b)) and
supported by a holder ring. This droplet holder assembly is mounted on
a manual rack-pinion traverse so that, during the test, it can be posi-
tioned coaxially under the McKenna burner and the quartz tube
confining its combustion products. An extraction system is installed
underneath this assembly to evacuate the downward hot gas flow and to
maintain its uniformity and laminarity.

To record the full temporal evolution of the isolated suspended
droplet, two optical setups are placed perpendicularly to minimize any
interference between each other. These are shown schematically in
Fig. 1(b). The first optical setup aims to record the droplet evolution
with a high temporal resolution. For this, a long-distance microscopic
lens (Questar QM1) is mounted on a Chronos 2.1-HD camera that can
record up to 24,000 fps. For the present case, a resolution of 1024 x 768

pixels and an exposure time of 100 μs were fixed, with two different
frame rates depending on the purpose of the test. For tests where the
liquid consumption (i.e. until cenosphere is formed) is of interest, a
frame rate of 2500 fps has been used, whereas for recording the total
droplet burning sequence (i.e. until the cenosphere burns completely), a
lower frame rate of 500 fps has been applied. This is a reasonable choice
since coke burning time scales are significantly longer than liquid con-
sumption times [20,23]. To enhance the droplet contour sharpness, a
strong backlight is installed with a 515 nm long-pass filter to avoid
interference with the second setup, which records the weak bluish
flames. The spatial resolution of this optical setup is 3.432 ± 0.05
μm/px. A sample image captured by this setup is shown in Fig. 2(a),
where a heavy oil droplet and the surrounding soot particles can be
observed.

The second optical setup aims to simultaneously record images of the
diffusion flame formed around the droplet. A high-sensitivity, mono-
chrome Hamamatsu Orca C11440-36U camera is used along with a
Nikkor 50 mm f/1.4 lens and a CH* narrow bandpass filter (430± 5 nm,
OD 4) to capture the flame reaction zone, as identified by chemilumi-
nescent emission due to this radical [37]. To further eliminate the much
stronger black-body emission of soot particles, a short-pass filter (λ <

475 nm, OD 4) is also added. For the present case, a resolution of 800 x
960 pixels has been used with an exposure time of 15 ms and a frame
rate of 66 fps. This configuration is adequate to capture the weak
chemiluminescence of the envelope flames with a quite high
signal-to-noise ratio, as it can be assessed from the sample image pro-
vided in Fig. 2(b). This setup was calibrated to achieve a spatial reso-
lution of 12.465 ± 0.06 μm/px. Interestingly, the use of two
complementing filters reduces the very strong emission of inner radi-
ating soot cloud and establishes a clear distinction for the outer blue
flame, thereby allowing to measure the actual CH*-based flame diam-
eter, which to the authors’ knowledge, is extracted for the first time for
heavy oil droplets.

Every test sequence comprises several steps and triggering events,
synchronized using Arduino Mega 2560, with an interface developed in
MATLAB®. First, the cold air jet shield is turned on. Thereafter, a ~500
μm droplet is deployed at the intersection of the two crossed SiC fibers
by using a 90 μm tungsten wire. Even if clearly above droplet sizes in
typical sprays, using this initial droplet diameter is considered as a good
compromise between experimental accuracy and a reasonably closeness
to realistic sizes. For ease of deployment, the viscosity of heavy oil was
decreased by keeping it in a hot water bath at 40–50 ◦C. Once the droplet
is placed on the fibers, the droplet holder assembly is traversed to its
final position, triggering a timing event. This starts the image acquisition
by both cameras and closes afterwards the solenoid valve of the air
shield, leading to a sudden rise in temperature at the droplet location,

21 3
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(a)

HFO droplet
d0 ~ 500 μm

NicalonTM SiC fiber 
dfiber =15 ± 3.75 μm

Backlight with 
long pass filter, 
λ > 515 nm

Droplet imaging 
optical setup

Flame imaging optical setup with, 
CH* filter: λ = 430 ± 5 nm and 
Short pass filter: λ < 475 nm

(b)

Fig. 1. Suspended droplet facility (a) 3D view: 1-droplet imaging optical setup,
2-flame detector, 3-McKenna flat flame burner, 4-droplet holder assembly, 5-air
shield with solenoid valve, 6-backlight for droplet imaging, 7-flame imaging
optical setup; (b) Schematic top view.

Fig. 2. Sample images of: (a) heavy oil droplet and (b) the corresponding en-
velope flame simultaneously captured by the respective optical setups. The
instance shown is 45 ms after ignition of a droplet with d0 = 462 μm in a 10%
O2 condition. The red and yellow boundaries shown in (b) indicate the emission
from the inner soot cloud and the actual diffusion flame (CH* chem-
iluminescence), respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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thereby causing the droplet to evaporate/burn. Sequentially, 5 repeated
tests were conducted to characterize the evolution of the liquid droplet
for each condition, whereas 7–8 repetitions were performed for the
consumption of the solid cenosphere under oxidizing atmospheres
(5–10% O2, respectively). Differences in d0 within each test group were
minimized, so that relative standard deviations for d0 lie between 5.7
and 13.7%. Finally, the acquired droplet and flame images were pro-
cessed using a MATLAB® algorithm whose details are given in the
supplementary materials (appendices A and B, respectively).

Ambient conditions at the droplet location are characterized in terms
of gas temperature, composition, velocity and radiative heat flux. For
measuring the gas temperature, a 75 μm, bare-wire S-type thermocouple
was used. The results show that, under cold conditions (i.e. while the air
shield is operating) the ambient temperature is 325 ± 1 K. After the
closure of the air shield, the temperature rapidly increases, reaching a
value of 1336 ± 50 K during droplet evaporation (at 0% O2 in co-flow).
This temperature range is estimated by considering typical liquid con-
sumption times. Shortly after, the temperature stabilizes at a steady
value of 1408 ± 20 K. Due to the much longer conversion times for the
cenospheres (as it will be detailed further on), this is considered as the
average ambient temperature during cenosphere combustion. Local
measurements over a domain of ±5 mm around the droplet location
(~10d0), indicate a uniform temperature field, within ±10 K. Temper-
ature was also measured at 5% and 10% O2 conditions, yielding very
similar values. The co-flow gas composition was measured with a Testo-
350 analyzer which confirmed the%O2 (by vol., dry basis) in the co-flow
for the set mixture flow rates. An ellipsoidal radiometer measured the
radiative heat flux at the droplet location as 23.5 kW/m2. Gas velocity
was estimated by processing the traces of trailing soot particles (as seen
in Fig. 2(a)) with the Open PIV [38] software in MATLAB®. The
resulting gas velocity is of the order of 0.1 m/s, which corresponds to
droplet Reynolds number ~0.5 during its lifetime. As a further experi-
mental evidence, the envelope diffusion flames obtained for a non-sooty
pure compound such as 1-pentanol exhibited good sphericity (see ap-
pendix B, Fig. B.1), thus confirming negligible effects of forced con-
vection and buoyancy. For this specific combination of experimental
conditions (thin, low-conductive fibers: dfiber = 15 μm, kfiber = 2
W/(m⋅K)), small droplets (d0 ≈ 500 μm), weak radiative heat flux (Qr =

23.5 kW/m2) and a weak convective field with Re ≈ O(0.5), the eval-
uation of experimental artifacts as given in Ref. [36], results in (FN +

RN+ CN)~ 0.2. This corresponds to an experimental deviation in terms
of quasi-steady evaporation rate of the order of 10% [36] when
compared to an ideal, canonical case, which is about the lowest devia-
tion attainable for fiber-suspended droplets. In addition, the experi-
mental conditions were found to be highly repeatable yielding a relative
standard deviation in measured quasi-steady evaporation rate of 0.9%
for twelve test runs with butanol [36].

3. Results and discussion

In this section, the results obtained from the sequential images of
droplet and flame evolution of the heavy oil droplet are discussed.
Firstly, the effect of ambient oxygen concentration on the evaporation
and burning characteristics are presented in section 3.1. For the sake of
simplicity, the experimental results analyzed in section 3.1 are reported
considering one representative test from the ensemble of tests conducted
for each condition. Since the whole consumption history of the droplet
was recorded, the different processes undergone by the droplet during
the liquid and solid phases are individually analyzed and discussed in
section 3.1.1 and 3.1.2, respectively. Secondly, numerical metrics such
as ignition delay time, micro-explosion regimes, cenosphere size and
time metrics are calculated for a more quantitative assessment of the
previously described processes, being presented in section 3.2. In this
case, all the repetitions conducted for each condition are used for
evaluation.

3.1. Effect of ambient oxygen content on droplet characteristics

3.1.1. Liquid stage
The first stage in the evolution of heavy oil droplets is the evapora-

tion of liquid where the droplet size changes. Accordingly, the droplet
size history is obtained in terms of normalized d2-t curve for all oxygen
concentrations and shown in Fig. 3. For 5% and 10% O2 ambient cases,
an envelope flame develops around the droplet. Hence, the flame stand-
off ratios are obtained for these cases (Fig. 3(b) and (c)) and plotted
alongside. To aid the understanding of Fig. 3, representative images
illustrating important events experienced by the droplet and its simul-
taneous flame (only for combustion case) during its lifetime are
extracted and are shown in Fig. 4. In concurrence with previous works
[20,23,24], the experimental results clearly show that the liquid stage
displays successive distinct stages. They are identified as follows: frozen
evaporation (A), disruptive evaporation (B), thermal decomposition and
polymerization (C + D) and cenosphere formation (E), as marked in
Figs. 3 and 4. While for brevity the subsequent discussion is mainly

Fig. 3. Temporal evolution of normalized d2 and flame stand-off ratio
measured for heavy oil droplets under different test conditions:(a) 0% O2, d0 =
505 μm (b) 5% O2, d0 = 501 μm and (c) 10% O2, d0 = 527 μm. The instant t =
0 has been defined when T∞ > 1286 K for case (a) and at ignition for cases (b)
and (c).
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centered on the effect of ambient oxygen concentration on the identified
stages, the reader may refer to the previous works for more details about
these stages.

It is evident from these figures that the liquid stage of heavy oil
consumption generally comprises two main regions: smooth evapora-
tion (zone A) and fluctuating evaporation (zones B–E). During zone A,
the droplet undergoes initial heat up where its surface remains spherical
and smooth, without showing any perturbation. The evaporation is
limited to the surface and can be termed as ‘frozen vaporization’ [24,
39], most of the heat input to the droplet being used to heat up the
liquid, while some preferential evaporation of the lighter compounds is
also expected to occur at the surface. However, the dominant effect in
this phase is the increase of liquid temperature, as it can be ascertained
from the sustained increase in droplet size due to thermal swelling. The
droplet remains perfectly spherical during these initial instants, as
evident in the images displayed in Fig. 4. With the presence of O2 in the
ambient and since the gas temperature is higher than the auto-ignition
temperature of volatile vapors, ignition occurs, leading to an envelope
flame around the droplet (see Fig. 4(b) and (c)). The adiabatic flame
temperature (Tf) for 5% and 10% O2 is estimated as 1755 K and 2192 K,
respectively, increasing the heating rate and accelerating the initial heat
up as compared to the oxygen-free evaporation case (Fig. 3(a)). This is
also quantitatively verified later in section 3.2.5. Moreover, the flame
stand-off ratio (FSR) progressively increases with time due to the sus-
tained increase in the rate of fuel vapors produced at the droplet surface.
This increase is quite smooth and without fluctuations for both cases
(Fig. 3(b) and (c)). As expected, with higher O2 concentration in the
ambient, the flame stays closer to the droplet, leading to smaller FSR
values and a faster conversion.

Completion of zone A is usually marked by a deformation in the
droplet, either accompanied by abrupt micro-explosions or, in some
cases, strong puffing events. These puffing/micro-explosions events are
described in detail in Ref. [7], and their onset identifies the beginning of
disruptive evaporation zone (B), which can be classified in two different
types. In the first category, the droplet surface is still in liquid phase and

nucleated vapor bubbles at the droplet core are able to move towards the
droplet surface and escape. In such cases, the droplet swells locally and
ejects puffs of child droplets at high speed. The reactive force from this
ejected puff causes the droplet to deform, regaining just after ejection its
original spherical shape (see image at t/d20 = 2.5 in Fig. 4(a)), proving in
this manner the liquid state of the surface. The puffing events in pure
evaporation tests (0%O2) were found to be of this nature with sequential
escaping of child droplets that, in addition to inner and surface evapo-
ration, led the parent droplet to regress up to d2/d20 ~ 0.4 by the end of
zone B. On the contrary, in both cases of combusting droplets (Fig. 4(b)
and (c)), such events in zone B were characterized by multiple puffing
sites (see image at t/d20 = 2.25 in Fig. 4(b)), causing faster ejection of
child droplets while the droplet appeared frothed [24,40]. This frothing
slightly perturbs the flame, as it can be assessed by the higher scattering
in FSR values in zone B (as compared to zone A) in Fig. 3. These per-
turbations are more marked for the 5% O2 case, since flames are weaker
and further away from the source of fuel vapor. On the contrary, the
steeper fuel compositional gradients for the 10% O2 condition eases the
return of the flame front to the stoichiometric location after a disruptive
event. It is also worth to note the gradual increase in flame stand-off
ratio during zone B in Figs. 3 and 4 ((b) and (c)), ascribed to the fuel
accumulation effect [41]. Additionally, due to steeper temperature
gradients and stronger thermophoresis forces acting on soot particles for
the 10% O2 condition, a larger amount of soot is confined inside the
envelope flames for this case. For both combusting cases, the droplet
regressed up to d2/d20 ~0.8 in this manner, ending this zone B at a
droplet diameter squared that doubles that of the pure evaporation case
(i.e., a droplet size ~1.41 times larger than the former).

As proposed in previous works [24,39], the onset of thermal
decomposition (zone C) is marked by a local minimum in the droplet size
history. At this point, the droplet is sufficiently depleted of volatile
compounds and its temperature is sufficiently high that the predominant
heavy fractions of HFO start to thermally decompose through pyrolysis
reactions. These reactions were reported in Refs. [18,24] to occur (for
similar heavy oils) at liquid temperatures above ~700 K. Although the

Fig. 4. Evolution of droplet and simultaneous flame shapes of heavy oil droplets for the cases represented in Fig. 3. (a) 0% O2, d0 = 505 μm (b) 5% O2, d0 = 501 μm
and (c) 10% O2, d0 = 527 μm.
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measurement of droplet temperature was avoided in this work due to the
potentially significant deviations that might be introduced by thermo-
couples [36], the transition between phases can be ascertained from the
droplet size evolution curves, as well as from the images displayed in
Fig. 4. Most notably, the surface of the droplet is no longer smooth after
transitioning to zone C, pointing to an increased viscosity of the droplet
surface shell. The gases generated in pyrolysis reactions cause the
droplet size to increase steeply but also to contract suddenly as they
escape. It must be noted that, at this point, the droplet only contains
heavy compounds. Hence, in contrast to the volatiles escaping in zone B,
gases find a greater resistance to escape the droplet, as the heavy com-
pounds at the droplet surface start to layer up causing the development
of a viscous outer shell [16]. Pyrolysis is a highly endothermic process
and hence, at the end of this stage, the droplet liquid temperature would
be expected to fall, causing the end of process at point C1. However, if
the heat transfer from the ambient is high enough, the remaining heavy
compounds will start to polymerize as soon as the liquid temperature
reaches T ~840 K [24]. Polymerization is a highly exothermic process,
and hence, its heat release contributes to drive pyrolysis. This combi-
nation of pyrolysis and polymerization constitutes zone C. As the heavier
compounds polymerize, the viscous outer shell starts to thicken while
the gas generation due to pyrolysis continues, causing the impermeable
shell to swell to its peaks value at point D. The shell eventually breaks,
allowing the pyrolysis gases to escape, and the polymerized compounds
condense into a solid residue as indicated by point E.

As it can be noticed in Fig. 3, the onset of pyrolysis (zone C) occurs
much earlier for combustion (5%, 10% O2) when compared to the pure
evaporation case (0% O2). Therefore, for the case of pure evaporation,
events C-E do not occur until all the volatiles have been lost (d2/ d20
~0.4). Thus, when the evaporating droplet reaches the pyrolysis tem-
perature (~700 K [24]), the transition from pyrolysis to polymerization
stage is quite rapid. Compared to 0% O2, in the cases with combustion,
zone C starts earlier (d2/d20 ~0.8) and continues for a longer period since
the heat transfer rate due to the envelope flame (radiation and gas
conduction from a higher Tf) is higher and HFO is known to easily absorb
radiative heat which is directed towards its core [12]. Hence, unlike the
oxygen-free conditions, when pyrolysis starts, few volatiles may still be
present within the droplet. Moreover, the polymerization period is also
longer for cases (b) and (c), as evident from the width of the peak at
location D. This indicates that the polymerized droplet shell is more
viscous and impermeable as compared to that formed during pure
evaporation. This allows the shell to retain multiple swellings while the
pyrolysis gases are trying to escape. Due to the increase in droplet size, a
rapid decrease in the flame stand-off ratio is observed in zone C. How-
ever, it should be noted that the flame in this zone would mostly
correspond to the combustion of pyrolyzed gases escaping the shell,
while the measured droplet size corresponds to the porous shell (rather
than to a liquid droplet). Therefore, although plotted, from the authors’
perspective it may not be correct to consider it as an envelope flame, in
the sense of those usually found around evaporating droplets and sus-
tained by the diffusion of the gas vaporized at the droplet surface in
conventional liquid droplet evaporation/combustion processes.

Finally, the formation of solid residue occurs, marking the end of
liquid stage. This is indicated as point E in Figs. 3 and 4. Depending on
the ambient conditions, this cenosphere will be consumed, as it is dis-
cussed next.

3.1.2. Solid stage
Cenosphere combustion has been addressed in a number of experi-

mental studies, providing quantitative and qualitative results in terms of
different time scales, partial size history, types of events, size ratios or
the minimum ignition temperature [20,22,23] while few theoretical
models have been presented in Ref. [40]. These works discuss the global
data in detail and provide general insights on the burning regimes of
cenospheres in hot air (21% O2). In this work, for the first time, the

different cenosphere burning regimes are experimentally identified and
discussed along with its size and shape history for different (and real-
istic) oxygen conditions. Despite the presence of significant water vapor
in the hot co-flow, in absence of oxygen (0% O2 condition), the ceno-
sphere is noted to retain its mass and size (at least for residence times in
the order of a few seconds explored in this work). Therefore, in this
section, only the cases with ambient oxygen concentrations of 5% and
10% are considered. The point at which the cenosphere is formed in
Fig. 3 (i.e. at point E) is assigned as t = 0, and the size of the cenosphere
at that initial instant (dcs0 ) is noted. Using these new references, the
normalized size evolution of the burning cenosphere is obtained and
shown in Fig. 5, being the sequential images of the consuming ceno-
sphere shown in Fig. 6. In addition, a closer look on the data so obtained
reveals that: (1) the cenospheres generated from combusting droplets at
5% and 10% O2 have similar sizes (see Figs. 3 and 4) and structures as
per [15,16,26] and (2) the ambient temperature is essentially the same
for both cases. Thus, alternatively, it can be said that the data presented
in Fig. 5 is equivalent to a test where an isolated cenosphere suspended
on a fiber is burning at two different ambient O2 levels.

The cenosphere oxidation commences immediately after it is formed,
since the ambient temperature (1408± 20 K during the whole oxidation
process) is much higher than the reported minimum ignition tempera-
ture of 1150 K [25]. Some amount of soot generated due to the envelope
flame (visible in Fig. 4) accumulates on the fiber as well as it deposits
inside the blowholes and pits of the cenosphere [11]. For 10% O2
ambient, soot accumulation is much more pronounced than for the 5%

Fig. 5. Normalized burning size history of cenosphere for different test con-
ditions: (a) 5% O2, d0 = 490 μm, dcs0 = 212 μm and (b) 10% O2, d0 = 456 μm,
dcs0 = 212 μm with their burning regimes identified. t = 0 marks the instant of
cenosphere formation.
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O2 case. Therefore, the first stage of cenosphere burning is soot burnout,
represented as zone F in Fig. 5. During this period, the soot burning leads
to an apparent decrease in cenosphere size, or rather it is more appro-
priate to say that this reveals the actual surface and size of the ceno-
sphere. Despite the greater soot accumulation for the 10%O2, the higher
oxygen concentration causes a faster soot burnout, zone F is almost four
times shorter that at 5% O2. Similar soot burnout has also been reported
in Ref. [25] which in the present configuration is clearly visible.

After this, the second stage (zone G) begins, where there is hardly
any change in the cenosphere size. This zone is especially relevant for
the 5% O2 case, as evident from Figs. 5(a) and 6(a). The fact that the
particle size remains constant suggests that the combustion process is
kinetically controlled, and oxidation occurs both at the internal and
external surfaces because oxygen diffusion through the pores is faster
than the reaction rate. Hence, solid consumption occurs over the whole
volume of the cenosphere, with a larger contribution of internal parts
due to their much greater area compared to the outer surface. Thus, this
zone G can be considered as equivalent to the commonly referred
‘regime I’, corresponding to constant-size combustion of oil-coke (or
porous char) particles [40].

To describe in more detail this stage and the trend of cenosphere
consumption, a 10th order polynomial is fitted to the experimental dcs/
dcs0 data and is shown as a continuous blue line in Fig. 5. The rate of
change of normalized cenosphere diameter (Kcs) is obtained by applying
eq. (1) on this polynomial fit and is plotted as a dashed red line in the
same figure.

Kcs =
d
(
dcs

/
dcs0

)

dt
(1)

For the case of 5% O2, Kcs is practically zero in zone G, thus indi-
cating that the solid residue is not changing its size, and its consumption
must be dominated by reactions inside the cenosphere. This is readily
confirmed by the smooth external surface of the cenosphere in Fig. 6(a).
For the case of 10% O2, the interval of constant particle size (zone G) is
much shorter, and during most of the oxidation process the size gradu-
ally decreases (zones H and J). This difference among tests with 5% and
10% O2 is consistent with a faster reaction kinetics for the later, so that,
the heterogeneous oxidation seems to reach a mixed regime: ‘regime II
+ III’ [40], controlled by both diffusion and kinetic rates. In that case,
even though the internal surface area is much larger than the outer one,
the oxygen is partially consumed before reaching the inner surfaces,
reducing the oxidation rate per unit of area. As a result, in the mixed
heterogeneous regime, particle size decreases, as it is in fact observed for
zone H in Fig. 5 and becomes clearly more relevant for the case with
higher oxygen availability (Fig. 5(b)). Interestingly, this transition from
zone G to H is clearly visible in Fig. 6(b), where the cenosphere surface
appears smooth in zone G but more irregular (pits due to oxidative
attack) in zone H. The lower oxygen concentration extends zone G by ~6
times at 5% O2 with respect to the case with 10% O2. Another important

feature during this period is that a central cavity in the core of the
cenosphere becomes visible at the end of zone G for 5% O2, whereas this
is delayed until the end of zone H for 10% O2. This is fully consistent
with the interpretation postulated above that for 10%O2, the majority of
cenosphere combustion occurs in a mixed regime, with reduced oxygen
availability, and hence lower specific oxidation rate, at the inner
surfaces.

After the cavity becomes visible, the cenosphere size decreases
sharply in both cases and it transforms into a skeleton or basket-type
structure, with very thin walls that are rapidly consumed and
destroyed resulting in a faster size reduction (zone J). The time scale of
zone J is of the order of the preceding stages (F-H) for both cases,
implying that zone J is the limiting step for achieving complete com-
bustion of cenosphere. Different behaviors for 5% and 10% O2 cases are
seen. For the 5% O2 test, although the skeleton is visible, due to rela-
tively low oxygen availability, the consumption rate is slower and ap-
pears to be limited by surface reactions. After some time, the skeleton
collapses and burns even more slowly. In some other cases at 5% O2, the
skeleton fragmented after zone G. Hence, this zone has beenmarked as H
or H + J in the case of 5% O2. For the case of 10% O2, the skeleton al-
ways disintegrated into lacy fragments. Besides, during the last stages of
cenosphere evolution, the measurements were affected by the inclusion
of some portion of the fiber. Therefore, the normalized cenosphere size
does not fall to zero in Fig. 5.

Thus, based on the above discussion and the stages observed in Refs.
[25,40], the following successive stages for cenosphere combustion are
identified: surface soot burn-off (F), constant diameter burning (G),
mixed regime burning (H) and skeleton + fragmented burning (J).

3.2. Quantitative analysis of the effect of ambient oxygen on droplet
evolution

In this section, the experimental observations obtained from tests at

Fig. 6. Evolution of cenosphere shape for cases represented in Fig. 5. (a) 5% O2, d0 = 490 μm, dcs0 = 212 μm and (b) 10% O2, d0 = 456 μm, dcs0 = 212 μm.
Representative instances of fiber soot (fs), surface soot (ss), central cavity (cc), basket or skeleton structure (bs) and lacy fragments structure (lf) are marked.

Fig. 7. Ignition delay time vs d0 for 5 and 10% O2 in the co-flow.
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different oxygen concentrations are further quantified in terms of met-
rics defined to parameterize the different aspects. In all cases, the re-
ported data corresponds to the whole ensemble of tests conducted for
each condition.

3.2.1. Ignition delay time
The ambient conditions (1336 ± 50 K) in the present work are well

beyond the reported auto-ignition temperature of heavy oil (680 K
[42]). Hence, for the cases with co-flow containing 5% and 10% O2, an
envelope diffusion flame is spontaneously formed around the droplet.
The ignition delay time can be obtained from these tests, as the interval
between the instant at which the droplet is exposed to hot gases (i.e.
when the air shield is closed, as explained in section 2.2), and the first
appearance of an envelope flame in the flame images. This metric is
plotted in Fig. 7 for the two oxygen conditions and different droplet
sizes, covering the d0 range of 380–600 μm.

For the same droplet size, longer ignition times are observed for the
lower oxygen condition. This result seems logical, since ambient tem-
perature is essentially the same for both oxygen conditions and the
ignition delay time will depend on the mixing time required by the fuel
vapor and oxidizer to attain flammable conditions, which can be of the
order of the lower flammability limit. Oxygen availability also governs
the distance between the flame front and the droplet, as seen from the
FSR in Fig. 3(b) and (c). For a given oxygen concentration, the ignition
delay increases for larger droplets, as also observed in Refs. [15,22],
which is attributed to their greater thermal inertia. It should be noted
that some datapoints in Fig. 7 deviate from the general trendline, due to
the relatively low frame rate (one frame every 15 ms) used in the flame
imaging optical setup, resulting in a non-negligible random uncertainty.
Overall, the average ignition delay times obtained for 5% and 10% O2
test conditions are 194 ± 17 ms and 171 ± 22 ms, respectively, where
the uncertainty interval represents the standard deviation in the data
group.

3.2.2. Micro-explosion regimes
The normalized droplet evaporation curves obtained for pure evap-

oration show several differences with respect to those with combustion.
The droplet undergoes events such as puffing and micro-explosion,
which are a consequence of volatilized components escaping through
the thickening oil membrane at the droplet surface. As proposed in
Ref. [43], the occurrence and classification of these events can be
quantified using the expansion ratio (ER), as defined in eq. (2), being dp
and dv the droplet size peak and valley values during the onset of a
fluctuating evaporation event (i.e., frame just before and after the
event). The expansion ratio is calculated from the curves recorded
during the liquid disruptive evaporation stage of all tests (zone B in
Fig. 3) and the different regimes are classified according to: 1.05≤ ER≤

1.2 as puffing regime, 1.2< ER< 2 as weakmicro-explosions and ER≥ 2
as strong micro-explosions [43]. Following this classification, the
number of events detected in the different tests are shown in Fig. 8.

ER= d2p ⁄d2v (2)

In these tests, no strong micro-explosions are observed for either
evaporating or combusting droplets of heavy oil which, instead, are
typically found for emulsified droplets [29,44]. The results in Fig. 8 as
well as the normalized size history in Fig. 3 clearly show that puffing and
weak micro-explosion events dominate the droplet evaporation. These
events initiate with a frequency (number of events per second) as low as
50 Hz and exponentially increase up to 800 Hz, which has also been
reported in Ref. [20] as up to 1 kHz. For the combustion cases (5% and
10% O2), the number of puffing events obtained with this metric is less
than for pure evaporation, despite the heat transfer due to envelope
flame is higher. This is because the disruptive evaporation of a com-
busting droplet is observed to undergo multiple nucleation and escape
sites in contrast to the sequential puffing events observed in the pure

evaporation case. Thus, although there is an increase in the number of
very weak puffing events, they do not actually qualify for their inclusion
in Fig. 8 since their ER < 1.05. Besides, the number of micro-explosions
obtained (also observed in Fig. 3) is also significantly less for a com-
busting droplet as compared to pure evaporation case. This could be
attributed to the faster release of the vapors generated, reducing the
probability of forming large bubbles and building significant pressure
inside the droplet that might result in droplet shattering.

3.2.3. Shell swelling ratio
The viscous droplet shell inflates to its peak value (marked as point D

in Fig. 3) when the pyrolysis gases generated in zone C cannot escape.
The ratio of this peak shell (droplet) diameter to that of the initial
droplet size is calculated as given in eq. (3) to obtain the shell swelling
ratio [20,45] and plotted in Fig. 9 for all the tests. The results depict a
decreasing trend with oxygen concentration. This can be ascribed to the
fact that, as ambient O2 increases, the relative duration of zones C + D
also tends to grow, with a clear increase in the duration of zone C be-
tween evaporation and combustion cases (Fig. 3). In addition, due to a
higher heating rate for combustion conditions, a greater amount of py-
rolysis gases are generated and violently escape [45,46], which creates
local ejection sites. On the other hand, the shell swelling ratio for pure
evaporation is higher than in combustion conditions. This is because
when pyrolysis starts, all the volatiles have been lost and hence, the
droplet shell must be more viscous and impermeable which offers a
higher resistance for the gases, thereby causing an abrupt expansion of
the droplet shell.

Shell Swelling Ratio=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d2max
/
d20

√

(3)

Fig. 8. Effect of %O2 on the number of droplet expansion events, classified as
‘puffing’ and ‘weak micro-explosions (MXs)’. The group average value is plotted
with uncertainty bars showing the standard deviation of the group.

Fig. 9. Effect of %O2 in the co-flow on peak swelling ratio of the droplet.
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3.2.4. Cenosphere size
As discussed before, the cenosphere is formed at the end of liquid

stage consumption in each test (marked as point E in Fig. 3). The pro-
jected area measured in the image is used to obtain its equivalent sphere
diameter, dcs. This cenosphere diameter is normalized by the initial
droplet size (dcs/d0) and plotted in Fig. 10 for different ambient O2. The
mean normalized size ratio of the cenospheres formed when subjected to
high temperature ambient containing 0%, 5% and 10% O2 are obtained
as 0.66 ± 0.06, 0.46 ± 0.02 and 0.47 ± 0.04, respectively. The ceno-
spheres produced from combusting droplets are quite similar in size at
5% and 10% O2, whereas those produced from pure evaporation are
~40% larger. This clearly shows that results based on combusting
droplet tests may significantly lead to underestimate the size of ceno-
sphere formed under reducing conditions, which is specifically impor-
tant for gasification applications. The difference in cenosphere size can
be related to their morphological evolution, as reported in Refs. [14–16,
25]. It is worth to note that, in all cases, the cenosphere size obtained is
smaller than the initial droplet diameter since the asphaltene content is
relatively low (see Table 2) and, due to the high temperatures explored,
the droplet undergoes strong disruptive evaporation that causes early
local ejection of vapors before a thick shell is able to form. This is
consistent with the observations in several previous works [9,13,25,47,
48].

The existence of a correlation between cenosphere size and n-hep-
tane (n-C7) asphaltene content in the fuel has been well established and
is a topic addressed in almost all works cited herein (see e.g. Refs. [9,14,
15,20,45,48]). Therefore, the cenosphere size obtained in the present
work is also plotted against n-heptane asphaltene and compared with
previously reported values in Fig. 11. Wherever necessary (including the
data from the current work), an approximate value of n-heptane
asphaltene is obtained from n-pentane (n-C5) asphaltene data by
considering the ratio of heptane-to-pentane asphaltene as 0.8 [49,50].
As found in several published works, the normalized cenosphere size
increases linearly with the asphaltene content when this content lies
below 8% wt [15,26,45]. Interestingly, although most of the studies
have been carried out in hot fresh air (i.e. 21% O2), the measurements
from the present work for combusting droplets at 5% and 10% O2 also
follow the same trend, whereas the measurements for the pure evapo-
ration case (0% O2) yield larger cenospheres, clearly away from the
general trendline. This implies that cenosphere size varies depending if
there is oxygen available or not, but largely unaffected when combusting
under different ambient O2, which is consistent with cenosphere for-
mation pathways proposed by Refs. [16,26]. As a word of caution in
interpreting Fig. 11, the authors’ note that in many cases particulate
samples are collected at the exhaust, particularly for tests with free
droplets and spray combustion which allows them to undergo partial
oxidation after their formation. In such cases, these measurements are
expected to result in some reduction in size compared with freshly
formed cenospheres. Instead, in the present case, the measurement is

referenced at the exact instant of cenosphere formation (point E in
Fig. 3).

3.2.5. Time metrics
The discussion in section 3.1.1 regarding the evolution in the liquid

stage establishes two main periods: initial heat-up with smooth evapo-
ration (zone A) and fluctuating evaporation (zone B + C). Time metrics
for both periods have been extracted from the normalized droplet size
histories and presented in Fig. 12. The initial heat-up time (ti) is defined as
the time elapsed between the test start and the onset of the first puffing
event. The total evaporation time (tl) refers to the time elapsed between
the test start and the instant when the cenosphere is formed, marking the
end of liquid evaporation (point E in Fig. 3). The difference between the
initial heat-up time and the total evaporation time is defined as the
fluctuating evaporation time (tfl = tl - ti). The normalized total evaporation
time monotonically decreases as the oxygen level in the gas increases
from 0 to 10%. Similarly, the initial heat-up time is also reduced due to
the increased temperature above T∞ at the envelope flame, enhancing
heat transfer to the droplet.

Additional tests were also conducted in this study to characterize the

Fig. 10. Effect of %O2 in the co-flow on the normalized cenosphere size.

Fig. 11. Comparison of cenosphere size in the present work (PW) with respect
to those reported in literature for different asphaltene contents. The type of
facility used: suspended droplets (SD), free droplets (FD), spray combustion
(SC) and the %O2 in the ambient test conditions are marked in the legend. The
uncertainty bars represent the standard deviation in the group tests.

Fig. 12. Time metrics of liquid fuel consumption regimes for heavy oil droplet.
The group average value is plotted with uncertainty bars showing the standard
deviation of the group.
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cenosphere burning regimes and obtain the total cenosphere consump-
tion time. The data so obtained are presented in Fig. 13 as the ratio of
solid-to-liquid consumption times, where the liquid consumption time is
represented by the total evaporation time, tl, and the solid consumption
time, tcs is evaluated as the time from cenosphere formation to its full
consumption. As discussed in section 3.1.2, during the last stages of
cenosphere burning, the skeleton and fragmented cenospheres are
extremely fragile and light in weight, and in many cases, fell off the
suspension fibers. Similar difficulties in experiments with cenosphere
burning have also been reported in Refs. [22,25]. Nevertheless, the vi-
sual records of such videos show that the major portion of cenosphere
was burnt, and hence it is reasonable to consider these events also as
indicative of the time to complete cenosphere burning. In any case, the
data in Fig. 13 are identified by two different markers: solid symbols
when the complete history was recorded whereas hollow markers
indicate that the cenosphere skeleton dropped at the end. The difference
in terms of tcs/tl between both kind of tests is estimated to be about 9.5
and 30.5% for the 5 and 10% O2 condition, respectively. As it is evident,
the most reliable data in Fig. 13 corresponds to cases where the full
cenosphere history could be recorded. Regardless of these differences,
Fig. 13 clearly shows that the solid consumption time for 5% O2 is
significantly longer, about twice, than for 10% O2. This could be
attributed to the longer zone G observed in 5%O2 whereas the time scale
for zone H + J is of the same order in both cases. For the present work,
the solid-to-liquid consumption time ratio obtained for 5% and 10% O2
is of the order of 9–11 and 5–7, respectively which is quite high in
comparison to those reported in Ref. [23] as 1.3–2 for 21%O2 at 1200 K.
All these results consistently confirm, as it could be expected, a strong
dependency of cenosphere consumption time with oxygen concentra-
tion. Since the oxidation of these carbonaceous particles is normally the
limiting step to achieve complete fuel conversion and low particulate
emissions in practical applications, due attention needs to be paid to
characterize this process, which also requires a careful selection of
reference conditions.

The droplet consumption times obtained from the experimental tests
can also be used to obtain global regression rate coefficients (or burning
rate) for heavy oil droplets [9,17,20]. Two different rate coefficients are
calculated based on consumption time of liquid, Kl, and liquid + solid, Kt ,
as defined in eqs. (4) and (5), respectively. Average values for the whole
group are provided in Table 3, where the standard deviation is also
shown to indicate the statistical scatter in the group. As expected, these
global burning rates increase monotonically with%O2 in the co-flow due
to higher heating rates as more oxygen is available. It is interesting to
note that, in the existing literature, the values reported for Kl and Kt with
21% O2 ambient are found to be in the range of 0.5–1.5 mm2/s [9,17,19,
20,23] and 0.2–0.4 mm2/s [20,23], respectively. These are significantly
higher than those obtained in the present work, thereby showcasing the
impact of ambient conditions.

Kl =
1 − d2cs

/
d20

tl
mm2

/

s (4)

Kt =
1

tl + tcs
mm2

/

s (5)

The values given in Table 3 complement the available data,
providing a complete picture for different ambient O2 that a droplet may
encounter inside a real flame and can be conveniently utilized for nu-
merical simulations or empirical calculations. It should be noted that, in
real combustion equipment, cenosphere burning occurs partly in the
flame and partly in the post-flame region, where oxygen concentration is
well below that of fresh air and gradually approaches the excess oxygen
in flue gases. Therefore, the values reported in this work for
intermediate-to-low oxygen concentrations are thought to provide
reference values representative of actual cenosphere consumption rates
in practical applications.

4. Conclusions

In the present work, experimental studies with isolated droplets of
heavy oil (d0 ~ 500 μm) are conducted in different realistic, flame-like
atmospheres. High temperature conditions of 1336 ± 50 K with 0, 5
and 10%O2 concentration in the co-flow have been explored. Infrequent
in the literature, these conditions aim to represent the ambient actually
seen by droplets in real applications, being therefore not only relevant
for combustion but, partially, also for heavy oil gasification. The full
temporal evolution of droplet size, cenosphere size and envelope flame
have been studied in a suspended-droplet setup designed to minimize
the impact of experimental artifacts. Novel results of practical relevance
have been obtained on a number of aspects not or scarcely covered in the
available literature on the thermal conversion of heavy oil droplets. On
the one hand, whereas practically all available results have been ob-
tained at 21% O2, experimentation at low and variable oxygen con-
centrations is clearly needed to correctly describe the droplet behavior
in practical applications. On the other hand, cenosphere burning being
the limiting step in heavy oil conversion, the evolution of cenosphere
size has been specifically studied for different (low to intermediate)
oxygen concentrations. Finally, detailed experimental characterization
of the liquid stage has been achieved, also including the use of CH*
chemiluminescence to detect the location of the true envelope flame, as
a key parameter for the characterization of droplet combustion (to the
authors’ knowledge, not previously reported for heavy oil).

Besides a thorough qualitative description of the different stages
undergone by the droplet, an effort has been made to extract a range of
selected metrics suitable to quantitatively analyze the different phe-
nomena observed as well as to evaluate the specific influence of oxygen
concentration. These are some of the main conclusions and new findings
obtained in this work.

1. Marked differences have been found between the evolution of heavy
oil droplets depending on oxygen concentration. In pure evaporation
(0% O2) ambient, the disruptive evaporation behavior of the droplet
consists of sequential puffing events with weak micro-explosions,
whereas for combusting ambient (5%, 10% O2) multiple nucleation

Fig. 13. Effect of %O2 in the co-flow on solid-to-liquid consumption times with
different initial droplet sizes. Solid markers identify cases in which complete
burnout of cenosphere was observed.

Table 3
Global regression rates based on global time scales. The uncertainty represents
the standard deviation in the group data obtained in the current work (0, 5 and
10% O2).

Atmosphere Kl [mm2/s] Kt [mm2/s]

0% O2 0.1404 ± 0.0164 –
5% O2 0.2667 ± 0.0082 0.0348 ± 0.0027
10% O2 0.3141 ± 0.0171 0.0646 ± 0.0110
21% O2 0.5–1.5 [9,17,19,20,23] 0.2–0.4 [20,23]
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(and puffing) sites are observed with a significantly lower number of
weak micro-explosions.

2. Additionally, the pyrolysis and polymerization stage in oxygen-free
ambient begins only when the droplet is devoid of most of the vol-
atiles (d2/d20 ∼ 0.4) which is in sharp contrast to that observed in
combusting droplet cases, where it begins quite earlier (d2/
d20 ∼ 0.8). This results in a longer pyrolysis zone and a decrease in
peak droplet swelling as the ambient O2 increases. This decrease in
the final swelling of the droplet points to a more viscous and
impermeable shell for the oxygen-free ambient.

3. The cenospheres formed from droplet combustion at 5% and 10% O2
are quite similar in size (dcs/d0 ∼ 0.46 − 0.47) whereas those
generated under pure evaporation conditions are ~40% larger than
the former (dcs/d0 ∼ 0.66). Therefore, bigger cenospheres are ex-
pected to be formed in very low oxygen conditions (e.g. flame core)
or for heavy oil gasification applications as compared to the values
normally obtained for combustion in fresh air.

4. Special attention has been devoted to characterize cenosphere
burning, which in many cases is the most critical, limiting factor in
the design of clean and efficient HFO combustion equipment. For the
first time, the temporal evolution of the cenosphere size has been
obtained and the distinct stages have been identified for a high-
temperature ambient with 5% and 10% O2. The results show that,
as ambient oxygen content increases, the dominant burning stage
shifts from constant size burning to a mixed regime. Nevertheless,
the last solid combustion stage (skeleton + fragmented burning)
shows a similar time scale as the preceding stages, irrespective of the
ambient oxygen availability, which implies it to be a controlling step
in cenosphere combustion.

5. The solid-to-liquid consumption time ratio extracted for 5% O2 is
found to be significantly larger, about twice, than that obtained for
the 10% O2 case, with values lying in the range of 9–11 and 5–7,
respectively. These values significantly differ from the commonly
used and reported value of ~2 for 21% O2, clearly stressing the
challenges posed by the slow conversion of the solid cenospheres,
particularly for oxygen deficient conditions (such as those found in
the downstream zone of furnaces/gasifiers).

6. The diameter of the actual envelope flame as detected from CH*
chemiluminescence has been characterized for the first time for HFO
droplets. The flame stand-off ratios obtained show that as ambient O2
doubles, the flame stays ~1.25 times closer to the droplet, thereby
increasing the liquid droplet regression rate by ~1.17 times.
Whereas in absence of flame, the liquid droplet regresses at a rate
which is ~50% slower than the other two cases.

Overall, the experimental results and quantitative analysis reported
here compose a notable comprehensive dataset and are expected to
constitute a reference study that complements the existing knowledge
(mostly based on tests at 21% O2) with novel results of practical rele-
vance on the evolution of heavy oil droplets.

When it comes to the limitations of the current work, the main one is
the fact that both liquid and solid evolutions are obtained by shadow-
graphy, based on the projected area of the droplet and cenosphere,
respectively. The presence of bubbles inside droplets (due to internal
boiling) and relevant void fractions inside cenospheres increases the
uncertainty of the experimental data and related discussion, since the
size reduction rate is not exclusively caused by the consumption of the
liquid/solid mass. The measurement of the evolution of the droplet/
cenosphere mass would be a most notable addition, although, to the
authors’ knowledge, no experimental setup has been able yet to obtain
these data for single droplets under sufficiently realistic conditions. The
measurement of the liquid and solid temperatures by means of non-
intrusive methods would also be a notable addition, without any
known precedent for HFO droplets. Another limitation of the current
study is the fact that all tests were performed under atmospheric

pressure, while some relevant applications (e.g., gasifiers) usually
operate at higher pressures. Assessing the impact of pressure on the
obtained results would be a relevant addition to the state of the art, as it
would be the measurement of species generated around the droplet for
the different stages of liquid and solid conversion.

Nomenclature

%O2 Oxygen concentration in the free stream dry basis, % by vol.
CN Convection number, -
d Diameter/droplet diameter, μm or mm
FN Fiber number, -
FSR Flame stand-off ratio, -
k Thermal conductivity, W/(m⋅K)
K Regression rate, mm2/s
Q Heat transfer to the droplet, kW/m2

OD Optical density, -
RN Radiation number, -
T Temperature, K
t Time, s
vol. Volume, -
V Velocity, m/s
Subscripts
0 Initial
∞ Free stream (or ambient)
cs Cenosphere (solid component of heavy oil)
f Flame
fiber Fiber
fl Fluctuating
g Gas
l Liquid
p Peak
r Radiation
t Total
v Valley
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