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Resumen

A pesar de su indudable importancia como fuentengegia, es bien conocido que los procesos
de combustion pueden llevar aparejados serios weroentes, como la emision de
contaminantes o el agotamiento de recursos. Cobjetivo de reducir al maximo su impacto
en el medio ambiente y en la salud humana, la fridue la combustién se halla inmersa en un
proceso de evolucion continua, donde una serieedarbllos y medidas complementarias se
estan llevando a cabo. Claros ejemplos de ellolaamduccion gradual de los niveles de
emision de contaminantes mediante la optimizaciénlad procesos de combustion, o el
reemplazo de los tradicionales combustibles fégilmscombustibles mas respetuosos con el
medio ambiente. Es indudable que ambos enfoquesereq de un profundo conocimiento de
los procesos de combustion. Por tanto, para implean@ste tipo de estrategias con éxito, se
hace necesaria una precisa caracterizacion deofoplejos comportamientos que tipicamente

se encuentran en las aplicaciones de combustion.

Una revision bibliografica revel6 claros retrasaseédesarrollo de este tipo de estrategias para
combustibles liquidos destinados a la generaciocaller y energia en comparacién con el
carbén, gas natural o incluso combustibles liquidiestinados al transporte. Este diagndstico
fue la principal motivacion para comenzar estastasiyo principal objetivo es el desarrollo de
metodologias experimentales y de modelaje que tmrnaiaracterizar el comportamiento de
combustibles liquidos bajo condiciones represeratatide su uso real. Aunque estas
metodologias podrian en principio aplicarse a aiatlqgcombustible liquido, en esta tesis se ha
hecho especial hincapié en los combustibles ligudiestinados a la generacion de calor y

energia.

Para este objetivo, se ha elegido como idonea héigtmacion de gota aislada. Una de sus
principales ventajas es su simplicidad, que permmitéouen control de todos los pardmetros
relevantes para el proceso, de forma que los egkdtobtenidos pueden ser intrinsecamente
atribuidos al combustible ensayado. Una instaladémrombustién de gotas denominada DCF
(Droplet Combustion Facilily fue desarrollada con el objetivo de caracterizar
experimentalmente diferentes combustibles liquitkiterés. Las condiciones experimentales
utilizadas en la DCF (tamafios de gota, composidéigas, temperatura, etc.) se disefiaron para
ser similares al rango de condiciones que habiemtense pueden encontrar en llamas reales,
tratando ademas de minimizar la conveccién, targtural como forzada. Esto permitid
conseguir una configuracion cercana a 1-D en lgsdetores de la gota, facilitando

significativamente la comparacion entre los expentos y los modelos teoricos.



En cuanto a los combustibles liquidos caracterizadbstintas revisiones bibliograficas

revelaron claras oportunidades de estudio, comallilzerina cruda (subproducto de la

produccion de biodiesel) o distintos aceites déligis, entre otros. La valorizacion energética
de la glicerina cruda se considera una solucidébleipara abordar el importante problema
ambiental causado por el gran exceso de este siugpoo Sin embargo, es bien conocido que
sus propiedades causan dificultades a la hora lbeizzala en calderas y quemadores. Una
caracterizacion detallada de las propiedades déustion de este combustible en la instalacion
DCF revelaron bajas tasas de evaporacién, asi ¢@armaparicion de microexplosiones, tanto
para la glicerina cruda original (GC), como parantaestra sometida a un proceso de
desalinizacion (GD). Es interesante sefialar qugddogia de estas microexplosiones difirid

entre GC y GD, reforzando la hipétesis de que etavdo en sales puede jugar un papel

relevante en el mecanismo de aparicion de esteniemd.

También se ha abordado la caracterizacion de wistateites de pir6lisis producidos a partir de
residuos tales como neumaticos usados, poliestisenmiomasa. Los graves problemas
ambientales causados por algunos de estos deshabes de la pirdlisis una alternativa
atractiva y realista para eliminarlos, convirtiélodoen productos con valor afiadido. De entre
estos productos, la fraccidén liquida es de espétiatés para su combustion en calderas y
gquemadores destinados a la generacion de calargianPor consiguiente, una serie de aceites
de pirdlisis producidos a partir de diferentes miaseprimas y mediante varios catalizadores se
caracterizd experimentalmente en la instalacién Dg#nherando informacion acerca de los
comportamientos de combustién de estos aceitedodaraente, otros combustibles y mezclas
de combustibles, como biodiesel, gaséleo de caéiaco bio-butanol fueron ensayados,
generando una base de datos con las caracteriddoammbustion de una amplia variedad de

combustibles de interés.

Ademés de combustibles reales, varios liquidos ode distintas familias quimicas fueron
caracterizados experimentalmente en la DCF. Logsdalbtenidos en estos ensayos sirvieron
para validar el modelo de evaporacion de gotasriddisalo, basado en la teoria clasica. Este
modelo fue capaz de conseguir un buen acuerdmsaxperimentos para los compuestos de la
familia de los alcoholes pero, inesperadamentegesbmaba las tasas de evaporacion de todos
los alcanos evaluados. Estas divergencias fueritiiatas a la descomposicion endotérmica de
vapores de combustible cerca de la superficie detl ya que las altas temperaturas presentes
en los experimentos pueden favorecer la pirdlised ks vapores de hidrocarburos,
especialmente de aquellos con largas cadenas lbiencar_a aparicion de particulas de hollin
en los alrededores de la gota parece respaldar higsfdesis. Como resultado de estas

observaciones, se desarroll6 un nuevo modelo mwoalijue introduce estas reacciones de
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pirdlisis en fase gas al problema de una gotadastvaporando en un ambiente infinito. Este
modelo se basé en un estudio asintético, y se dersde clara relevancia para el campo de la
combustion, ya que aborda un fendmeno poco estudjad, sin embargo, es de claro interés

para aplicaciones reales.

Finalmente, un trabajo que combina los métodos rerpatal y de modelaje anteriormente
descritos se desarroll6 con el objetivo de formylaalidar distintosurrogatesdisefiados para
emular las caracteristicas evaporativas y de pmdlucde hollin de un combustible
guimicamente complejo, como es el gasdleo de caiéfa Este estudio puede considerarse
como un trabajo exploratorio que pretende propowevas metodologias que introduzcan la
configuracion de gota aislada al proceso de disifisurrogates Los resultados obtenidos
respaldan el interés de esta linea de trabajopqdea ser especialmente beneficiosa para el
caso de combustibles liquidos que, en su aplicaeial presenten una combustion en fase gas
sustentada por la evaporacion de gotas dentro @@rntera de combustion. Es decir, para
aplicaciones en las que el combustible liquido e@re-evapora, como puede ser el diesel en
MACI o el fuel-oil en calderas. Para este tipo debustibles y aplicaciones, el uso de una
configuracién simplificada y, al mismo tiempo, i como la configuracién de gota aislada
puede contribuir al disefio deurrogatesque reproduzcan fielmente los comportamientos
deseados, siendo este un paso fundamental parse@bdle estrategias de optimizacidon que
precisen de una completa descripcidn de la comiposjcpropiedades del combustible, como

habitualmente ocurre en la mayoria de métodos ctajonales.






Abstract

In spite of its undeniable importance as energyamut is well known that combustion can
entail significant drawbacks, such as pollutantssion or resource depletion. To mitigate its
impact on both environment and human health, thebostion industry is immersed in a
continuous evolution process, where a series optemrmentary measures and developments are
being adopted and implemented. Examples of thesetrsr gradual reduction of pollutant
emission levels through the optimization of comlmustprocesses or the replacement of
conventional fossil fuels with novel, more enviremually-friendly fuels. Both approaches
require a comprehensive knowledge of the combustioocess, and therefore a key step towards
their successful implementation is a precise charaation of the complex behaviors typically

found in combustion applications.

A literature review revealed a clear gap in thealigyment of this kind of strategies for liquid
fuels aimed to heat and stationary energy produdtiocomparison with coal, natural gas or
even liquid fuels for transportation. This diagrsosias the main motivation for starting this
thesis, whose main objective is to develop expertaieand modeling methodologies that allow
the characterization of the complex behaviorsapdid fuels when burning under representative
conditions. Although these methodologies might iimgiple be applied to any liquid fuel, a

particular focus has been placed on liquid fuetdat and stationary energy production.

To this end, the isolated droplet configuration vea®sen as a suitable canonical setup. Its
simplicity allows for a good control of all the paneters relevant to the process, and therefore
the obtained results can be attributable to thiedefiel under the well-known experimental
conditions. A free-falling droplet apparatus, nanwdplet combustion facility (DCF) was
developed in order to experimentally characterizfer@nt liquid fuels of interest. The
experimental conditions applied at the DCF (droplees, gas composition, temperature, etc.)
were designed to be close to the range of condifionnd in real flames, while also minimizing
forced and natural convection. This enabled a gandition close to 1-D in the droplet vicinity,

significantly easing the comparison with theordtinadels.

As for the liquid fuels tested, different literatureviews highlighted clear opportunities of
study, such as that of crude glycerol, a by-prodiidbiodiesel production, or pyrolysis ails,

among others. The energetic valorization of crulgeegol could arise as a viable solution to
tackle the environmental problem caused by itselasgrplus. However, its properties cause

well-known difficulties in boilers and furnaces wheusing it as a fuel. A detailed
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characterization of its combustion behaviors thtoDgF tests revealed low burning rates and
the consistent occurrence of microexplosions faderglycerol droplets, both as received (CG)
and after a desalination process (DG). Interestjrtge microexplosion typology was found to
differ between CG and DG, strengthening the hymhehat alkali salts might play a

significant role in these bursting events.

This study has also addressed the characterizatipyrolysis oils produced from residues such
as waste tires, polystyrene and biomass. The emmeatal concerns associated with the
disposal of some of these wastes promote the misojyrocess as a feasible and interesting
alternative, since it transforms these residues prbducts with added value. Among these
products, the liquid fraction is of particular irget for heat and stationary energy generation in
boilers and furnaces. Thus, a series of pyrolygisds obtained from different feedstocks and
with different catalysts were experimentally tested the DCF, gaining insight into the
combustion behaviors of these novel fuels. Simyilaother fuels and mixtures such as UCO
biodiesel, heating oil or bio-butanol, were exteaki tested, as to generate a complete database

with the droplet combustion characteristics of dewariety of fuels of interest to the field.

Besides real fuels, a test matrix with pure compisuof different chemical families was also
experimentally characterized at the DCF. The obthidata served to validate the developed
droplet vaporization model, which was based oncthssical theory. Unexpectedly, the model
was able to achieve a good agreement with the empets for pure alcohols, whereas it
overestimated the evaporation rates of all therslkatested. This fact was ascribed to the
endothermic decomposition of hydrocarbon vaporsr riba droplet surface, as the high
temperatures present at the DCF tests favoredytedypis of the vaporized fuel. The onset of
soot particles in the droplet vicinity supportedistthypothesis. In the wake of these
observations, a new analytical model was develo@@ohing to introduce the gas-phase
pyrolysis reactions to the well-known problem of iaolated evaporating droplet. This model
was based on activation-energy asymptotics, ams thought to be of clear relevance to the
field, since it addresses a quite unstudied phenoméhat, however, is of clear interest for real

application conditions.

Finally, a work combining the aforementioned exmpemtal and modeling methodologies was
developed in order to formulate and validate difersurrogates designed to emulate the
vaporization and the sooting tendency of a chefgicamplex fuel such as heating oil. This

study can be considered as an exploratory stepngitti propose new methodologies that
introduce the isolated droplet configuration to therogate design environment. The obtained

results seem to support the interest of this lihevark, which could be particularly beneficial
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for the case of liquid fuels whose gas-phase cotibusn real applications is sustained by
droplet evaporation inside the combustion chamber, fion-prevaporized cases, such as diesel
in compression-ignition engines, or fuel-oil in Maces). For these fuels and applications, the
use of a simplified yet realistic configuration buas the isolated droplet could contribute to the
design of accurate surrogates, a fundamental stegrds the design of optimization strategies
that require a complete description of the fuel position and properties, as it typically occurs
in most computational tools.
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Abbreviations

CG Crude Glycerol

DCF  Droplet Combustion Facility
DG Desalted Glycerol
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GF* Acetal mixture

GS Grape Seeds

IDSY Isolated Droplet Soot Yield
MNP  Methylnaphthalene

Variables

a Droplet radius

B Pre-exponential factor

c Heat capacity

G Heat capacity at constant pressure
d Droplet diameter

D Mass diffusion coefficient

E, Activation energy

k Thermal conductivity

K Vaporization rate

L Length after the injection plane
Le Lewis number

L, Latent heat of vaporization

m Mass

MW Molecular mass

Nu Nusselt number

P Pressure

Pe Péclet number

Pr Prandtl number

MAe™ R > <X< AW
>
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SD
TPL
SEM
uco
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Pure Glycerol

Particle Image Velocimetry
Polystyrene

Standard Deviation

Tire Pyrolysis Liquid

Scanning Electron Microscope
Used Cooking Oil

Waste Tires

Yield Soot Index

Sensible heat
Enthalpy of reaction
Radial coordinate
Universal gas constant
Reynolds number
Schmidt number
Sherwood number
Time

Temperature

Velocity

Mole fraction

Mass fraction

Thermal diffusivity
Dimensionless vaporization rate
Dynamic viscosity
Density

Reaction rate
Damkdhler number
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Subscripts and superscripts

0 Initial conditions I Liquid phase

0 Bulk gas conditions p At the pyrolysis reaction layer

~ Dimensionless ref Reference state

* Modified gs Quasi-steady

b Boiling S Conditions at the surface

eff Effective % Vapor phase

exp Experimental ’ Time-derivative

f Fuel - In the chemically frozen region

[ i" specie + In the chemical equilibrium region
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General introduction

Motivation

It is widely accepted that the combustion of fo$sdls entails significant drawbacks, such as
resource depletion, emission of pollutants harrtdithe human health and to the environment,
as well as the release of greenhouse gases rédpofar climate change. However, the
importance of combustion as a technology able tetntbe growing energy demands of
humankind is undeniable. According to the Intewradi Energy Agency, more than 90% of the
global primary energy supply in 2017 was baseditheecoal, oil, natural gas or biofuels (IEA
(2019)). Therefore, even if other renewable teabgiels such as wind or solar are expected to
grow their share, combustion is expected to renthé predominant energy source in the

foreseeable future (Kijewska and Bluszcz (2016)).

In this context, a fundamental goal of the comlmnstndustry is to mitigate its impact on both
environment and human health. For that purposkerdiit complementary approaches are being
adopted. The first of these consists in the redoatif pollutant emission levels by optimizing
combustion processes, whereas a second approashgradually replace conventional fossil
fuels with new, alternative fuels which display m@&nvironmentally friendly characteristics. A
large fraction of these alternative fuels derivesnf biomass, and therefore their carbon

footprint is substantially reduced in comparisoth®ir equivalent fossil fuels.

Both the optimization of combustion-related apglmas and the introduction of novel biofuels
require a comprehensive knowledge of the processgbtherefore the development of
experimental and modeling strategies aiming to adtarize the complex behaviors typically
found in these applications a key step towards thecessful implementation. It is clear that
these strategies have achieved a significant regiuof the negative effects of combustion in
both human health and the environment during tise decades. Without pretending to be
exhaustive, the increasingly restrictive emissiegutations applied to internal combustion
engines for transportation or the fact that in 2biBuels already accounted for 7.1% of all the
energy used in transport in the European UnionclFHd al. (2019)) are proofs of the gradual
improvements achieved during the last years. Howewest of these developments have been
applied to the transportation sector or, in theeaafsthe stationary energy generation industry,
to solid and gaseous fuels. There is currentlyearajap in the development of such strategies
and improvements when it comes to liquid fuels Stationary energy production in boilers,

furnaces or even gas turbines. Admittedly, thipastly due to the lower relevance of these
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liquid fuels for energy production in comparisortiwhatural gas or coal, although it is also a
consequence of the lack of systematic methodh@géneration of knowledge in the field. The
deficiencies in the understanding of the complea emierconnected phenomena occurring in
these systems significantly hamper the design of teehnologies and combustion equipment

adapted to novel fuels or new conditions.

This diagnosis has been the main motivation fordsearch work wherein this thesis is framed.
Therefore, the aim of the thesis is to develop erpmntal and modeling methodologies for
characterizing the combustion behavior of liquicléuwhen burning under representative
conditions. Although the aforementioned method@sgiould in principle be applied to a wide
variety of liquid fuels, a particular focus will h@aced on liquid fuels for heat and stationary

energy generation, as it will be specified furtber

Thematic unit outline

When aiming to characterize the combustion behafier liquid fuel, different approaches can
be followed. Probably the most extended one ie$b the fuel at its final application, e.g., at
boilers, furnaces or engines. For that purpose,de wpectrum of facilities might be used,
ranging from small experimental rigs to large irtdasfacilities. For the case of liquid fuels for
stationary energy production, small-scale or sewmistrial facilities reproducing the main
features of real applications have been used umaber of studies. Examples of such works are
(Ballester and Dopazo (1994), Ballesteal. (1996)) for heavy oil and its emulsions with water
at a semi-industrial furnace, or (Bohehal. (2011)) for crude glycerol at a laboratory-scaled
furnace. This approach has the advantage of prayidaformation of clear interest and
applicability for real combustion equipment, altbbuit also entails the drawback that the
obtained results depend not only on the fuel tediatialso on the experimental facility used.
The geometrical complexity of real combustion reggh as furnaces or boilers gives rise to a
vast number of interrelated phenomena, many of theimg non completely controllable during
the experiment. This greatly hampers the interpoetaf results, since a global effect observed
in one of the measured parameters (e.g., a chante iflame stability) could be a result of a
variety of causal factors, such as fuel properaésmization quality, burner aerodynamics, etc.
This dependence on the experimental facility limtiie validity of the results, and it is not
uncommon in the literature that different studi@siag to characterize the same effect yield
dissimilar (and sometimes even contradictory) tesln example of this is the study of the
NOx emission in residential boilers when addingdidsel to conventional heating oil. Whereas

some works display a decrease in NOx emissiondevben using biodiesel (e.g., (Tashtoesh
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al. (2003)), (Batey (2003)) or (Ghorbagii al. (2011))), others report an increase (e.g., (Kermes
and Elohradsky (2013)) or (Ng and Gan (2010))). Theat#hces in combustion equipment or
in the test conditions used in those works canamphe dissimilar results, and significantly

restrict the generalization of the results whenirgnto explore new fuels or conditions.

A completely different approach to characterize ¢benbustion of liquid fuels is through the
study of simplified configurations such as the asetl droplet setup, where a single fuel droplet
evaporates and burns under fixed and well conttoltenditions. The simplicity of this
configuration allows for a precise knowledge of thk parameters affecting the process (gas
temperature, composition, etc.) and thereforectimbustion characteristics obtained are solely
attributable to the tested fuel under the well-kn@xperimental conditions. The dependency of
the results on the particular facility is elimindt@nd this allows for comparative studies where
the differences in the observed behavoans be related to the particular experimental de

or, if kept constant for different fuels, can bé&imsically attributable to the tested substances.
Furthermore, if the droplet combustion rig is dasig to reproduce the range of conditions
found in real flames (in terms of droplet size, gamposition, temperature, etc.), the obtained
results can also be comparable to those occurringeal applications. In this respect, the
literature displays a wide variety of single dragembustion setups, ranging from 1 mm sized
droplets suspended in filaments and burning in@&ng and Wu (2017)) to small droplets in
the order of 6Qum free-falling within an inert hot gaseous coflo@afcia-Perezt al. (2006)).
Most of the studies are performed under normal igraalthough some of them aim to
eliminate buoyancy effects by running tests undaragravity conditions achieved through
free-falling apparatus (Xu and Avedisian (20158¢abolic flights (Chauveaet al. (2011)) or
even by performing the experiments at the Inteomali Space Station (Dietrigt al. (2014)).

This wide variety in experimental setups and caowlit provides complementary descriptions,
although sometimes can also lead to some discraggai@r that reason, as it will be detailed in
the overview of Paper |, special care was takennwdesigning the experimental conditions of
our single droplet tests, as to approximate themmash as possible to those existing in real
flames while also minimizing other undesired effesuch as forced convection. For that
purpose, droplets of small size (approximately 1&0in diameter) were chosen, free-falling

within the combustion products of a flat-flame kemrmwith temperature and compositions which
aim to emulate typical flame conditions. The vemya#i Reynolds numbers and the practically
negligible natural convection effects occurring endhat small-sized scale assured a

configuration close to 1-D in the droplet vicinigyen though tests were performed at normal
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gravity. As it will be detailed below, this represe an important advantage when comparing

with models.

After acknowledging that spray combustion is fao twomplex to be used for a detailed
characterization of liquid fuel combustion, theléged droplet has been used by many authors
as a canonical configuration for that purposesitsplicity greatly facilitates the interpretation
of results and the comparison with models, anddbethat the isolated droplet configuration is
nothing else but the fine-grid structure of sprédgedisian (2014)), favors the extrapolation of
results to the conditions in the final applicatiavhere a complex spray comprising a large
number of droplets is burned. This simplified cgofiation has been applied for a detailed
characterization of both conventional and alteuatiquid fuels, although a literature review
reveals that a majority of these works target tkeeamental characterization of liquid fuels of
interest for transportation (i.e., diesel, gasqlib@diesel, kerosene, bio-alcohols, etc.), being

the studies addressing fuels for heating and ergeggration comparatively less common.

Without aiming to be exhaustive, some of the wditgnd in the literature addressing the
experimental characterization of conventional atdrative fuels are summarized in this
paragraph. Both Paet al. (2009) and Liet al. (2011) studied the distinct characteristics of
diesel and biodiesel when burning under well cdigto conditions. Whereas the former
employed 50Qum droplets suspended on very thinyin) filaments and under microgravity
conditions, the latter used free-falling dropletsamund 250um and almost negligible forced
convection conditions (Re<1). Both studies highigghthe higher burning rate of biodiesel and
its lower propensity to generate soot when comparyembnventional diesel. Another fuel type
of clear interest for transportation engines isojas and its prospective blending with bio-
alcohols. Xu and Avedisian (2015) studied the sirdjloplet combustion behaviors of gasoline
and butanol under strictly controlled microgravégnditions, using droplets of 520-6gM in
diameter suspended on thin ({ish) filaments. The results point to very similar hing rates
between both fuels, but with substantial differenge the rest of the studied characteristics
(soot formation, relative position of the dropletdathe flame, etc.). Similar works using this
same droplet combustion rig can be found for thieysbf an aviation kerosene such as Jet-A
and two biofuels considered as a potential replacerfor conventional jet fuels (Liet al.
(2013a)). In this case, in spite of the clear défees in compositional characteristics, with both
biofuels showing a much richer composition in pfanaf practically all the studied behaviors
were very similar, with the only exception of Jetférming significantly thicker soot clouds.
These results supported the use of the mentioneflads as a partial replacement for

conventional kerosene in aviation, as confirmedatiyial turbine and flight tests where blends
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of these biofuels were noted to yield essentiaityistinguishable performance when compared
to neat Jet-A (Rahmext al.(2009)).

When it comes to fuels for stationary energy getiwara there are both alternative and
conventional fuels which could undoubtedly beniéitn these characterization methodologies,
which until now have been rather focused on liquils for transportation. The reference fossil
fuel in this regard can be considered to be fule(FeD), in its different grades: from FO #2 or
heating oil for use in rather small-scale burnersdomestic heating, to the high-viscosity FO
#6 or heavy fuel oil for use in power generatiord arig-scale industrial heating. These
applications offer the advantage of allowing a mgecbater variety of blending or even total
replacement with novel alternative fuels, as fuenaad boilers are typically less demanding
than internal combustion engines or aircraft tuebinvhen it comes to fuel properties. This
broader flexibility is a great advantage for addmeg challenging issues with great
environmental impact, where the generation of whased fuels is sometimes the best option

to tackle the problem.

A clear example of this backdrop is the case oflerglycerol (CG), a major by-product of the
biodiesel production whose large surplus, difficaitnagement as waste, little economic value
and lack of higher added value alternatives, ptonits energetic valorization in boilers as a
feasible solution to address this serious envirartaigoroblem (Bohoret al. (2011), Quispest

al. (2013), Thompson and He (2006)). CG displays majiifferences between its
physicochemical properties and those of conventifossil fuels (e.g., high viscosity, low
calorific value, high water and mineral content,.gtresulting in well-known difficulties when
used as a fuel. A few studies such as Boéioal. (2011), Queiré®t al. (2013), and Steinmetz
et al. (2013), have addressed the combustion of CG,reitb&t or blended with premium fuels
at laboratory-scale furnaces, providing valuabl®rimation regarding the possibilities and
limitations of this fuel when burning in a final @jzation. However, as discussed above, this
kind of studies is significantly restricted by tke&perimental setup used when it comes to
extrapolating the results to other facilities omditions, and therefore it would be most
desirable to complement them with other approacres methodologies which are able to
extract general characteristics intrinsically lidke the fuel. For that purpose, the isolated
droplet configuration can act as a useful benchpaskt has proved for the case of liquid fuels

for transportation.

Besides crude glycerol, a wide variety of poteriels for stationary energy production could
benefit from this characterization methodology. s clear opportunity of study comprises

the different kinds of pyrolysis oils, whose deymt®ent has drawn considerable scientific
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attention during the last years (Brassatdal. (2017)). Pyrolysis is a thermochemical process
where an organic feedstock is heated at tempesabateveen 350 °C and 700 °C under an inert
environment, converting the raw material into dagjid and a carbonaceous solid or char.
Normally, the feedstock is biomass-based, and finereéhe obtained liquid (pyrolysis oil) can
be considered a bio-oil. The conversion of thedsblomass to a liquid fuel significantly eases
its transportation, increases its volumetric céloricontent and also enables it to be
conveniently used in existing equipment such adetsoior furnaces (Dhyani and Bhaskar
(2018)). Furthermore, the biomass used as raw rakfer the pyrolysis process is often of
residual nature (e.g., agricultural or forestry t@ay and thus the obtained bio-oils would be
considered as second generation biofuels. Thispaiots out their clear advantages in terms of
environmental impact, as the European Union regexpproved the Directive (EU)2015/1513
to transition from conventional crop or food-badedfuels to these second generation, or
advanced biofuels (Woltjeat al. (2017)). These benefits have motivated the spoéadultiple
initiatives in Europe, with some of them reachihg tommercial scale. An example of this is
the Empyro plant in the Netherlands, commissiome20il5, which converts 5000 kg/h of wood
residues into pyrolysis oil and process steam tjinahe fast pyrolysis technology (BTG-BTL
(2020)).

Nevertheless, bio-oil obtained from pyrolysis psBEs also displays some serious drawbacks
when it comes to its use in combustion applicationgst of them related with its oxygenated
nature. This causes storage and transportatioassdwe to corrosion and aging reactions, poor
miscibility with conventional hydrocarbons, highteacontent and low calorific value (Alvarez
et al. (2019), Uzoejinwaet al. (2018)). An intense research is being carriedipubrder to
improve the bio-oil characteristics through differe technologies: hydrogenation,
hydrodeoxygenation, catalytic cracking, catalyticgbysis or steam reforming, among others
(Uzoejinwaet al. (2018)). Another strategy to obtain a high-gradaidl is to pyrolyze a blend

of the biomass with another carbon-rich polymeesidue, such as plastics or waste tires. This
co-pyrolysis technique benefits from the synergiséiffects occurring during the joint
pyrolyzation of these feedstocks, yielding a stadhel deoxygenized oil with significantly
improved properties (Abnisa and Daud (2014)). Famtiore, the co-pyrolysis technology
allows for the valorization of residues like plastiand waste tires which pose serious
environmental problems. Especially beneficial ie tralorization of scrap tires, whose huge
volume (estimated in around 1 billion units/yearhavide, Martinezet al. (2013)), challenging
recovery or recycling (Sienkiewicez al.(2017)), and the ban of their disposal in langlfille to
the high risk of dangerous and extremely pollutimes (Council Directive EU 1999/31/EC

(1999)), points to their pyrolysis as a promisittgraative to cope with this problem, while also
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allowing for the production of a high-grade fueldMinezet al. (2013)). A number of recent
studies aim to develop and improve this procest) bg using only scrap tires as feedstock
(Aylon et al. (2010)) or blended with biomass in a co-pyrolysiscess (Sanahuja-Paregbal.
(2019)). These state-of-the-art experimental studjenerate a variety of different pyrolysis
liquids, whose combustion characteristics are adspect when evaluating the suitability of a

certain process, since the final liquid is intenéteda combustion application.

As it was the case for crude glycerol, the usénefisolated droplet configuration appears to be
a most appropriate technique for assessing thesbugiion characteristics, since it allows for
the extraction of intrinsic behaviors for the teisteel. This was the motivation for Papers I, 11l
and IV, which (as it will be detailed further onjred to study the single droplet combustion
characteristics of different pyrolysis oils and ofude glycerol, respectively. These two
opportunities of study were considered to be otigpeertinence and relevance to the field,
although they are not the only ones which would efierfrom a detailed experimental
characterization by means of this simplified couafagion. Another example is the case of
heating oil and its blends with biodiesel. Althougfha lower magnitude than diesel-biodiesel
mixtures, several companies have recently startecupply heating oil-biodiesel blends,
primarily intended for domestic use and with biegieadditions typically up to 20% by volume.
In addition to the aforementioned detailed charaton of the single droplet combustion
experiments, this subject was complementarily atdr@ in Paper |, as it will be explained
below. Similarly, the main droplet combustion feagiof a conventional kerosene such as Jet-A
and its blends with different alcohols (ethanol dndanol) was found to be of interest for
contributing to the lack of these data in the #tare, which however has pointed to the
potential of such blends in stationary engines gower generation (Mendeet al. (2012,
2014)). The main findings of these studies wersgmted to various international conferences,

as detailed in the Prologue.

Due to the simplicity of the isolated droplet cgpiiiation and to its many applications in several
fields of study (not limited to, but primarily irombustion science), the theoretical modeling of
evaporating and burning droplets has been extdpsstedied since the 1950s with the pioneer
works of Spalding (1950) and Godsave (1949). Surtivith these early analytical
developments, the field of the single droplet midehas shown an intense activity over the
last decades, investigating different aspects agce enhancement of the droplet evaporation
rates due to convection effects, the treatmenteat hnd mass transport within the liquid phase
or the impact of thermal radiation on the liquignfeerature evolution. These considerations

have been addressed through different approactms, dnalytical models such as those of
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Spalding and Godsave to numerical simulations asararouk and Dryer (2011)) or (Reutzsch
et al. (2020)). Recent developments in modeling the hgadaind evaporation processes of fuel
droplets were comprehensively reviewed by Sazh0§2 2017). In these review works, a
myriad of models and submodels are examined, ehtiem addressing different phenomena
that might occur in the evaporation or combustioocpss of a single droplet, and placing a

special emphasis on the identification of unsolpeablems.

Before developing a model, it is useful to be awaréhe range of conditions that are going to
be applied in the simulations, since they signiftaaffect the phenomena that ought to be
considered. In this sense, the model should bededaas a complementary tool to the single
droplet experiments described above. The combisedofiexperiments and theoretical models
appears as a particularly suitable approach toressgowards the main objective of the thesis,
which is the development of novel methodologiegharacterize the combustion behavior of
liquid fuels. As previously stated, the experinartonditions were carefully selected and
characterized in Paper | for the droplet combustests, and therefore the theoretical model
should be able to take into account all the phemantleat might occur under such conditions. In
particular, the small droplet sizes and low rekatirelocities between the droplet and the coflow
minimize both forced and natural convection effeatsuring therefore a configuration close to
1-D and greatly simplifying the model and the resinterpretation. The use of droplets in the
range of 150um also implies a negligible effect of thermal rdidia on the evaporation
behavior, both when the droplet is evaporating oaatmosphere (Longt al. (2015)) and for
the case of a droplet burning at room temperatite €t al. (2016)). These considerations, as
well as others which will be detailed further orerev used as the basis for designing a suitable

droplet evaporation model.

The droplet evaporation model finally implementedswbased on that of Abramzon and
Sirignano (1989), and thus on the standard thebdraplet vaporization with some additional
features such as the possibility of simulating roathponent fuels by following the discrete
component approach presented by Maeqtial. (2008), Sazhiret al. (2010) and Sirignano
(2010). Therefore, the model allowed for the siriataof blends by taking into account the so-
called Effective Thermal Conductivity and Effectid&fusivity for addressing respectively the
heat and mass diffusion processes in the liquidg@hihe validation of this model with the data
obtained in the experimental tests yielded somepared results, as the model was able to
achieve a good agreement with the experiments iftareint pure alcohols (ethanol, butanol,
glycerol), whereas it consistently overestimatesldliaporation rate of all the alkanes tested (n-

heptane, n-dodecane, n-hexadecane). A literaturiewerevealed a lack of experimental
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validation data for the evaporation of these comlsuunder similar conditions, which
hindered the problem identification. Also, it shibube noted that the high temperature
conditions explored here are representative ofetipoevailing in real applications and, hence, it
was rather surprising that they had not been cadveseprevious experimental studies. The
appearance of soot particles in our alkane dropsgiorization tests suggested that the
hydrocarbon vapors were undergoing endothermicntakerdecomposition reactions which
ultimately led to soot formation. This behaviomperfectly consistent with the known pyrolysis
chemistry, as a hydrocarbon vapor exposed to atbigiperature and inert environment favors
thermal decomposition reactions. The fact thatrdis@ncies between model and experiments
increased with the molecular weight of the alkafiesiccordance with a higher soot yield for

heavier paraffins) also supported this hypothesis.

A collaboration with the University of Californiaa8 Diego (framed in a predoctoral research
visit) was focused on studying this issue whichthe best of our knowledge, has not been
addressed so far in the extensive droplet evaporditerature. As a result, a new analytical
model was developed, aiming to introduce thesethedmic pyrolysis reactions to the problem
of a single vaporizing droplet. This model was blagse activation-energy asymptotics, and its
description is included in the next Chapter as Pep®y combining the experimental data and
the analytical model, it was possible to extraatekic parameters of these decomposition
reactions, such as a characteristic pyrolysis teatpee for each fuel. Due to the particularities
of obtaining gas-phase kinetic data from the sindteplet configuration, this pyrolysis
temperature was identified in Paper V to be a ugefplacement at leading order for the more
common Arrhenius parameters. This work is thoughbe of relevance to the field, since it
addresses a rather unstudied phenomenon which ideaf interest for real applications
condition. As detailed in (Sanchet al. (2015)), in spray combustion an important fractidén
liquid droplets burn in a group-combustion regimeeve the droplets do not feature individual
diffusion flames, but are vaporizing within a lowygen and high-temperature atmosphere.
Thus, the study of this gas-phase reactions andithpact on the vaporizing characteristics of
different hydrocarbons is thought to contributéhte scarce data available for these phenomena
(both from the experimental and theoretical modgéinles), presenting therefore a clear interest

for many liquid fuel combustion applications.

Finally, it is well known that most real fuels achemically complex mixtures comprising
hundreds or even thousands of different compouhkis. is not only the case of conventional
petroleum-derived fuels such as fuel oil or dieself also of alternative fuels such as tire

pyrolysis liquids or jet biofuels. Even if it woulsk possible to perfectly identify all individual
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compounds, the combustion modeling of such complictures would be impractical and even
unfeasible due to the lack of detailed informationall the constituents and huge computation
costs (Kim and Violi (2018), Pitz and Mueller (2QL1This fact further complicates the
development of the aforementioned strategies airtongharacterize the complex behaviors of
liquid fuels. A well-known approach to tackle tipoblem is through the use of surrogates, i.e.,
mixtures comprising a small number of pure compsuntose characteristics emulate selected
behaviors of a target fuel. After a proper formgatprocess followed by validation tests, a
simple mixture of compounds of well-characterizedperties (named surrogate) is proven to
display certain behaviors close to those of the per target fuel, allowing thus for its
substitution by the surrogate in computational istsid The use of surrogates not only
significantly eases the modeling of complex fuefar(ell et al. (2007)), but also offers
experimental advantages such as the creation nélatdized fuels with fixed compositions.
This enhances experimental reproducibility, assitviell known that the variability typically
found in real fuels is a factor that complicatesnparisons between experiments (Pitz and
Mueller (2011)). An example of this effort to olbtaistandardized fuels is the recent
development by the US Department of Energy of warigets of gasoline fuels, nanfeakls for
Advanced Combustion Engin@sACE), with clearly defined compositions and pedijes (e.qg.,
see (Elwardangt al.(2016))).

Most of the surrogate developments in combustidense have been so far related to the gas
phase characteristics and, more specifically, éodimulation of gas phase kinetic phenomena
such as the autoignition behavior or the laminam#é velocity (e.g., see (Dooley al. (2012))

or (Naik et al. (2011))). The configurations typically used instkiind of works consist in a
single-phase layout, where the liquid fuel is coetglly vaporized prior to its study (e.g., shock
tubes, rapid compression machines, counterflowdsrretc.). In spite of the relevance of these
gas-phase kinetic aspects, several authors havenaled the importance of physical behaviors
such as the evaporation for applications wherdigioed fuel is not completely vaporized before
ignition, and therefore the combustion reactiores sarstained by the phase change (Avedisian
(2014), Cheret al.(2016), Liuet al.(2013b), Su and Chen (2015)). In addition to thigen the
multicomponent nature of most real fuels, the ligand vapor compositions are not fixed (as it
happens for the case of a prevaporized fuel), eyt would change along the liquid residence
time in the combustion chamber, with a preferentegorization of the light-end compounds
near the spray injection. This has a significarpant on the combustion characteristics of the
fuel that, however, cannot be predicted through ubke of surrogates which only take into
account chemical aspects (Su and Chen (2015)).efdrer for designing surrogates that can

adequately emulate real behaviors of fuels in appbins where the liquid is not prevaporized
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(such as in burners, furnaces, compression-ignigagines, etc.), the introduction of the

volatility characteristic as a design property tatch is highly desirable.

In order to take into account this liquid-vapor ghachange, it seems important to use a
configuration that can provide conditions clos¢hmse existing in the final application. To this
effect, the single droplet approach displays sothemtages when compared to other setups
commonly used to extract the vaporization behagfomulticomponent mixtures, such as the
distillation curve. The very high vaporization matypically found in combustion applications
imply that the evaporation process of a dropleidms real flame is far from the distillation
scenario, where very low evaporation rates favioesdiffusion of all the components within the
liquid (ideally to the point where its compositicnalways kept spatially uniform). However,
under real combustion conditions, the dropletseaq@sed to a huge heat input which causes a
strong vaporization rate at the surface, quicklgleeng the more volatile compounds in that
zone. Typically, the slow liquid mass diffusion rheaism is not capable of supplying the
different species at the required rate, and relecampositional gradients appear near the
surface (Makino and Law (1988)). Thus, if the sgate should match the vaporization
characteristics of a multicomponent fuel, usingapplication-oriented configuration such as the

single droplet setup featuring realistic conditiovsuld appear to be a good alternative.

In fact, several works have recently used this @ggn for either designing or validating
surrogates, with a special focus on targeting ftmigransportation such as diesel or gasoline.
For instance, Liu et al. experimentally examined tiroplet combustion characteristics of
different surrogates which were previously desigteedeplicate certain gas phase combustion
characteristics of commercial Jet A (Letial. (2013b)) and gasoline (Liu and Avedisian (2012),
Liu et al. (2012)). For that purpose, they used an isolateglet apparatus which promoted
spherical symmetry, allowing for a completely onmehsional configuration which greatly
facilitated evaluating the surrogate fuel perforo@Avedisian (2014)). Other works relied on
multicomponent droplet evaporation models, suclthase of Elwardangt al (2013, 2016),
which validated the ability of different surrogaiasnatching the evaporation characteristics of
gasoline. The joint use of droplet evaporation expents and models is thought to provide a
powerful approach to the surrogate field, as isli@wn by Cheret al. (2016), where the
evaporation behavior estimated through a dropletperation model for a 4-component
surrogate was compared with experimental resultsafaeal kerosene. In this work, the
surrogate aimed to emulate both chemical and phlysaspects, being the evaporation

characteristic included in the formulation proc#ssugh an inverse distillation method.

XXVii



i Universidad . .
i8i  Zaragoza General introduction

As previously detailed, this thesis has focuseddeweloping novel ways to characterize the
main combustion behaviors of liquid fuels throuple tuse of the single droplet environment.
This resulted in six publications, being papers I devoted to the experimental approach,
whereas paper V focused on the modeling front. THs¢ one, paper VI, combined both
approaches to formulate and subsequently validétereht surrogates aiming to match the
evaporative and sooting characteristics of a caimesl Spanish heating oil, which has been
used as a reference fuel over the course of thastlfgs experimental characterization was
extensively detailed in paper I). To this end, rindticomponent droplet evaporation model was
used as a predictive tool which allowed estimatimg behavior of a broad range of potential
surrogate mixtures. The comparison of the predieggmbrization curves with that of heating oil
(experimentally obtained), was the base for a gate design methodology designed to match
this characteristic. A second behavior of intefest fuel such as heating oil was the soot yield
under the reducing and high-temperature environsntically found in boilers. The design
property used to emulate this behavior wasvlieéd Soot Indexr YSI, a well-known parameter
based on the soot concentration measured in a ditpe. The literature offers a quite
complete database for this index (Detsal. (2018), Daset al. (2017)), and therefore it was
possible to estimate the sooting behaviors of betiting oil and the range of studied mixtures
through this parameter. Two different surrogatentiebased on these design methods were
formulated, whereas a third one was created bypwatlg a more standard methodology (i.e.,
matching a number of relatively simple physicocleahproperties related to the final complex
behaviors). After this design process, the thraeogates were validated by means of single
droplet tests, assessing the closeness of eaobgaterto the experimental behaviors of the
target heating oil. For this purpose, the vapoiwraturves and the amount of soot collected
with a sampling probe were used for determininglibbavior of each fuel under conditions

which are thought to be representative of thosericg in real combustion applications.

The work summarized in paper VI has been a fiegp sowards introducing the single droplet
configuration to the surrogate design and valice@nvironment. If it is experimentally verified
that the resulting mixtures of simple compound®ldis close behaviors to those of the target
fuel, these blends could be used in methodolog@isrequire a complete description of the fuel
composition and properties, as it typically occwith most computational tools. Thus, the
chemically complex fuels that are so common in asstibn applications could benefit from
these modeling and computational tools as a wajetdase optimization strategies that reduce
their impact on human health and on the environnfeitiher through an optimization of the
combustion processes or by means of their replatemigh novel and less harmful fuels).

Given the complexity of most combustion applicasiothis is undoubtedly a challenging
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ABSTRACT

The droplet combustion characteristics of conventional heating oil, UCO biodiesel and their mixtures (10
and 20% biodiesel by volume) were examined in a free-falling droplet combustion facility designed to
approach the typical temperature and oxygen conditions around individual droplets in real boiler flames.
Moreover, and given the importance of avoiding effects due to gravity or convection in this type of exper-
iments, the quite spherical soot shells recorded (infrequent event in free-falling droplet combustion stud-
ies) reveal a configuration close to 1-D, even though tests were performed at normal gravity. The droplet
combustion characteristics were evaluated at four different oxygen levels (0,3,5 and 10% O,), and com-
prise droplet size evolution, burning rates and sizing of the occurring soot shells and envelope flames. Re-
sults show indistinguishable behaviors between heating oil and their mixtures, whereas biodiesel displays
longer initial heating transients and higher quasi-steady burning rates. Even though the UCO biodiesel
studied is highly unsaturated, no signs of polymerization were observed for any of the tests. In addi-
tion to these combustion characteristics, an aspirating soot probe was used to quantitatively evaluate the
propensity to soot of each fuel at different oxygen levels. The amount of collected soot was found to
significantly decrease with biodiesel addition, even though similar results were obtained for both mix-
tures. The practically identical droplet combustion characteristics between heating oil and its mixtures
with biodiesel, in addition to the lower propensity to soot of the latter, support the feasibility of using
such blends as drop-in replacement for conventional heating oil. The experimental results obtained are
thought to constitute a valuable database for the development and validation of modeling tools for the
prediction of droplet evaporation and combustion of practical fuels in realistic conditions.

© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The blending of biodiesel with petro-diesel for transportation
is by far its most common use, and therefore the behavior of

Biodiesel can be produced from a wide variety of bio-
feedstocks, including vegetable oils (mainly sunflower, soy, palm
and rapeseed), used cooking oils or animal fats. Transesterifica-
tion with methanol yields a mixture of methyl esters, and there-
fore biodiesel is also known as FAME (Fatty Acid Methyl Esters).
Biodiesel addition to petroleum-based diesel has proven to be a
successful way to reduce greenhouse gas emissions and to facili-
tate energy sustainability and security. In light of its increasing use,
regulations have been created regarding some selected properties;
in Europe biodiesel is required to meet the EN 14,214 standard for
transportation and the EN 14,213 standard for heating applications.
These standards reflect the two main current usages of biodiesel.

* Corresponding author.
E-mail address: ballester@unizar.es (J. Ballester).

https://doi.org/10.1016/j.combustflame.2019.02.014

biodiesel in internal combustion engines has been very well docu-
mented in the literature (e.g., see reviews [1-3]).

Even though its use for heat generation is less relevant, blends
of heating oil and biodiesel are currently being commercially sup-
plied both in America and Europe. These blends are intended both
for domestic and industrial use, with biodiesel additions typically
up to 20% by volume (B20). Recent studies in residential and in-
dustrial boilers show the following results when blending heating
oil with biodiesel [4-9]:

- Boiler efficiency does not change significantly.

- Similar gaseous emissions, except for SO,, which clearly de-
creases due to the lower sulfur content of biodiesel. Some stud-
ies show a slight increase in NOy and CO emissions, others a
reduction.

- Particulate matter emissions decrease significantly with
biodiesel addition.

0010-2180/© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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- Specific consumption increases slightly due to the lower heat-
ing value of biodiesel.

- The use of mixtures up to B20 does not require any modifica-
tion in conventional burners.

These experimental results support the feasibility and environ-
mental benefits of biodiesel addition to conventional heating oil
for domestic and industrial boilers. It should be noted, however,
that testing in pilot or industrial boilers can introduce some de-
pendency on the experimental facility used due to the complexity
of the configuration and the impossibility to strictly control and
characterize all the involved variables (e.g., mixing, spray patterns,
temperature profiles, etc.). Unfortunately, there is a lack of stan-
dardized, or at least, broadly accepted testing methods to obtain
generalizable data on the combustion characteristics of liquid fuels,
as it would be required to rationally address new applications, but
also to characterize in a systematic way the combustion behavior
of different substances.

It can be said that most of the knowledge on liquid fuel com-
bustion has been generated in simplified configurations and, more
specifically, in different setups designed to study the combustion
of isolated droplets. They offer the advantage of a good control
and knowledge of the relevant parameters, so that the combus-
tion characteristics observed can be related to the particular ex-
perimental conditions or, if kept constant for different fuels, can
be intrinsically attributable to the tested substances. Different ver-
sions of single droplet apparatus exist, each with its advantages
and limitations, and there is also a wide diversity of the conditions
used in the tests. This provides interesting complementary descrip-
tions but also introduces heterogeneity and, in some cases, may
even lead to discrepant conclusions. The causes can be the differ-
ences in setups (e.g., free-falling vs. filament-suspended droplets or
gravity-related effects) but also in the test conditions (temperature
or oxygen content in the surrounding gas, droplet size). In spite of
the importance of all these issues, in our opinion and apart from
a few studies on some specific aspects (e.g., effect of filaments in
[10,11]), there has been little discussion on the effect of the partic-
ular setup or, simply, of the conditions selected for the tests. Given
the importance of all these issues, and although it is not the ob-
jective here to analyze the various approaches, we believe that it is
essential to explicitly comment on the method used and the con-
ditions selected for the tests.

As it will be described later, the experiments were performed
on a train of free-falling monosized droplets, in normal gravity.
A potential drawback of this configuration is the eventual loss of
spherical symmetry due to slip and buoyancy effects; however, the
selected experimental conditions made possible to minimize these
issues, with the visible elements (soot shell, chemiluminescent en-
velope flame) actually revealing a nearly spherical configuration.
An order-of-magnitude analysis of the potential impact of convec-
tion effects on the spherical symmetry for the experimental setup
used in this work is presented in the Appendix A of the Supple-
mentary materials.

Initial droplet size is one of the most critical test parameters.
On the one hand, it should be similar to the one in real appli-
cations; i.e., several tens of microns to reproduce the mean spray
drop size or in the order of a hundred microns if the interest is fo-
cused on the largest fraction (with longest combustion times and,
hence, usually related to unburnt fuel) [12,13]. On the other hand,
it should be large enough to ensure a correct spatial resolution for
imaging techniques and to adequately resolve its temporal evolu-
tion. In this case, 150 mm was the size used. This leads to fully sat-
isfactory results regarding experimental requirements and, at the
same time, it is not very far away from target sizes in real systems.

Finally, the conditions of the gas surrounding the droplet can
also affect the results, not only quantitatively but even in a qual-

itative way. The criteria applied here was to approach the range
of conditions representative of those seen by the droplets during
their evolution inside real flames. Although burners normally inject
fresh and even cold air, the main part of the evolution of droplets
occurs once the liquid is mixed with flame gases and, hence, un-
der high temperature and, in many cases, low oxygen conditions.
Moreover, a large fraction of the fuel can evaporate inside the
flame core, with practically no oxygen around. In order to cover
the range of most relevant conditions, the tests were performed
by injecting the droplets coaxially with a coflow of hot combus-
tion products with different oxygen concentrations; namely, at O,
3, 5 and 10%. In particular, the 0% O, case can be taken as repre-
sentative of the situation in the reducing inner flame core and, at
the same time, can serve as suitable reference data for models of
droplet evaporation in high temperature environments.

Further details will be explained later, but these aspects de-
scribe the essential characteristics of the tests and results pre-
sented here. There is some coincidence, at least partial, with the
conditions used in some previous works, but also important differ-
ences with others. For example, the oxygen concentration differs
from most previous studies, normally using 21% O,. Being aware
that the different options may have both some advantages and
drawbacks, we believe that further analysis, and even some debate,
in this respect would be most enriching and could help to bet-
ter define the range of applicability and the eventual limitations of
the various approaches. In this context, an objective of this work
is to report and analyze the results obtained with the apparatus
and method applied here for the characterization of single droplet
evaporation and combustion.

Another objective, and the primary motivation of the study,
is to provide detailed results on biodiesel, heating oil and their
blends. Previous works have examined the droplet combustion
characteristics of different biodiesels and their blends with vehicle
petro-diesel [14-19], but to the authors’ knowledge none has ad-
dressed droplet combustion of biodiesel-heating oil mixtures.Given
the increasing interest of such blends, this work is aimed at pro-
viding new, detailed experimental data on the droplet combustion
and sooting characteristics of a Used Cooking Oil (UCO) biodiesel,
both pure and as an additive to conventional Spanish heating oil.
The studied combustion characteristics comprise droplet size evo-
lution, burning rates, images of the occurring soot shells and en-
velope flames (with their respective measurements) and sooting
propensity, determined through an aspirating soot probe.

2. Experimental methodology
2.1. Fuels investigated

Commercial Spanish heating oil (fuel-oil No. 2) and a distilled
UCO biodiesel provided by Biodiesel Aragéon S.L were used for
the tests. Additionally, two mixtures of heating oil and biodiesel
were prepared with 10 and 20% biodiesel by volume (B10 and
B20 respectively). Neat n-hexadecane (99% purity) was also stud-
ied in order to provide a baseline for comparison with a pure
and well-known compound used in previous works on biodiesel
droplet combustion (e.g., [14,17,19]). Its inclusion in the current
work would therefore allow a comparison with the cited studies,
which use droplet vaporization and combustion rigs with quite dif-
ferent features.

The heating oil and biodiesel samples were analyzed at the In-
stituto de Carboquimica (ICB-CSIC) to determine their composition
and most significant properties (Table 1). Regarding the distribu-
tion of chemical families, a GC-MS analysis was performed on both
the UCO biodiesel and the heating oil, with results summarized in
the Appendix C of the Supplementary materials.
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Table 1
Selected properties of the fuels investigated.

Fuel Molecular MW C H (% 0 (% Boiling point LHV Density at Viscosity at
formula (g/mol) (%mass) mass) mass) (°C) (MJ/kg) 20 °C (kg/m3) 40 °C (cP)

UCO Biodiesel 271.7 76.5 119 11.6 340-353° 36.95 881 3.80
C1732H32.4101.06

Heating Oil (FO No.2) Ci321Ha463 184.5 86.5 135 0.0 271-352° 41.92 861 3.43

Hexadecane ¢ Ci6Hsq 226.4 84.9 15.1 0.0 286 44.20 773 2.26

3 Properties extracted from ref. [20].
b Distillation curve (20-80% mass distilled).
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Fig. 1. General view of the DCF.

2.2. Droplet combustion facility

The combustion process of the free-falling isolated droplets was
characterized using the Droplet Combustion Facility (DCF) devel-
oped at LIFTEC. A general view showing the main elements of the
rig is presented in Fig. 1. Further details can be found elsewhere
[21,22].

Fuel droplets were injected from a piezoelectric generator with
initial diameters (Dy) of 150 mm (150.3+0.5pm). A generation
rate of 25Hz provided an interdroplet spacing large enough (>110
droplet diameters) to effectively prevent any interaction, as pointed
out in other free-falling droplet combustions works such as [14,15].
In fact, from the axial profiles of gas and particle velocity along
the centreline (as measured with PIV and direct imaging, respec-
tively), it could be verified that slip velocity was small enough
to prevent a given droplet from reaching any gaseous product re-
leased by the preceding one (injected 40 ms before). A critical is-
sue for the validity of results is droplet generation stability, as any
drift in Dy would affect the subsequent measurement points. In or-
der to confirm the steadiness of the generation process, the ini-
tial droplet diameter was repeatedly checked at the first optically
accessible point (3 mm below the injection plane). The rms devi-
ation in Dy calculated from these verifications was found to be
0.48 pm, indicating negligible changes in Dy during the running of
the experiments. Only one experimental run was performed for
each studied fuel and condition, but for heating oil at the va-
porization atmosphere (without oxygen), which was replicated in
order to check the repeatability of the experimental procedure.

Relative differences in droplet consumption times between both
runs (performed 4 months apart) were found to be 0.5%, whereas
differences in time-averaged evaporation rates were 0.7%.

Once formed, the free-falling droplets were coaxially injected
into the exhaust gases produced by a McKenna flat-flame burner
fed with a mixture of methane, air and oxygen. The relative veloc-
ity between the free-falling droplets and the hot coflow was very
low (Reynolds number based on slip velocity <0.4 for the whole
droplet history and <0.1 along the quasi-steady evaporation stage),
and therefore forced convection effects are expected to be mini-
mal. This, in combination with the small droplet sizes used allows
achieving reasonably good spherical symmetries (see Appendix A
in the Supplementary materials) and, hence, facilitates the extrap-
olation and generalization of the experimental results.

The four coflow conditions studied (0, 3, 5 and 10% O,) were
achieved by adjusting the McKenna burner feed flow rates to the
values which provided such oxygen fractions in the burner exhaust
gases. The oxygen volumetric fraction in the coflow was monitored
with an online oxygen analyzer (paramagnetic). The axial temper-
ature profiles along the tube centreline were measured by means
of a 50um thermocouple (type S) for all the listed oxygen condi-
tions (information included in Appendix C of the Supplementary
materials).

The droplet combustion process was characterized from images
acquired with different techniques. A CCD camera (QImaging Retiga
SRV, 12-bit Mono) was used to determine the size and velocity
evolution of the droplets. The optical system, consisting of a long
distance microscope and a LED strobe, was programmed to ac-
quire two sequential shots with a delay of 500 ps between them.
A high sensitivity CMOS camera (Hamamatsu C11440-36U, 12-bit)
captured the light spontaneously emitted from the flames and soot
particles. This second camera was faintly backlighted to highlight
the droplet shadow, and therefore these pictures display the free-
falling droplet along with its self-illuminated envelope flame. In
cases of low intensity flames, this backlight had to be switched off
so that the dim flame became distinguishable. The acquired pic-
tures were post-processed to extract relevant droplet combustion
characteristics, as it will be discussed further below.

Finally, the amount of soot yielded by the different fuels and
mixtures was quantitatively measured through a soot sampling
technique. For these tests the initial droplet size was increased to
180 £+ 0.9um in order to increase the soot yield. The main con-
stituents of the soot sampling probe and images illustrating its op-
eration are displayed in Fig. 2. As it can be observed in Fig. 2(c),
the visible trace due to black-body emission from soot particles is
suctioned through the lateral probe inlet. The intake flow, consist-
ing of a mixture of hot gases and small soot particles, is quenched
by a cold N, flow (Fig. 2(a)), preventing therefore the oxidation of
the soot particles collected on a quartz microfiber filter. Due to the
broad differences between the inertia of big free-falling droplets
and of the small soot particles, the intake flow can be adjusted so
as to completely aspirate the soot cloud, while not affecting the
trajectory of the much heavier liquid droplets (Fig. 2(b)). The soot
collected throughout a certain period of time is dried in a furnace
at 150 °C for 24 h and subsequently weighed on an analytical scale
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Fig. 2. Soot sampling probe: (a) Main components of the soot probe; (b) Schematic drawing of probe in operation; (c) Self-emission, long-exposure picture of the incandes-

cent soot cloud aspirated by the probe.
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Fig. 3. Normalized droplet size (a) and burning rate (b) evolution for biodiesel at the four oxygen conditions. The experimental points in (a) are fitted to 4th order polyno-

mials constrained at the final region (R2>0.99 in all cases), also shown.

(Sartorius CP225D, repeatability + 201g). A soot index, calculated
as weight of soot per unit of injected fuel mass, can be therefore
obtained for each probe position.

3. Results and Discussion
3.1. Droplet size and burning rate evolution

The evolution of biodiesel droplet sizes are shown in Fig. 3a for
the four oxygen levels evaluated. The results are displayed in ac-
cordance with the quasi-steady theory of droplet burning: normal-
ized diameter squared versus normalized time, using the droplet
diameter at injection (Dy) as the reference for normalization. Due
to practical constraints, the first 3 mm after injection are not op-
tically accessible, and therefore the displayed curves lack a few
points in this initial region. Droplet diameter, D, is measured at
different distances from injection, which are converted into droplet
residence times, t, by numerically integrating the droplet velocity
curves along the axial coordinate (measured at the same locations
by the double-shot technique mentioned above). Curves displayed
in Fig. 3(a) display clear unsteady effects, with a noticeable heat-
up period which involves volumetric expansion. Only at the end of
the droplet lifespan do the observed slopes (i.e., the burning rates
K) of the curves appear to reach a constant value.

In order to analyze in more detail the evolution of K with
time, the burning rates of biodiesel were quantified as the time
derivatives of the curves presented in Fig. 3a: K=-d(D?/dt). As in
[23-25], the already displayed D2-t curves were fitted with a 4th
order polynomial, whose derivative directly yields the burning rate
evolution with time. However, this approach has been reported to
artificially generate non-physical behaviors at the limits, especially

towards the end of droplet burning [25]. To avoid this, the steady
final region where K reaches a constant value was identified, and
its value Kgpqqy Obtained by means of linear fitting. Then, a 4th
order polynomial fit was performed to the whole droplet size evo-
lution data, with an added constrain on the time-derivative in the
final region, so that the fitting needs to match both the values and
the slope of the experimental curve. This was an effective proce-
dure to correctly reproduce the burning rate depicted by the ex-
perimental data, without the numerical artifacts stemming from
the utilization of a high-order polynomial. The obtained curves are
displayed in Fig. 3b, where the evolution of K with respect to the
normalized time is shown. The burning rates start at negative val-
ues due to the initial volumetric expansion of biodiesel, and pro-
gressively increase as the droplet heats up. It is noteworthy that
this gradual increase in K spans for more than half of the droplet
lifetime. These progressive changes in K could, to some extent, be
attributed to a temperature increase in the hot coflow which sur-
rounds the droplets within the first millimetres (see axial profiles
of temperature in the Supplementary materials). However, besides
this experimental effect, most of the observed gradual increase in
burning rate is ascribed to the heating transient experienced by
the liquid phase, which was already found to last for a consid-
erable fraction of the droplets lifespan in previous studies under
quite different experimental conditions (e.g., [23,24]). After this
prolonged initial transient period, stemmed mainly from the liquid
phase unsteadiness intrinsic of the process, the burning rates reach
a practically constant value in the final stages of droplet com-
bustion, which would agree with the quasi-steady theory. How-
ever, as it will be shown later, other results like the evolution
of flame standoff location cannot be explained by this simplified
theory.
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The effect of oxygen availability in the combustion process of
biodiesel is clearly ascertained from Fig. 3, with a distinct enhance-
ment of the burning rate as oxygen concentration increases. Since
evaporation is largely driven by the heat transferred to the droplet
from the surrounding gas, the cause for this difference should be
sought in the changes in the temperature field around the droplet.
For 0% O,, no flame is generated, and the heat transfer is deter-
mined by the temperature of the gas coflow. On the contrary, if the
coflow contains oxygen, a shell flame will be formed, modifying
the temperature of the gas surrounding the droplet. In a first ap-
proximation, the evaporation rate can be related to the well-known
Spalding transfer number, B, proportional to (Teo-Tgropler), Where
T is the temperature of the coflow for 0% O,, or the tempera-
ture of the envelop diffusion flame otherwise. This flame tempera-
ture can be estimated as that reached by an adiabatic flame for the
stoichiometric mixture of fuel and coflow. Reference gas tempera-
tures calculated for a representative alkane such as n-hexadecane
burning in the gaseous coflows used in this work yield 1437, 1570,
1714 and 2059 °C for 0, 3, 5 and 10%, respectively. These differ-
ences in the gas temperature ‘seen’ by the droplet (free stream
temperature for evaporation, shell flame temperature for oxygen-
containing coflow) are perfectly consistent with the gradual rise in
K as oxygen concentration increases between 0 and 10%. The rela-
tive position of the flame for each condition will be discussed (and
quantified) in Section 3.4,

Once the effect of oxygen availability for a single fuel is ascer-
tained, Fig. 4 displays a comparison between all the studied fu-
els subjected to the four proposed oxygen conditions (0, 3, 5 and
10%). For certain fuels at high oxygen levels, the occurrence of
thick soot shells surrounding the droplets hindered in some cases
droplet identification and sizing. For this reason the FO, B10 and
B20 curves at 5 and 10% O, lack several points in the regions
where it was not possible to measure droplet sizes with sufficient
accuracy. This effect was particularly pronounced for the 10% O,
condition, where droplet measurements had to be performed man-
ually, and the few available points measured for FO and B10 did
not allow extracting reliable burning rate curves.

The behaviors observed in Fig. 4 for FO No.2 and its two blends
B10 and B20 are practically identical throughout all the combus-
tion process, both in terms of droplet size and burning rate evolu-
tion. This coincident behavior is noted for evaporation (0% O;) as
well as for combustion (3, 5 and 10% O,).

Pure biodiesel displays a clearly distinct behavior, with a longer
heat-up period involving some volumetric expansion. This can be
noted in the negative initial burning rates recorded for biodiesel,
which are closer to zero in the case of FO and its mixtures.
These results are consistent with the higher boiling point of the
main constituents of biodiesel compared to hexadecane and to
the lighter fractions of FO No.2, as displayed in Table 1. In spite
of this longer heat-up period, biodiesel droplets reach very sim-
ilar consumption times to those of heating oil. This is a conse-
quence of its higher quasi-steady burning rate for all the evalu-
ated oxygen conditions. The higher burning rate of biodiesel was
ascribed in a previous work to its thermal decomposition into
smaller molecules when exposed to high temperatures [14]. The
apparition of smaller molecules such as Free Fatty Acids (FFA) in
the droplet surface layer could be indeed responsible for the va-
porization process acceleration, as FFA display lower boiling points
and enthalpies of vaporization. Another possible chemical reaction
which might undergo biodiesel when exposed to high tempera-
tures is polymerization of the unsaturated methyl esters in the
liquid phase [14,19]. The studied UCO biodiesel contains a high
amount of unsaturated fatty acid methyl esters (70.63%, Table C1
in the Supplementary materials), and therefore it would display a
higher propensity to undergo polymerization reactions than other
more-saturated biodiesel. None of the tests performed for biodiesel

showed any indication of such polymerization, reported in previ-
ous works as an abrupt decay in the burning rate in the last stages
of the droplet lifespan. As suggested in [19], this is ascribed to
the competition between the evaporation and the polymerization
reaction rates. As the experimental conditions used in this work
involve small droplet diameters and high ambient temperatures,
the droplet lifetime is considerably shorter than the time required
by the reaction to form polymers, and therefore none residue was
found. These qualitative results are in accordance with [19] where,
even for highly unsaturated methyl esters, it was found that in-
creasing the ambience temperature minimized (or even inhibited)
the polymeric residue formation.

Hexadecane displays the shortest droplet lifetime for all the
evaluated oxygen conditions. This is a result of both a shorter heat-
up period and a slightly higher quasi-steady burning rate when
compared with FO and biodiesel. Hexadecane and biodiesel display
some common features for all the oxygen conditions. Namely, their
droplet sizes curves run almost parallel, with a quite constant off-
set in the (D/Dy)? axis. This offset is caused by the already men-
tioned initial heating transient, slower for biodiesel. This can also
be noted in the burning rate curves, which show significant differ-
ences between both fuels at the initial stages. After that, biodiesel
and hexadecane burning rates slowly converge, their final quasi-
steady values being very similar (as suggested by their droplet
sizes curves being parallel). Although the experimental conditions
are quite different, these results are found to be consistent with
previous studies on hexadecane and biodiesel droplet vaporization
[19] and combustion [14,17], with quite similar relative behaviors
between both fuels. As hexadecane is a well know compound, it is
possible to simulate its behavior by means of theoretical models.
Appendix B in the Supplementary materials shows a brief compar-
ison of the experimental data obtained for hexadecane at the 0%
0, condition and its simulation through a vaporization model. The
good agreement between model and experimental results points to
the well-controlled conditions used in the tests, and can be consid-
ered as further evidence that the experimental results are compa-
rable to those that would occur in a totally convection-free, one-
dimensional configuration.

In addition to the temporal burning rate evolutions presented
in Fig. 4, the final quasi-steady values for K (Ksqqy) are displayed
in Fig. 5 for all the studied fuels and oxygen conditions. Heating oil
and B10 at 10% O, were not included because of the lack of enough
reliable measurements in the final region due to the large quantity
of soot agglomerates in the droplet’s vicinity, as mentioned earlier.

It is noteworthy that the displayed Kiqq, are only representa-
tive of the last fraction of the droplets lifespan, being most of the
evaporation/burning process intrinsically unsteady, as illustrated in
Fig. 4. The extracted Kgpqqy values show clear tendencies, with a
monotonic increase with oxygen availability for a given fuel and
also reflect the trends already discussed above when comparing
fuels for a fixed oxygen level.

3.2. Visual appearance of the flame traces

The combustion of the free-falling droplet stream generates
a characteristic flame trace which can provide qualitative infor-
mation regarding fuel behavior (e.g., microexplosion occurrence,
soot or chemiluminescent emission, length of droplet consumption,
etc.). Thus, a color camera (Teledyne DALSA Genie Nano C4060)
was used to record these flame traces for all the studied cases. The
flame streaks captured for the 10% O, condition are displayed in
Fig. 6, with clearly observable differences among fuels. Heating oil
and its mixtures display strong sooty flame traces, whereas hex-
adecane presents a much fainter bluish flame streak ascribed to
chemiluminescent emission. Biodiesel, on the other hand, shows a
mixed behavior, with an initial blue region followed by a stronger
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Fig. 5. Final quasi-steady burning rates attained by all the studied fuels at different
oxygen availabilities.

black-body yellowish emission thereafter. It is also noteworthy that
FO, B10 and B20 traces feature a thin, orangish streak after the
droplet extinction length (L=40mm approximately). This streak
is entirely ascribed to the thermal emission of soot agglomerates
formed in the fuel-side of the envelope flame, whose consump-
tion rates are much slower than the droplets themselves. Further
insight into these soot agglomerates will be provided in the fol-
lowing sections.

3.3. Droplet and soot shell evolution

The already presented results regarding droplet size and burn-
ing rate evolutions are extracted from the double-shoot back-
lighted images taken by Camera 1 (Fig. 1). Descriptive selections
of such images are presented in Fig. 7 (5% O,) and Fig. 8 (10% O,)
in order to give insight into the observed differences among fuels
and oxygen conditions.

It can be noted that, for both oxygen conditions, the FO,
B10 and B20 droplets appear surrounded by quite spherical soot
shells during most of their combustion lifespan. Similar soot shells
usually occur in totally convection-free environments obtained
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Fig. 8. Droplet and soot shell evolution for all fuels at the 10% O, condition. Pic-
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Fig. 6. Flame traces recorded for all the studied fuels at the 10% O, condition. The exposure time used for FO, B10 and B20 is 500 ms (12.5 injected droplets), whereas
biodiesel and hexadecane required 2s (50 injected droplets) for the bluish luminosity to become visible. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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through microgravity such as [17,23,24,26]. They are caused by the
accumulation of soot aggregates at the radial position where ther-
mophoresis and Stefan flux drag forces balance. The occurrence
of soot shells is far less frequent for drop-tube droplet combus-
tion tests, as any slip velocity droplet-coflow can sweep the soot
particles away. As detailed in Appendix A (Supplementary materi-
als), the experimental conditions used here minimize both forced
and natural convection, allowing therefore the creation of quite
spherical soot shells surrounding the droplets for high soot-yield
conditions. Admittedly, the existence of small slip velocities and
buoyancy-induced flows can drift away non-negligible quantities
of soot particles, although this behavior also offers the advan-
tage of avoiding, or at least delaying, the formation of dense soot
crusts (which may even prevent drop size measurement, as it was
found in studies with strictly controlled microgravity conditions
and sooty fuels). However, it is important to note that, in the initial
stages, the soot cloud always exhibits a good spherical symmetry,
the elongated shape only appearing as the time progresses; this is
a clear indication that the lack of sphericity of the shoot shell is
only due to the lateral motion induced by the (very small) slip ve-
locity, but not a symptom of non-uniform radial profiles. Therefore,
it can be concluded from Figs. 7 and 8 that, although the experi-
ments were performed at normal gravity, droplets can be assumed
to evaporate at conditions close to spherical symmetry, at least for
the radial profiles in the vicinity of the droplets. This facilitates the
comparison with theoretical one-dimensional droplet combustion
models and to extract related parameters like the diameter of the
soot shell or the envelope flame.

Comparing Figs. 7 and 8, differences between both oxygen con-
ditions become apparent, with thicker soot shells recorded as oxy-
gen availability increases. For the 3% O, condition, the soot shells
were so faint that no results could be accurately extracted from
the pictures, and the 0% O, condition did not display soot shells
at all. These differences are primarily ascribed to the already esti-
mated temperature rise experienced by the envelope flame as oxy-
gen availability increases. This higher flame temperature, in addi-
tion to its closer relative position to the droplet (as it will be dis-
cussed upon later), enhances soot formation within the reducing
environment inside the envelope flame and, simultaneously, boosts
to a large extent thermophoretic forces. These forces push soot ag-
glomerates from their origin point (the high temperature region on
the fuel side near the diffusion flame) towards the droplet, eventu-
ally reaching an equilibrium location with the outwardly directed
drag forces, as already discussed. The fainter and farther away
the flame front is, the weaker the thermophoretic forces in the
droplet’s vicinity are, and therefore a higher fraction of the newly
formed soot particles would be drifted away as a result of any
small flow within the envelope flame. This could explain the ob-
served experimental trends, with thicker and more spherical soot
shells as the oxygen availability increases.

For a given oxygen condition, qualitative differences can be ob-
served between fuels. Whereas FO, B10 and B20 display very sim-
ilar behaviors, no soot shells were detected for biodiesel or hex-
adecane at any of the studied conditions, although a recent work
reported the formation of soot shells around biodiesel and hex-
adecane droplets in microgravity tests [17]. The non-appearance
of soot shells in the current study might be in part related with
the unavoidable flows (convective and buoyancy-induced) due to
not having completely stagnant, low-gravity conditions around the
droplet. For sooty fuels such as heating oil and its mixtures, these
small flows might drift away some soot agglomerates, but even
so there are enough soot particles reaching the soot shell equi-
librium location. Therefore, it cannot be discarded that for fuels
with much lower propensity to form soot, such as biodiesel or hex-
adecane, this drift could prevent the formation of a visible soot
shell. However, the differences between both works could also be
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Fig. 9. Evolution of the soot standoff ratio (Ds/D) for FO No.2 at both oxygen con-
ditions.

related to other dissimilar experimental conditions, primarily the
initial droplet diameter. In fact, Pan et al. [17] found that, whereas
a soot shell was clearly visible around biodiesel droplets of 528 pm,
it was not detected for 445pm droplets. The difference can be as-
cribed to the shorter residence time of soot precursors as droplet
size decreases [17,27]. Hence, no soot shell would be expected ei-
ther if 150 pm droplets were tested in the conditions of [17] and,
so, there seems to be no contradiction between both works.

The diameters of soot shells in Figs. 7 and 8 were manually
measured in order to analyze the evolution of their size with time.
The soot standoff ratio (SSR), defined as the ratio between soot
shell and droplet diameters, (Ds/D), is a widely used metric de-
scribing sooting behavior. The measured SSR for FO droplets in 5
and 10% O,atmospheres are displayed in Fig. 9.

The SSR curves begin when the nascent thin soot shell is con-
sidered sharp enough to be measured and they finish at the point
where the soot shells disappear due to droplet extinction. For the
10% O, condition, the higher concentration of soot particles pro-
motes clustering, and eventually big soot strings and agglomer-
ates are formed, as displayed in Fig. 8. These agglomerates are
not located at the equilibrium position dictated by the balance of
forces, and therefore pictures where the soot shell was covered by
such agglomerates were not measured. In spite of the uncertainties
associated with manual measurements, the presented SSR values
show discernible differences among oxygen conditions. Namely, for
the 10% O,condition the shoot shell is found to appear earlier and
is located closer to the droplet. These results are in accordance
with the already mentioned boost of thermophoretic forces with
oxygen availability, which appears to prevail over the expected ef-
fects due to the enhanced evaporation rate.

Although the experimental conditions used in this work are sig-
nificantly different from other studies reporting SSR profiles, it is
noteworthy that the extracted SSR values are in the range of those
displayed, for instance, in[23] (580 um Jet-A droplets in micrograv-
ity, room air) or [28] (1.15mm n-decane droplets in microgravity,
room air). Without taking into account inherent differences among
fuels, these similarities in SSR values could be mainly ascribed
to the combined effect of differences in three parameters: oxygen
availability, initial droplet size and ambience temperature. Accord-
ing to Fig. 9, higher oxygen availability tends to reduce the SSR,
as it promotes the inward thermophoretic forces; hence, this sin-
gle difference would lead to larger SSR values in this work than
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in tests with air (as in [23],[28]). Ambience temperature, on the
other hand, was found in [28] (one of the very few works display-
ing soot shells for hot ambiences) to largely increase soot shell
sizes, as it enhances the outward Stefan flow. Actually, SSR val-
ues found in [28] for hot ambiences at 21% O, are considerably
larger than those of Fig. 9, which are quite similar to the cold
ambience values. Finally, the effect of initial droplet size was re-
ported in [28,29], with results pointing to a SSR increase with Dy,
as larger flames reduce thermophoretic forces. The experimental
conditions used in Fig. 9 (small 150 pum droplets in a 5-10% O, hot
coflow), although very different from those of the cited works (big-
ger droplets in a 21% O, cold ambient) could therefore well be in
the same range of values, mainly as a result of the much smaller
initial droplet sizes, which compensates the effects of higher am-
bience temperatures and lower oxygen concentrations. Soot shells
displayed in Figs. 7 and 8 were measured also for B10 and B20 in
order to identify possible differences between fuels, but none were
found, as variations in SSR were within the own dispersion of the
data for each fuel (results not shown for brevity).

3.4. Flame evolution

In addition to the soot shell information provided by the
backlighted camera, the synchronized shot of Camera 2 (Fig. 1)
recorded the natural emission from the envelope flames which sur-
rounded the droplets. Obviously, the flame information obtained
through imaging methods depends on which part of the light emit-
ted is actually recorded, and can therefore be somehow subjective
when it comes to quantify the flame size, with different criteria
regarding the flame positioning. A broadly accepted approach is
to associate the flame region with the chemiluminescence emis-
sion from electronically excited hydroxyl radicals (OH*), occurring
in the UV (around 308 nm), as this position has been reported to
occur near the location of maximum flame temperature [30]. An-
other approach widely used in the droplet combustion literature
is to extract the flame diameter by considering the outer bound-
ary of the blue luminous zone, i.e. the combined chemilumines-
cent radiation stemming from different radicals emitting within
the blue band (primarily CH*, [31,32]). Both approaches were com-
pared in [29], where it was concluded that flame diameters based
on the location of higher OH* intensity were consistently larger
than those obtained by measuring the visible blue flame. For the
case of sooty fuels, the thermal radiation emitted from incandes-
cent soot particles further complicates flame measuring, as it can
be orders of magnitude more intense than chemiluminescent emis-
sion. Although soot radiation is not a direct indicator of the regions
where chemical reactions occur, it has been used in several droplet
combustion works for indirectly measuring the flame position for
sooty fuels (e.g., in [14] for diesel, or in [17] for hexadecane and
biodiesel droplets). As the soot particles are formed on the fuel
side of the envelope flame, it would be expected that flame di-
ameters extracted from soot radiation would be somewhat smaller
than those based on the actual chemiluminescent emission, as it
can be visually verified in studies with relatively low sooting fuels
and conditions (e.g., methyl-decanoate in [33] or butanol isomers
in [34]).

Keeping in mind these differences, the present work uses two
different approaches in order to define the flame position: whereas
for non-sooty fuels and conditions the outer boundary of the
chemiluminescent blue zone is considered as the flame front, for
sooty cases the flame size is entirely obtained from the soot cloud
thermal emission. Thus, there are two different sets of flame mea-
surements, each one only comparable with data extracted with the
same criteria. Due to the high propensity to soot of the studied
fuels and the reducing atmospheres used, most of the flame in-
formation extracted in this work is based on the thermal radia-

tion of soot, much more intense than the chemiluminescent emis-
sion. Only hexadecane and biodiesel at the leaner condition (10%
0,) displayed measurable chemiluminescent flames, hexadecane
throughout all the droplet combustion lifetime and biodiesel dur-
ing the first half, with soot radiation predominating thereafter (see
Fig. 6).

The aforementioned differences in flame appearance and inten-
sity depending on the amount of soot present in the vicinity of
the flame sheet are illustrated in Fig. 10 with a few selected flame
images for all the studied fuels at the 10% O, condition. FO, B10
and B20 display much brighter flames due to intense soot emis-
sion, whereas biodiesel and hexadecane show weaker flames, as a
result of their considerably lower sooting propensity.

As hexadecane did not show any soot emission for the 10%
0,condition (Fig. 6), its flames in Fig. 10 are entirely ascribed to
blue chemiluminescence. This causes the noisier aspect of the im-
ages, as the low signal is close to the detection limit of this high-
sensitivity camera. The camera worked on binning mode (2 x 2),
and the exposure time had to be increased to 1ms. As a conse-
quence, some axial blur can be noted in this kind of images, due
to the motion of the free-falling droplets. This blur is not necessar-
ily a problem when it comes to quantification, as flame diameter is
measured in the spanwise direction. Biodiesel, on the other hand,
displayed two well differentiated flame types: a first one caused by
blue chemiluminescence (0.75s/mm?2), and a second one ascribed
to soot emission (1.75s/mm?). The intensity of the sooty flame is
much higher, as it can be noted from the better quality of the im-
age and from the fact that the exposure time could be reduced to
50 ps, and therefore the flame motion was effectively frozen. Both
flames show quite good spherical symmetries, as happened with
hexadecane.FO, B10 and B20 pictures show much more intense
sooty flames, with indistinguishable behaviors between the three
fuels. As a result of the dim backlight, the droplet and the soot
shells are also visible, particularly for the first row (0.75s/mm?2).
At 1.75s/mm?, the black body emission from soot is considerably
more intense than the backlight, hindering to some extent droplet
and soot shell visualization.

In addition to the discussed differences among fuels, the effect
of oxygen availability on flame size and morphology was also as-
certained. A representative selection of flame images for FO tested
at the four studied oxygen conditions is presented in Fig. 11.

At a first glance, differences between oxygen conditions become
apparent, with flames standing closer to the droplet and becoming
brighter as oxygen availability increases. The shape of the incan-
descent soot clouds visible in the images presented in Fig. 11 show
the effects of buoyancy, particularly for low oxygen ambiences. For
the 0% O, condition the absence of an envelope flame means that
droplet heating is entirely due to the hot coflow, and tempera-
ture gradients in the proximity of the droplet are lower. Soot par-
ticles, originated as fuel vapors move away from the droplet sur-
face (thus entering the high-temperature coflow), are subjected to
weaker inwardly-directed thermophoretic forces. As a result, they
are easily dragged away by any convective flow. These results are
in accordance with the absence of soot shells for this 0% O, case,
even though it is obviously the condition with a higher soot yield.
The other three conditions, with oxygen available in the coflow,
display envelope flames which confine to some extent the formed
soot particles within their fuel-rich side. As oxygen availability in-
creases, flame diameter decreases, as displayed in Fig. 11. The lo-
cation where soot particles are formed approaches therefore the
droplet and this, added to the higher shell flame temperature (es-
timated in Section 3.1), enhances to a great extent thermophoretic
forces in the droplets vicinity, as proven by soot shells appearance
for the 5 and 10% O, conditions (Figs. 7 and 8). Still, the first case
displays significant amounts of soot particles being dragged away
by convective flows, as happened for the flameless 0% O, condi-
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Fig. 10. Comparison of the flames recorded at two (normalized) timesfor different fuels and 10% O,. All images are post-processed with contrast enhancement and back-
ground substraction. Due to the low intensity their flames, biodiesel and hexadecane pictures were binned (2 x 2) and their backlight switched off.
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tion. For the 10% O,, on the other hand, the sooty flame becomes
much more spherical, and soot particles are retained within the
(presumably) spherical chemiluminescent flame shell. In fact, the
blue envelope flames detected for hexadecane and biodiesel at 10%
0, kept a good spherical symmetry throughout all the combustion
process, and therefore it seems plausible that, although not visi-
ble due to the strong soot radiation, the diffusion envelope flame
maintained the same spherical symmetry as well for the FO im-
ages presented in Fig. 11 (regardless of the visible incandescent
soot cloud behavior, heavily dependent on soot particles’ dynam-
ics). This would also be consistent with the spherical soot shells
displayed in Fig. 8. As thermophoretic forces heavily depend on
flame temperature, soot confinement is not equal among oxygen
conditions, and the soot yield is not correlated with the soot shell
density. This explains that conditions with a priori higher soot pro-
duction display thinner soot shells.

1.50 1.75 2.00 2.25 2.50

Fig. 11. Evolution of FO No.2 flames at the four studied oxygen conditions. Pictures are arranged according to their normalized time after injection: t/Dg? (s/mm?).

Soot confinement within the diffusion flame for the 10% O,
condition leads to the clustering of soot particles into big agglom-
erates, as observed in Fig. 8. These big agglomerates are much less
affected by thermophoretic forces, and some of them can even
exit the flame shell, slowly lagging behind. For the rest of oxy-
gen conditions soot particles tended to be emitted out of the dif-
fusion flame and therefore no big agglomerates were observed in-
side the flame shell. However, the emitted soot particles eventually
gathered into a soot tail which followed the wake of the droplet.
This soot tail can be clearly observed for the 5% O, condition in
Fig. 11 and, although it can grow considerably in size, it has been
thoroughly checked that it does not interact with the following
droplet, as the provided interdroplet space is much longer than
the soot tails observed for any oxygen condition. The soot particles
composing the tail gradually clustered into string-shaped agglom-
erates as well, their oxidation with the ambient oxygen progress-
ing much slower than the droplets themselves (as illustrated in Fig.
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Fig. 12. Enlarged images of FO No.2 flames at the 5% O, condition (1.50, 1.75 and
2.00s/mm?).
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Fig. 13. Evolution of the flame standoff ratio (Dy/D) for FO at the 3, 5 and 10% O,
conditions. Even though there is no actual flame for the 0% O, case, the border of
the luminous zone has been identified as an artificial flame front.

6). An enlarged view of some of the pictures recorded for the 5%
0, condition are displayed in Fig. 12, clearly showing the liquid
droplet surrounded by the spherical soot shell and the incandes-
cent soot cloud. The formation of a soot tail can be also observed
as the combustion process proceeds.

In Fig. 11 it is also noteworthy the occurrence of a clear soot
dispersion event at the droplet consumption point for the 10% O,
case (2.50s/mm?2). This behavior was also observed for B10 and
B20 at the 10% O,condition, and is ascribed to the sudden release
of the soot contained within the flame shell at the point of flame
extinction. The abrupt removal of the flame barrier causes that the
unoxidized soot particles come into contact with the oxidative hot
coflow, producing the recorded brightness. Special attention was
paid to the eventual fragmentation of the droplet in this final re-
gion, but no microexplosion was observed for any of the studied
fuels.

The soot clouds presented in Fig. 11 were automatically mea-
sured in order to extract quantitative data regarding their size evo-
lution with time. The flame diameter was measured as the largest
dimension of the luminous zone in the spanwise direction. Analo-
gously to the SSR, the relative position of the flame to the droplet
surface (Dy/D), or flame standoff ratio (FSR) is displayed in Fig. 13
for FO subjected to the four examined oxygen conditions. The FSR
values quantify the already commented behavior of sooty flames
for these conditions. It is noteworthy that the first appearance
of a visible flame is delayed as the oxygen availability decreases,
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Fig. 14. Evolution of the flame standoff ratio (Dy/D) for all fuels at the studied com-
bustion conditions. For the 10% O, level, measurements based on the blue chemi-
luminescent front are marked with (C) for biodiesel and hexadecane. The rest of
measurements are referred to the outer boundary of the sooty luminous zone.
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Fig. 15. Soot probe results for the 3% and the 10% O, condition. Droplets in these tests were 180 um in initial diameter to increase soot yield. For each oxygen condition,
soot index axial profiles are presented at the top, whereas the integrated values are displayed below.

as it can be observed in Fig. 11. According to the classical the-
ory of droplet combustion, the FSR should remain constant with
time. This is clearly not the case for the conditions where an ac-
tual flame exists (3, 5 and 10%), which display a sustained increase
throughout all the combustion process. This behavior has been al-
ready reported in other droplet combustion studies with different
fuels and experimental conditions (e.g., [17,23,24]), and it is as-
cribed to the well-known fuel vapor accumulation effect [35], es-
pecially relevant for low ambient oxidizer concentrations such as
those used in this study.

A comparison between fuels for the three combustion condi-
tions is presented in Fig. 14. As already commented, the approach
followed for most fuels and conditions is to measure the outer
boundaries of the soot clouds. Only for biodiesel and hexadecane
at the 10% O, condition the flame diameters were measured based
on their blue chemiluminescent emission (‘C’ tag in the legend).

FO, B10 and B20 displayed sooty flames for all the oxygen con-
ditions, with differences between fuels being so small that no as-
sertion can be safely made from the current data, as differences
are within the measurement uncertainties.

Radiation from incandescent soot was also recorded for hexade-
cane at the 3 and 5% O, conditions, although it was much weaker
than for the case of FO, B10 and B20. This can be noted in the
delayed appearance of the first measurable point, and also in the
higher variability of data, as a result of the lower signal-to-noise

ratio. For the 10% O, condition, hexadecane displayed no soot, and
therefore the actual blue flame boundaries could be measured. Dif-
ferences are apparent, with clearly higher FSR than those based on
soot emission. As already stated, these results are in accordance
with the fact that soot particles are located on the fuel-side of the
envelope flame, and therefore flame diameters extracted from soot
emission are expected to be smaller than those derived from ac-
tual chemiluminescent flame boundaries [14,29]. These differences
in size between both kinds of flames can also be visually noted
from the pictures displayed in Fig. 10.

Biodiesel presented sooty flames for the 3 and 5% O, condi-
tions, with FSR values considerably smaller than those of FO and
its mixtures. However, for the 10% O, case it displayed a mixed be-
havior, with completely blue flames (i.e. no soot yield) within the
first part of the droplet lifetime and dominant soot radiation there-
after. Both types of pictures were presented in Fig. 10, where it can
be seen that the emission due to soot is more intense and cov-
ers a slightly smaller diameter. FSR values determined from blue
chemiluminescence for biodiesel within the first region are quite
close to those of hexadecane. However, as soot emission eclipses
the blue flame, the FSR referred to the soot cloud emission drops
down, reaching values close to FO and its mixtures (which also
have FSR values based on soot radiation). These results point to
the importance of the flame measurement method, as differences
between both kinds of flames might even exceed those related to
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fuel behavior. In order to compare different fuels, the same kind of
flames should be therefore utilized. Comparing the sooty flames of
biodiesel with those of FO, B10 and B20, it is noteworthy that their
FSR values appear to converge as oxygen availability increases; for
the 3 and 5% cases, the flame sizes of biodiesel were considerable
smaller than those of FO, whereas for 10% O, they display similar
FSR values. In spite of obvious differences in fuels and experimen-
tal conditions, this trend is qualitatively in accordance with [14],
where flame sizes for biodiesel were found to be slightly larger
than those of diesel for a 21% O, condition.

3.5. Soot probe measurements

In addition to the presented results on droplet combustion be-
havior, asoot sampling method was used in order to characterize
the sooting propensity of each fuel. For that purpose, the sampling
probe described in Section 2.2 was used to locally capture soot par-
ticles at different distances from injection, determining thereby an
axial profile of the amount of soot present along the flame traces.
Two different oxygen conditions were studied, namely 3 and 10%
0, in the coflow. Only FO, B10 and B20 produced enough soot to
weight with accuracy on the analytical scale, and therefore only
these three fuels were studied.

The obtained profiles for the two examined oxygen conditions
are displayed in Fig. 15, where it can be seen that the collected
amount for neat FO is clearly larger, pointing to a substantial soot
reduction with biodiesel addition in both ambiences. As proposed
in [14,15], this is probably a result of the aromatic fraction reduc-
tion in the resulting mixture in addition to the molecular oxy-
gen content of biodiesel, capable of oxidizing soot precursors. The
3% 0, profiles display dome-like curves, with soot yields close
to zero some millimetres after droplet depletion (which occurs at
L~70mm). The 10% O, condition, on the other hand, presents a
distinct behavior, with significant amounts of soot collected after
the droplet depletion length. This is ascribed to the formation of
relatively large soot agglomerates in tests with higher oxygen avail-
ability, as observed in Figs. 6 and 8. As a result, the specific sur-
face area is reduced and, in spite of the high oxygen concentra-
tion, their oxidation rate decreases, causing high soot yields down-
stream of the droplet depletion length for the 10% O, case.

Anyhow, the axial evolution of soot mass is the outcome of for-
mation and oxidation processes and these results do not intend to
describe them, but rather to serve as a reference to evaluate the
relative sooting tendency of the tested fuels at certain conditions.
The cases can be better compared using a single parameter, rep-
resentative of the soot collected over the whole trace. With that
aim, sweep measurements were performed by continuously dis-
placing the probe between the two flame trace limits (L=20 and
L=80mm). The displacement velocity of the soot probe was small
enough (less than 1 mmy/s) to prevent any possible interaction ef-
fect with droplet generation rate. The extracted soot mass was con-
verted into a soot index, representative of the whole flame trace
within that range (L=20-80mm). This procedure was performed
twice for each fuel and oxygen condition, and the extracted soot
indices are plotted in Fig. 15. Besides, the values obtained by nu-
merically integrating the already commented axial profiles are also
represented (ideally, both integration methods should provide the
same results).

Results displayed in Fig. 15 for both integration methods pro-
vide consistent results, pointing to the validity of the described
sweep approach when it comes to provide a global indicator of
sooting propensity. As already hinted by the axial profiles, the ad-
dition of biodiesel to FO clearly decreases the amount of soot gen-
erated, but differences between the 10% and 20% addition are not
clear, with similar soot indices found for B10 and B20.

4. Conclusions

This work examines the droplet combustion and sooting char-
acteristics of a UCO biodiesel, a heating oil and two mixtures of
commercial interest, namely B10 and B20 (10 and 20% biodiesel
by vol.). The experiments were designed to reproduce typical tem-
perature and oxygen conditions in real boiler flames. Relative ve-
locities between droplets and the surrounding gases were mini-
mized, so that forced convection effects could be considered to
be negligible. This, in addition to the small initial droplet size
used (150 um) explain the formation of nearly spherical soot shells
and (when visible) blue envelope flames surrounding the droplets,
proving therefore that droplets burnt in a practically 1-D config-
uration even when the tests were performed at normal gravity.
Although some of the soot produced is dragged away by the rel-
ative flow, visually disturbing the spherical symmetry, an order-
of-magnitude analysis demonstrates that heat and mass transfer
processes remain dominated by molecular transport phenomena,
indicating that radial profiles maintain an approximately 1-D con-
figuration. The obtained experimental results may therefore be
used to compare with theoretical one-dimensional droplet com-
bustion models while, at the same time, being representative of
the conditions faced by droplets in real applications.

All the examined droplet combustion characteristics for B10
and B20 (i.e. droplet size evolution, burning rates, SSR and FSR)
were found to be practically indistinguishable from those of neat
heating oil, whereas biodiesel displayed clearly differential behav-
iors, with longer heating transients and higher quasi-steady burn-
ing rates. Even though the studied biodiesel is highly unsaturated,
no sign of polymerization of unsaturated FAMES was found for
any of the tests, probably as a consequence of the short droplet
lifetimes arisen from the realistic experimental conditions used.
As expected, neat biodiesel displayed a much lower propensity to
soot, and no soot shells were observed for any of the evaluated
oxygen conditions. FSR were determined through the measure-
ment of the incandescent soot cloud recorded for most fuels and
conditions, being the actual chemiluminescent blue flame evalu-
ated only for biodiesel and hexadecane at the leaner condition
(10% 0O5).

The effect of oxygen concentration on the droplet combustion
process was also studied, with a clear enhancement of burning
rates and smaller FSR as the oxygen volumetric fraction in the
coflow increased. The confinement of soot was enhanced for higher
oxygen levels and the amount of soot dragged away by the slip
flow diminished, leading to a more spherical appearance of the
soot shells. This is mainly ascribed to the increase in flame shell
temperature, which enhances thermophoretic forces and, therefore,
allows a better confinement of the soot particles within the report-
edly spherical envelope flame.

Finally, a soot sampling method was applied for quantitatively
measure the amount of soot produced by heating oil, B10 and
B20. Results point to a significant decrease of soot collection with
biodiesel addition, as pure heating oil yielded roughly two times
higher soot indices than both mixtures. However, differences be-
tween B10 and B20 are not clear, with similar soot indices found
between them. Neat biodiesel displayed a much lower propensity
to soot, and it was not possible to accurately extract its soot in-
dex, as it was below the probe detection limit. This is in accor-
dance with the much lower black-body luminosities recorded in
the biodiesel flame images when compared to heating oil and its
mixtures.

In summary, the practically identical droplet combustion char-
acteristics of heating oil and its mixtures with biodiesel, as well as
the lower propensity to soot of the latter support the suitability of
such blends as replacement for conventional heating oil. The de-
tailed experimental results obtained will be used at a later stage
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to develop validated modeling tools for the prediction of evapora-
tion and combustion of multicomponent droplets of practical fuels
and their blends.
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This work aims to study the pyrolysis of scrap tires as an end-to-end process, from its production to the com-
bustion characteristics of the tire pyrolysis liquid (TPL) obtained. The TPL was produced in a continuous auger
reactor (150 kWth) and its combustion characteristics were acquired through a drop tube facility, where the TPL
burning behavior was compared to that of conventional heating oil (FO). The evaluated combustion char-
acteristics included droplet and flame size evolution, burning rates, soot shell morphology, microexplosion
occurrence and soot analysis. When compared to FO, TPL displayed considerably lower burning rates, although
the consistent occurrence of microexplosions effectively shortened the TPL droplets lifetimes below those of FO.
TPL also presented smaller flames and a higher propensity to soot. A TPL-FO blend of interest for heating
applications (with only 5% of TPL due to its high sulfur content), was also tested, showing identical results to
those of neat FO for all the studied combustion characteristics. The reported results are thought to provide
valuable experimental data regarding the combustion behavior of a well characterized tire pyrolysis oil, which

could also be used as the fuel-specific input data required for the simulation of realistic spray flames.

1. Introduction

The continuous growth in the amount of waste tires disposed
worldwide is currently a major environmental problem, as a sustainable
recovery and recycling of this residue presents significant technical
difficulties, primarily due to the complex structure and composition of
tire materials [1]. On the other hand, its disposal in landfills is not an
option, as it can be a source of uncontrollable toxic fires and pollution.
In fact, the disposal of waste tires in landfills is currently banned in the
EU, according to the Council Directive 1999/31/EC. The dimensions of
this environmental issue are substantial, as the number of end-of-life
tires in the current decade has been estimated to be in the range of 1
billion units disposed per year worldwide [2-4].

One of the most promising alternatives to cope with this problem is
to pyrolyze the scrap tires, as it has been highlighted in several works
(e.g., [2,5,6]). Pyrolysis is a thermochemical process where a certain
feedstock is heated at moderate temperatures (generally, between
400 °C and 800 °C) under inert environment at atmospheric pressure.
Under these conditions, the raw material is converted into light gas,
liquid and a carbonaceous solid or char [7]. Thus, this process trans-
forms waste tires into new products with added value. In the case of
rubber obtained from waste tires, a significant part of the material
consists of carbon black (about 40%) that can be reused in the

production of new tires, as it has been recently demonstrated in [8]. As
carbon black is usually synthesized through the incomplete combustion
of oil heavy fractions, its recuperation by means of this process would
significantly reduce the environmental impact of its production. An-
other main product of pyrolysis is the tire pyrolysis oil, corresponding
to the liquid fraction. It should be noted that a substantial fraction of
this oil ultimately comes from biomass, as around 50% of the rubber
used in tire manufacturing originates from natural sources (hevea tree).
Tire Pyrolysis Liquid (TPL) is mainly used for heat and power produc-
tion, reducing therefore the needs for fossil fuels. In light of the huge
amounts of waste tires disposed every year and the high calorific value
of TPL (~40-44 MJ/kg, according to [2]), the potential for fossil fuel
reduction is substantial. Finally, the non-condensable gas is typically
used in situ to provide the energy needed for the pyrolysis process.
Usually, all the plants incorporate a gas cleaning system to avoid sulfur
compounds and particulate matter emissions, making the pyrolysis
process globally clean. Despite the fact that commercial facilities and
technology suppliers can be found all around the world, the practical
applicability and economic viability of the products obtained from
waste tire pyrolysis, and namely of TPL, remains nowadays with pro-
spects of growth, with diverse studies addressing the production and
combustion characterization of different oils obtained through the
pyrolysis of waste tires, as it will be detailed down below. The economic
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aspects, however, are beyond the scope of this work, which is aimed at
improving the technical understanding of the production and combus-
tion characteristics of this novel fuel.

Several works have examined the performance of TPL-diesel mix-
tures in both automotive [9-11] and non-automotive diesel engines
[5,12,13]. Regarding the automotive application of TPL, an alternative
fuel for diesel engines was produced from waste vehicle tires by the
method of pyrolysis after the reduction of sulfur content with Ca(OH),
[14,15]. Different blends were tested in a diesel engine obtaining good
performance in the case of low sulfur tire fuels. Frigo et al. [15] proved
that mixtures up to 20% in TPL can be used in diesel engines without
engine modifications, whereas mixtures with TPL from 20% to 40%
need modifications of the injection to compensate the longer ignition
delay.

As typical TPLs usually present substantially high sulfur contents,
their use in internal combustion engines is seriously limited by fuel
regulations. In fact, environmental restrictions associated with SO,,
NO, and CO emission levels higher than the acceptable limits pre-
scribed by the European Air quality standard (EU2015/2193), restrict
the use of TPL in automotive engines. As stated above, a possible al-
ternative is their desulfurization by means of processes as those pre-
sented in [6,16]. A more straightforward approach is its use for heat
generation in boilers, large stationary engines for heating and other
energy-demanding industrial processes [1], as the sulfur limits re-
garding these applications are considerably more permissive than those
set for automotive purposes (1000 ppm instead of 10 ppm, according to
the Spanish Royal Decree 61,/2006).

Concerning the application of TPL-diesel mixtures as a fuel in bur-
ners/boiler units, Garcia-Contreras et al. [17] studied the replacement
of diesel fuel by a blend (50%/50% by volume) of TPL-diesel in a re-
sidential boiler, obtaining the same performance as that achieved with
diesel although with higher particulate matter emissions. However, all
these studies have been mainly focused on the environmental impact
without taking into account the combustion behavior.

The already cited studies on final applications provide insight into
relevant fuel combustion characteristics from a realistic and applied
point of view, and therefore are a usual method for determining the
combustion features of a novel fuel such as TPL. However, the com-
plexity of those combustion configurations makes it impossible to
strictly control all the relevant parameters, and the obtained results
might depend on slight changes in non-controlled variables such as the
atomization characteristics or the fuel-air mixing within the combustion
chamber. A dependency on the experimental setup used for the tests is
thus inevitably introduced, being difficult to precisely determine whe-
ther certain combustion behavior is entirely attributable to the tested
fuel or, on the contrary, is an indirect result of changes in another re-
lated process. By contrast, in the single droplet configuration, all the
relevant variables influencing results can be well characterized, and the
extracted combustion features are thus inherently ascribable to the
studied fuels. This approach has been used in several works in order to
characterize the combustion behavior of alternative fuels, with a special
focus on biofuels and their blends with conventional, well-known petro-
fuels (e.g. [18] for butanol-gasoline or [19] for biodiesel-diesel mix-
tures) and also on different residual fuels (e.g. oil-water emulsions and
coal-water slurries containing petrochemicals in [20,21]).

Single droplet combustion results are less common for pyrolysis oils
than for other alternative fuels, although tire-derived oils have received
very little attention and the currently available studies are mostly re-
ferred to bio-oils produced from lignocellulosic biomass. Yang and Wu
[22] examined the droplet combustion characteristics of a pinewood
bio-oil obtained from slow pyrolysis blended with butanol. They found
that bio-oil addition consistently decreased butanol burning rates,
while enhancing the formation of a solid residue and promoting the
occurrence of microexplosions. Chen et al. [23] also registered micro-
explosions for a pyrolytic oil produced from castor seeds, which in turn
underwent almost complete evaporation, leaving a negligible amount of
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solid residue. The works cited so far relied on the suspended droplet
technique, where roughly ~1 mm sized droplets were suspended on
ceramic fibers and burned. Garcia-Perez et al. [24] studied the com-
bustion behavior of two different biomass vacuum pyrolysis oils under
more realistic conditions, namely with ~60 um sized droplets ignited in
free fall (and therefore, without the possible interaction of the sus-
pending fibers). Surprisingly, no microexplosions were registered for
any of the studied bio-oils under such experimental conditions. Shaddix
and Hardesty [25,26] also used a drop-tube facility with droplets in the
range of ~350 um, performing a thorough study on the combustion
characteristics of flash pyrolysis oils produced from a variety of bio-
feedstocks. They found quite low burning rates for all of them, with
values closer to those of heavy fuel oils than to heating oil. However,
the consistent occurrence of microexplosions effectively shortened the
bio-oil droplet lifespans, and consequently the overall lifetimes of the
studied pyrolysis oils were quite similar to those of conventional
heating oil.

As stated above, the cited studies evaluated the single droplet
combustion characteristics of different pyrolysis oils produced from bio-
feedstocks. To the best of the authors' knowledge, this kind of study has
not been addressed so far for TPL, even though its chemical composi-
tion and properties are entirely different to those of bio-oils. This work
aims therefore to fill this gap by studying the single droplet combustion
behavior of a well-characterized TPL, both neat and blended with
conventional heating oil. The experimental conditions used are in-
tended to be as close to those found in real applications as possible,
with free-falling, small-sized droplets (150 um) immersed in a gaseous
coflow which simulates the temperature and coflow compositions found
in real flames. Relative velocities between the free-falling droplets and
the coflow were also minimized, so that droplets were only minimally
disturbed by convective effects and burnt in a practically 1-D config-
uration, facilitating therefore comparison with theoretical one dimen-
sional droplet combustion models.

2. Material and methods
2.1. Pyrolysis oil preparation and characterization

The TPL used in this research is the result of > 500 kg of granulated
waste tires pyrolyzed in a continuous auger reactor plant of 150 kWth
of nominal capacity and corresponding to technology readiness level 5
(TRL 5) described in detail elsewhere [9,27]. This experimental cam-
paign was conducted in 13 experiments that gave as the result 100 h of
continuous operation without any significant technical problem. The
reaction temperature and pressure were 550 °C and 1 bara, respectively.
N, was used as carrier gas at 5 NL/min. The waste tire mass flow rate
was 6.7 = 0.1kg/h, and the residence time of the feedstock inside the
reactor was 3 min. These conditions were selected as those maximizing
both the liquid yield and the tire rubber conversion. As a consequence,
yields to liquid, solid, and gas were 42.6 *+ 0.1, 40.5 = 0.3, and
16.9 += 0.3 wt% respectively. Before characterization, TPL was sub-
jected to decantation (30 days) in order to deposit possible fine char
particles that could have been carried over from the reactor. The
properties of the TPL have been previously reported [9,28] and are
shown in Table 1.

The chemical composition of the TPL was also analyzed by GC-MS
using a Varian CP-3800 gas chromatograph connected to a Saturn 2200
ion trap mass spectrometer. A capillary column, Agilent CP-Sil 8 CB,
low bleed, 5% phenyl, 95% dimethylpolysiloxane, (60 m x 0.25 mm
i.d. x 0.25 um film thickness) was used. An initial oven temperature of
40 °C was maintained for 4 min. Then, a ramp rate of 4 °C/min was
implemented to reach a final column temperature of 300 °C. This
temperature was maintained for 21 min. The carrier gas was He (BIP
quality) at a constant column flow of 1 mL/min. The injector, detector,
and transfer line temperatures were 280, 200, and 300 °C, respectively.
Samples volumes of 1 pL (50 pL diluted to a final volume of 500 uL in a
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Table 1

Properties of the obtained TPL.
Property Method TPL
HHV (MJ/kg) ASTM 240-09 42.70
LHV (MJ/kg) 40.49
C (wt%™) 86.19
H (wt%") 10.33
O (Wt%") 0.00
N (wt%") 0.79
S (Wt%™) 0.83
H/C atomic ratio 1.44
AFRst (kg/kg) From elem. composition 13.46
Molar mass (kg/kmol) From AspenTech HYSYS 142.5
Density at 15 °C (kg/m®) EN 12185 917
Kinematic viscosity at 40 °C (cSt) EN 3104 2.39
Initial boiling point (°C) EN 3405 82.2
T50 (°C) EN 3405 231.1
Final boiling point (°C) EN 3405 302.5
Final percent of distillate 80
Calculated cetane index (CCI) ASTM D4737-04 17.6
Saturates (wt%) From TLC 5.5
Aromatics (wWt%) ASTM 6379/04 for diesel 65.2
Polars (wt%) 29.3
Cold filter plugging point (°C) EN 116 9
Lubricity (Im WS 1.4) EN 12156 162.59
Water content (ppms”) EN 12937 689.9
Total acid number (mg/KOH) From Mettler Toledo T50 5.0
Flash point (°C) EN 3679 23.0
Smoke point (mm) ASTM D1322 9
Oxidation stability (h) EN 15751 16

TLC: thin layer chromatography.
& As received.
> On mass basis.

Table 2
Chemical composition and boiling point distribution by families of tire pyrolysis
oil determined by GC-MS.

Normalized peak area (%) RSD (%)"  Boiling point (°C)"
Aromatics 75.37 0.33 97.1-278
Cyclic hydrocarbons  14.09 0.82 93.7-237
Linear paraffins 3.40 3.39 284-502
n-Alkenes 5.76 1.17 89.4-388
Esters 1.39 3.81 212-403

& RSD = relative standard deviation for samples injected by duplicated in the
GC-MS.
> According to the simulated distillation with ASTM D2887.

mixture of 1:1 CH,Cl,:C>H¢O) were injected applying a 25:1 split mode,
with a solvent delay of 7.5 min. The MS was operated in electron io-
nization mode within a 35-550 m/z range. Each peak was assigned to
selected compounds according to the corresponding m/z values, which
were previously defined in the automatic library search NIST 2011.
Each sample was analyzed by duplicate, and results were computed as
an average. A total of 101 compounds identified in the liquid were
divided in the following chemical families: aromatics (40 compounds)
cyclic hydrocarbons (21 compounds), linear paraffins (18 compounds),
n-alkenes (20 compounds) and esters (2 compounds) (Table 2). Some
simplifications of the GC/MS analysis were assumed to determine the
semi-quantitative composition of the different groups since, first, a
unique response factor was used for all the identified compounds, and
second, it was supposed that the whole sample was eluted and analyzed
in the GC-MS chromatogram.

Each one of the main organic compounds present in the TPL were
identified according to GC-MS. Regarding repeatability, good results
were obtained for the different chemical families, with a RSD value
lower than 5%. The major compounds were associated with aromatic
compounds (75.37%), mainly constituted by a single aromatic ring with
alkyls substituents where toluene and the mixture of xylenes showed
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the highest percentages (14.65 and 17.45% respectively). Other heavier
aromatic compounds were mainly associated with substituted naph-
thalene as well as indene. In addition to the aromatic compounds, p-
limonene, a natural terpene included in the cycloalkanes family, re-
presented 4.48% of the total in the TPL followed by o-cymene (3.96%),
also an aromatic compound. This predominant aromatic composition
and the relevant presence of limonene and cymene has already been
reported in the literature [29] although in this case, these last com-
pounds were not the major compounds in the TPL. Also, linear hydro-
carbons both alkanes and alkenes were obtained, with percentages
between 3 and 6% (Table 2) and with predominance of alkenes versus
alkanes. The identified alkanes were hexadecane, heptadecane, octa-
decane, nonadecane, eicosane and tetracosane and some other high
molecular weight alkanes. In addition to the main hydrocarbons, sulfur-
containing compounds and nitrogen-containing compounds were also
identified, with a low percentage of some oxygenated compounds in the
form of esters.

2.2. Droplet combustion facility

The evaporation and combustion processes of the isolated droplets
were characterized using LIFTEC's Droplet Combustion Facility (DCF).
The main elements of the setup are shown in Fig. 1. A more detailed
description can be found in previous works [30-32].

Droplets with an initial diameter (Dy) of 150 um (150.1 *= 0.5 um)
were formed at a piezoelectric apparatus at a 25 Hz rate, providing an
interdroplet spacing long enough (> 100 D) to effectively avoid any
significant interaction among droplets [19]. The free-falling droplets
were introduced into a flat-flame burner's exhaust gases, providing
thereby a controllable environment to study the evaporation and
combustion processes of fuel droplets under temperature and gas
compositions representative of those found in real flames. Since in ac-
tual applications oxygen concentration can significantly vary among
regions within the flame, three different conditions were chosen,
namely with a 0, 3 and 5% O, volumetric fraction (dry basis) in the
gaseous coflow. These levels are thought to be representative of the
oxygen range observed by droplets during their evaporation in boilers,
where most of the liquid droplet evaporation occurs in a central, low-
oxygen and fuel-rich core (e.g., see oxygen maps in [33,34]).

The droplet combustion characteristics were completely determined

Droplet
generator
Flat
Movable _ flame

frame

Falling
droplets

Camera 1

Camera 2
e (Shadowgraphy)
(Self-emission) . . ﬂ
L— 11 e

Fig. 1. Scheme displaying the main elements of the DCF.
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by means of optical techniques. The droplet diameter and velocity were
obtained from pictures recorded with a CCD camera (QImaging Retiga
SRV, 12-bit) equipped with a telemicroscope and backlighted by means
of a LED stroboscope. This optical system was synchronized to record
two consecutive shots of the same free-falling droplet 500 us apart. A
second camera (Hamamatsu C11440-36U, 12-bit) recorded the light
emitted from the envelope flames and soot particles. In order to high-
light the droplet shadow, making it distinguishable from the flame, a
weak backlight was included, capturing therefore in the same frame the
droplet and its envelope flame. Images were post-processed in order to
extract different droplet combustion characteristics in the most re-
peatable way. This post-processing was performed in Matlab, using
background subtraction, contrast enhancement and automatic edge
detection algorithms.

Additionally to this close-up optical setup, the macroscopically
visible flame traces were obtained through a third camera (Teledyne
DALSA Genie Nano C4060) fitted with a DSLR lens. As such traces
provide visual information regarding the amount of soot present in the
combustion chamber, these pictures were also processed to extract in-
formation concerning the sooting tendency of each fuel.

3. Results and discussion

Since the intended application of the obtained TPL is its combustion
in boilers, information regarding its combustion characteristics seems
most desirable. Due to its high sulfur content (0.83 wt% as received,
Table 1), the pyrolysis oil must be diluted in order to fulfil the Spanish
regulations, which establishes a limit of 1000 ppm for heating appli-
cations. As conventional Spanish heating oil displays a low sulfur
content (< 10 ppm, Table 3), a realistic blend would be 5% TPL in 95%
(by weight) heating oil. This mixture, named TPL5, contains < 425
ppm of sulfur, complying therefore with the regulations. Blends with
higher TPL content would still be possible, up to 12% by weight for this
particular heating oil. The proposed mixture, however, is thought to be
an interesting case of study because it is located at the mid-point of the
suitable blending spectrum (i.e., different fuel-oils with higher sulfur
content would allow for a lower TPL content in the mixture). TPL5 was
therefore compared with pure tire pyrolysis oil (TPL) and with neat
Spanish heating oil (FO). A pure and well-known compound such as n-
Hexadecane (99% purity) was also included as a reference, since it has
been used as a baseline for comparison in different works addressing
diesel and heating oil combustion tests (e.g., in [19,30,35]). The main
physicochemical properties of heating oil and hexadecane are sum-
marized in Table 3 (for a more detailed description, the reader is re-
ferred to [30]).

3.1. Droplet, soot shell and flame images

The combustion process of the studied fuels for the 5% O, condition
is illustrated in Fig. 2. The depicted pictures are obtained from the
backlighted Camera 1 (Fig. 1), and display the liquid fuel droplet sur-
rounded by nearly-spherical soot shells for certain cases. Similar soot
shells are reported in convection-free environments achieved through
microgravity such as [18,35]. In these works, the soot particles pro-
duced inside the envelope flame remain trapped at a certain radial lo-
cation, where viscous drag and thermophoresis forces balance. The

Table 3
Selected properties of heating oil (FO) and hexadecane.
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onset of soot shells is, however, a quite infrequent event for droplet
combustion tests at normal gravity, as any small relative velocity dro-
plet-coflow (either caused by natural or by forced convection) would
drag the small soot particles away. Slip velocities between droplets and
the surrounding coflow were experimentally minimized in this work
(Reynolds number < 0.4), enabling the onset of quite spherical soot
shells for high soot-yield conditions. In the authors' opinion, the oc-
currence of these spherical soot shells implies that even if test were
conducted at normal gravity, droplets evaporate and burn under con-
ditions close to spherical symmetry, especially in the droplet's vicinity,
facilitating thus the comparison with theoretical 1-D droplet combus-
tion models.

When comparing among fuels, the first significant difference is the
occurrence of microexplosions for the pure pyrolysis oil (at 2.00 and
2.20s/mm?) whereas the other fuels, including TPL5, evaporated
smoothly until droplet extinction. In spite of the obvious differences
between TPL and pyrolysis oils derived from bio-feedstocks, this dis-
ruptive behavior was also noted by several authors when studying the
single droplet combustion characteristics of different bio-oils (for in-
stance, in [22,23,25,26,37]). The fact that TPL droplets also underwent
these shattering events is a novel result, which nonetheless concurs
with most of the previous characterizations performed on bio-oil dro-
plets. The experimental setup used here, with non-suspended droplets is
thought to provide reliable results in this regard, as the potential in-
fluence of the solid filament (which can act as a heterogeneous nu-
cleation site) is avoided. The wide differences in volatility between TPL
compounds (as it can be observed in Tables 1 and 2), in addition to the
high temperature coflow used in this work, could cause the bursting
characteristics of TPL. The recorded microexplosions were quite violent
and, in most cases, shattered the droplets in secondary disintegrations.
TPL droplets consistently burst after a first period of smooth evapora-
tion. However, the onset of microexplosion slightly varied within a
short interval, typically not broader than 0.2s/mm? The quantitative
data extracted from these images, including droplet size measurements
and microexplosion occurrence instants for each condition, shall be
presented in the following section.

Regarding the already mentioned soot shells, further differences can
be noted among fuels. Whereas FO, TPL5 and TPL display clearly visible
soot shells, none was found for hexadecane, pointing to a much less
sooty behavior of this fuel. The addition of a 5% TPL to conventional
heating oil does not appear to significantly change its behavior, with
nascent soot shells emerging by approximately the same normalized
time as for neat FO (1.20 s/mm?), and maintaining similar thickness
throughout all the droplet combustion lifespan. Pure TPL, on the other
hand, already displays a distinguishable soot shell by 1.00s/mm?
pointing to a higher sooting tendency, at least in the earlier stages of
droplet combustion. This higher soot yield can be ascribed to the aro-
matic-rich nature of TPL, which displays a much higher aromatic
composition than heating oil (75.37% of TPL consists on aromatics
according to Table 2, whereas this figure is reduced to 29.16% in the
studied heating oil [30]). For the 3% O, condition, the registered soot
shells were much fainter, and the evaporation case (0% O,) did not
feature any soot shell. These differences can be primarily attributed to
the temperature increase caused by the envelope flame as oxygen
availability in the coflow rises [30].

Even though the majority of microexplosions effectively shattered

Fuel Molecular formula C (Wt%) H (Wt%) S (ppm) Boiling point (°C) LHV (MJ/kg) AFR (kg/kg) Density at 20 °C (kg/m>)
FO Ci3.21H2463 86.5 13.5 <10 271-352° 41.92 14.5 861
Hexadecane” CieHzq 84.9 15.1 0 286 44.20 14.9 773

@ Extracted from [36].
b Distillation curve (20-80% mass distilled).



A. Muelas, et al.

1.40

TPLS5

TPL

Hexad.

1.60

Fuel Processing Technology 196 (2019) 106149

1.80 2.00 2.20

100 pm

Fig. 2. Droplet and soot shell evolution for the examined fuels at the 5% O, condition. Images are organized in accordance with their normalized time after injection:
t/Dg” (s/mm?).

300 pm

a) b) ¢)

Fig. 3. Different microexplosion typologies registered with Camera 1: a) TPL
droplet, L = 27 mm, 5% O,; b) TPL droplet, L = 31 mm, 0% Oo; ¢) TPL droplet,
L =29 mm, 3% O,.

the TPL droplets in a secondary atomization process (as those presented
in Fig. 2), there were cases where these events displayed a lower in-
tensity, with droplet puffing and swelling. The three main observed
typologies are presented in Fig. 3, where the non-cropped double-shot
images acquired with Camera 1 (Fig. 1) display the droplet just before
the microexplosion (upper droplet), and the resulting smaller fragments
after it. The time interval between shots is 500 s, and therefore the
characteristic time for the shattering event can be considered to be in
the order of tens of microseconds. The LED pulse duration is of only
1 ps, effectively freezing such high-speed process. While Fig. 3a shows
an efficient microexplosion, where the original droplet is shattered into
much smaller fragments, the event displayed in Fig. 3b is rather a
swelling and puffing phenomenon than a proper disintegration. In this
case, the vapor accumulation inside the droplet does not lead to a
sudden breakup, but causes a much slower droplet swelling coupled
with puffing of small liquid fragments and a significant deviation from

the original droplet's free-falling path. Fig. 3c, on the other hand, dis-
plays a complete breakup of the initial droplet, as it happened in
Fig. 3a, but without a trace of any especially relevantly sized sub-dro-
plet. As, according to the well-known dlaw, droplet lifetime ap-
proximately scales with its diameter squared, the occurrence of mi-
croexplosions such as those displayed in Fig. 3a or ¢ would effectively
shorten the droplet combustion lifetime to practically a few instants
after the disintegration event. Much less straightforward to predict is
the combustion history of swelling droplets (Fig. 3b), as their random
deviation made it extremely difficult to keep them in focus. Even
though the images presented in Fig. 3 correspond to different oxygen
conditions, no correlation was found between oxygen availability and
mode of microexplosion. The occurrence of a complete fragmentation
or a swelling process seemed to respond to apparently random patterns,
as TPL droplets subjected to exactly the same conditions alternatively
displayed both phenomena.

In addition to the droplet and soot shell data obtained by means of
the backlighted camera, Camera 2 (Fig. 1) recorded the envelope flames
around the droplets. A representative selection of these flame images
for neat TPL tested with the three oxygen conditions is presented in
Fig. 4.

Differences among oxygen conditions can be clearly observed, with
smaller and brighter flames as oxygen availability increases. The stu-
died pyrolysis oil displays a strong soot yield for all the studied oxygen
conditions, and thus its flame characteristics are extracted from the soot
continuous-spectrum emission. It is well known that soot is created in
the inner side of the shell flame, and therefore the actual chemilumi-
nescence flame would be located slightly farther from the droplet, al-
though in these tests it remained eclipsed by the much stronger soot
emission. Note that for the 0% O, case no combustion can take place,
and the sooty emission presented in Fig. 4 is entirely ascribed to the
thermal emission of the soot clouds when exposed to the high-tem-
perature coflow. Analogous behaviors were found for FO and TPL5,
although with slightly wider flames (flame sizes will be quantified in
the following section). Hexadecane, on the other hand, displayed a
much less pronounced sooty emission and, for the 5% O, condition, the
actual chemiluminescence bluish flame was visible within the first
stages of droplet combustion. It is noteworthy that, for higher oxygen
availabilities than those used in this study (namely 10% O,), the ab-
sence of any soot emission for hexadecane allowed the visualization of a
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considerably spherical blue envelope flame throughout all the droplet
lifetime, supporting therefore the already discussed 1-D configuration
of the combustion process (in spite of the obvious buoyancy effects
displayed by soot clouds in Fig. 4).

The different typologies of registered microexplosions can also be
clearly observed in Fig. 4, where the TPL combustion process can either
finish abruptly with a complete droplet shattering or proceed after an
abrupt deviation of the droplet trajectory caused by the swelling and
puffing event. This second situation can be clearly observed in two
pictures of the 5% O, case, where the droplets appear to be violently
propelled away from their original position.

3.2. Quantitative data

As stated above, the droplet combustion process was entirely
characterized from the images presented in the previous section. These
pictures were processed in order to extract their main combustion
characteristics, namely their burning rates and their droplet and flame
size evolutions with time, which shall be quantified and presented here.
Since the droplet combustion process is intended to be studied under
experimental conditions as representative of real flames as possible,
tests were performed at 0, 3 and 5% O, covering therefore a typical
range of oxygen availabilities around droplets in real flames, where the
initial 21% practically only exists at the injection plane, before fresh air
gets mixed with hot flame gases. The heating oil test at the 0% O,
condition was performed twice to check the repeatability of the ex-
perimental procedure. Only a 0.5% relative difference was found for
droplet burnout time, while a 0.7% difference was observed for the
evaporation rate.

The extracted droplet size and burning rate evolution curves for the
three selected oxygen conditions are presented in Fig. 5. The droplet
size results are shown in the left column in terms of normalized dia-
meter squared against normalized time. Normalization is applied with
the initial droplet diameter (D). At a first glance, the curves are in
accordance with the d~ law and, after a significant heat-up transient
period, the normalized size decreases linearly with time with a see-
mingly quite constant slope named burning rate (K). In order to gain
insight into this relevant parameter, the D>t curves were fitted to a
polynomial function (4th order), whose derivative provides the burning
rate dependence with time: K = -d(D?)/dt. These results are displayed
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2.20

Fig. 4. TPL flame evolution at the three studied oxygen conditions. Images are organized in accordance with their normalized time after injection: t/Dy* (s/mm?).

in the right column of Fig. 5, where it can be seen that, contrary to the
notion of a nearly constant, time-independent burning rate which could
be initially drawn from the D>t curves, all the calculated K-t curves
display a gradual increase in K which spans for a substantial part of the
droplets lifetimes before reaching a quasi-steady value. This progressive
burning rate increase is primarily ascribed to the initial heating tran-
sient of the liquid phase.

The evaporation characteristics reported in Fig. 5 for FO and TPL5
are virtually identical over the course of the whole droplet lifespan. The
small addition of TPL to heating oil does not appear to drive any sig-
nificant change in the evaporative behavior (0% O,), nor in combustion
(3 and 5% O,). Neat pyrolysis oil on the other hand, shows an earlier
onset of vaporization, which can be clearly noted by the absence of
initial droplet volumetric expansion. This is ascribed to the lower
boiling point of the lightest fractions of the pyrolysis oil (Tables 1, 2) in
comparison with those of heating oil (Table 3) or with the boiling point
of hexadecane. Even though the TPL droplets start their vaporization
earlier, their burning rates are soon surpassed by those of FO, TPL5 and
hexadecane, fuels which also display clearly higher quasi-steady
burning rates. These considerably lower K would induce longer droplet
lifetimes for TPL in comparison with heating oil were they not altered
by the microexplosion occurrence. In spite of the obvious differences
among fuels, this behavior was also noted for several bio-oils in
[25,26], where the onset of bursting events for the different pyrolysis
oils substantially reduced their overall burnout times even below of
those of a light fuel oil with a considerably higher (by a factor of 2-3)
burning rate. Even though TPL also shows a lower K compared to FO
(Fig. 5), this difference is much smaller than that noted in the referred
works. This would point to considerably higher K values for tire-derived
pyrolysis oils than for bio-oils, as it could be ascertained from a com-
parison of TPL and typical bio-oil composition and main thermo-
physical properties. For instance, TPL contains no water (bio-oils stu-
died in [25] ranged 16-30% in water content), it has a substantially
higher LHV (40.49 MJ/kg according to Table 1, whereas bio-oils in [25]
displayed 16-19 MJ/kg) and also a significantly lower density (917 kg/
m? in contrast to 1210-1230 kg/m? in [25]).

As it can be noted in Fig. 5, the TPL curves suddenly terminate at
values in the range of (D/Dy)? = 0.40, precisely due to the apparition of
the already described microexplosion events which, for a considerable
fraction of the observed cases, shattered the droplets. This behavior was
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Fig. 5. Normalized droplet size and burning rate evolution for FO, TPL5, TPL and hexadecane at the three studied oxygen conditions.

Observed intervals of microexplosion occurrence for TPL droplets.

First microexplosion

Last microexplosion

(D/Do)? t/D¢? (s/mm?) (D/Dy)? t/Dy? (s/mm?)
0% O, 0.40 2.3 0.33 2.4
3% O, 0.44 2.1 0.34 2.3
5% O, 0.51 1.8 0.41 2.0

registered for the three oxygen conditions, although with slight differ-
ences regarding the instant at which the droplets disintegrated. As
stated above, microexplosions consistently occurred for TPL droplets,
although this phenomenon could usually appear randomly within an
interval of roughly 0.2 s/mm? Table 4 summarizes these intervals for
the three studied oxygen conditions.

In addition to the presented results on droplet size and burning
rates, the sooty flames captured by Camera 2 (Fig. 4) were also post-
processed and analyzed to quantify their size evolution with time. The
flame standoff ratio (FSR = Dy/D) is a widely used parameter in droplet
combustion studies as a metric describing flame behavior. The
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Fig. 6. Flame standoff ratio (D;/D) evolution for all the studied fuels at the 3 and 5% O, condition.

measured FSR for both combustion conditions (3 and 5% O,) are dis-
played in Fig. 6, showing a practically coincident behavior between
heating oil and TPL5 for both oxygen conditions, whereas the pure
pyrolysis oil displays a closer relative position of the flame to the
droplet. The classical theory of droplet combustion dictates that the FSR
is expected to be constant along the whole droplet combustion lifespan.
Fig. 6, however, displays a steady increase of FSR with time. This ex-
perimental behavior is attributed to the accumulation of fuel vapor in
the droplet's vicinity, effect which is enhanced when the oxygen frac-
tion in the coflow is low [38]. When comparing both oxygen conditions,
it is also worth noting that the first appearance of a measurable flame is
delayed as the oxygen availability decreases, as it can be visually
confirmed in Fig. 4.

3.3. Visual aspect and luminosity of flame traces

Besides the already presented droplet and flame pictures, long ex-
posure images of the macroscopically visible flame streaks were cap-
tured with a color camera. These flame streaks are created by the
combustion of the free-falling droplet stream, and they provide insight
into the soot yielded for each fuel and condition, as incandescent soot
radiates a characteristic luminosity. Fig. 7 compares the flame streaks

L (mm)

recorded for FO, TPL5, TPL and hexadecane (3% O, coflow condition),
along with their extracted luminosity profiles.

For each long-exposure photograph, all pixels' values were added
across a given cross section, providing thereby an axial evolution of
luminosity for all the studied fuels. Even if the quantitative value of
these results is not clear, the obtained profiles can be used to estimate
relative differences in the soot yielded for various fuels at certain fixed
and well know experimental conditions. It is important to note that the
trace images displayed in Fig. 7 are significantly overexposed for a
better visualization, and therefore the luminosity profiles were ex-
tracted from a different set of pictures, with much lower exposure va-
lues (namely, with higher f-stop numbers). The overexposure of the
displayed images artificially enhances regions with very low signals, as
it can be noted when comparing pictures and luminosity profiles.
Whereas the images show noticeable luminosities throughout the dis-
played 100 mm, the signals recorded after 35 mm for TPL and after
50 mm for FO and TPL5 are negligible when compared with the up-
stream luminosity values, as demonstrated by the non-saturated profiles
shown in Fig. 7.

The displayed pictures highlight clear differences among fuels, with
hexadecane practically not showing any soot emission and FO, TPL5
and TPL presenting clear yellowish flame traces, as it was expected due

S
T

w
(4]

N
N (%)) w
T T

Luminosity (a.u.)

=
(4]

1 45 230 ; . ; , '
10+ FO, 3%0, -
20 & N P TS TPLS, 3%0, |
) ™\ ) O TPL, 3%0
304 ! \ Microexplosion 2
i \ l Hexad., 3%0,
401 < F % 2
g i \ ,ﬂ \ Droplet extinction A
50 | ¥
i € {
60 i ’ \
QF . J " 4
70 ! \
804 i
o5F | ]
90+ i
1
100~ FO TPLS TPL Hexad. 0 60
L (mm)

Fig. 7. Flame traces pictures and luminosity profiles for the 3% O, condition. The exposure time used in the displayed images is 200 ms (5 droplets injected during

the exposure interval).
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to their sooty behavior. Heating oil and TPL5 profiles can be considered
to be alike, taking into account the qualitative kind of results that this
optical method can provide. This similarity in luminosity profiles be-
tween FO and TPLS is consistent with the already discussed identical
behavior regarding soot shell appearance and thickness. Pure pyrolysis
oil on the other hand, displays much higher luminosity values within
the first millimetres after injection, in accordance with the earlier onset
of soot shell illustrated in Fig. 2. This could point to a higher soot yield,
particularly during the first stages of droplet combustion.

Another fundamental difference between the pure pyrolysis oil and
the other fuels is microexplosion occurrence, as already stated. This
difference can also be macroscopically observed in Fig. 7. Whereas FO
and TPL5 profiles display a bell-shaped luminosity profile with a
turning point in the region of droplet extinction, pure pyrolysis oil
shows a bimodal, more abrupt profile, with the microexplosion location
clearly marked by an increase in the registered soot emission.

4. Conclusions

This study used a continuous auger reactor on pilot scale (150 kWth
of nominal capacity) in order to produce a tire pyrolysis liquid (TPL),
which was later exhaustively characterized, including GC-MS analysis.
As the intended use of the prepared TPL is its use in burners, its com-
bustion characteristics were subsequently extracted by means of a
droplet combustion facility. Single droplet combustion tests were per-
formed to TPL, both pure and blended with conventional heating oil
(5% TPL by weight). Neat heating oil and hexadecane were also stu-
died.

All the examined droplet combustion characteristics (droplet size
evolution, burning rates, flame standoff ratios, soot shells and flame
luminosity profiles) were found to be practically identical for pure
heating oil and TPL5, pointing to virtually indistinguishable combus-
tion behaviors between both fuels. On the contrary, pure TPL showed
an earlier onset of vaporization, ascribed to the lower boiling point of
its lightest fractions as compared to those of heating oil. TPL also dis-
played significantly lower burning rates and flames located slightly
closer to the droplet surface. Droplet microexplosions occurred con-
sistently for droplet sizes in the order of (D/Dg)? = 0.40, effectively
shortening the lifetimes of TPL droplets even below of those of con-
ventional heating oil. Although most of the recorded microexplosions
effectively shattered the TPL droplets into small fragments, swelling
and puffing events were alternatively observed in some cases. As dro-
plets subjected to exactly the same conditions displayed both phe-
nomena, this behavior is thought to respond to apparently random
patterns. No correlation was found between microexplosion mode and
oxygen availability, although it was determined that ambiences richer
in oxygen promoted an earlier occurrence of these events. Neat TPL
exhibited higher values of flame luminosity, pointing to a higher soot
emission (and therefore a higher soot yield). This behavior is in ac-
cordance with the earlier onset of a distinguishable soot shell for TPL in
comparison with heating oil and TPL5. No solid residue was found for
any of the studied fuels or blends, although the occurrence of micro-
explosions for TPL hindered droplet tracking downstream the disin-
tegration location.

The reported results are thought to contribute to the scarce avail-
able data regarding the combustion behavior of a well characterized
tire pyrolysis oil. As the single droplet tests were performed under
strictly controlled experimental conditions, which also intend to be
representative of those found in real applications, the provided data
could be used for the simulation of realistic spray flames as well as for
the design of adapted combustion equipment.
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ABSTRACT: This work aims to study the bio-oils obtained from the catalytic co-pyrolysis of waste polymers and a residual biomass
(grape seeds, GS). For that purpose, the organic liquid fractions produced in an auger reactor were thoroughly characterized in two
steps, obtaining in the first place their main physicochemical properties as well as their chemical compositions, and second, their
droplet combustion behaviors. Both the polymer type (waste tires or polystyrene, WT and PS, respectively) and the nature of the
low-cost, calcium-based catalyst used (Carmeuse limestone, calcined dolomite, or an inert material such as sand) were studied. A
significant improvement in the physicochemical properties of the bio-oils was obtained when using a catalyst, with lower viscosity,
density, and oxygen content. These beneficial effects were more marked for the bio-oil produced with the Carmeuse catalyst,
presumably due to the higher prevalence of aromatization and hydro-deoxygenation reactions. When changing the polymer source
from WT to PS, a considerable increase in the aromatic content and a viscosity reduction were noted. The droplet combustion tests
revealed the consistent occurrence of microexplosions for all of the studied bio-liquids, these bursting events being more violent for
the GS—PS oil. Regarding the evaporation behavior, this liquid also yielded significantly higher burning rates during the initial heat-
up phase, in agreement with its richer composition in volatile compounds such as styrene. These results point to this fuel as the one
with the best global combustion behavior from all of the explored bio-oils. The GS—WT liquids showed much closer features among
them, although with noticeable differences depending on the catalyst used. A more volatile behavior was observed for GS—WT
Carmeuse, followed by GS—WT dolomite and GS—WT sand, strengthening thus the previously reported improvements in
physicochemical properties. Finally, the propensity to form soot of these bio-oils was characterized through a soot probe, which
revealed a higher soot yield for the bio-liquids produced with the Carmeuse catalyst.

1. INTRODUCTION hydrogenation, catalytic cracking, and molecular distillation,
are considered to be promising technologies, which can
overcome these challenges.'”"?

An alternative strategy to obtain an upgraded bio-oil is the
co-pyrolysis of biomass with other carbon-rich wastes, such as
waste tires or plastics, allowing for the production of a stable
oil."* Recent reviews such as refs 2 and 15 provide valuable
information on this technology, which can produce a better
quality fuel when compared with the traditional fast pyrolysis
of neat biomass, primarily because of the much lower oxygen
content and higher heating value of these co-pyrolysis
liquids.">'® A further advantage of this approach is that the
polymer wastes used as a feedstock in the pyrolysis plant are
valorized through this process. This is especially beneficial for
the case of using waste tires, as they pose a major
environmental problem due to the huge number of end-of-
life tires produced every year (in the range of 1 billion units
worldwide'”), the technical difficulties involved in their

The use of biomass as a feedstock in a pyrolysis process is a
well-known and promising technology to reduce the current
dependence on fossil fuels while also being a renewable and
carbon-neutral energy source.”> The pyrolysis of biomass
yields biochar, gases, and vapors” that after cooling can be
condensed into a liquid product known as bio-oil or,
alternatively, pyrolysis liquid or pyrolysis oil. Bio-oil has been
extensively studied in the literature, either as a standalone fuel
or as a mixture, in diverse applications such as boilers, furnaces,
diesel engines, or even turbines (e.g, see refs 4—6). Studies
regarding computational simulation of waste and biomass
pyrolysis have also been carried out in different types of
reactors.”~ However, some bio-oil properties imply important
drawbacks, which severely hinder their use in many
combustion applications:>*'*"" high acidity and corrosivity,
low heating value (LHV), high water content, immiscibility
with conventional fuels, and high viscosity. Moreover, bio-oils
typically display a significant content of solid particles and a

bad storage behavior due to aging. Most of these undesirable Received: July 6, 2020
properties arise from the high oxygen content of the fuel, Revised:  September 18, 2020
which generally ranges between 35 and 60 wt %.” It would be Published: September 25, 2020

most desirable, therefore, to remove the oxygenated com-
pounds, upgrading the bio-oil properties. Different upgrading
strategies, such as hydro-deoxygenation, fast catalytic pyrolysis,
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recovery and recycling,'® and the high risks associated with
their disposal in landfills (which, in fact, is banned in the
European Union in accordance with the Council Directive
1999/31/EC).

In spite of these advantages, the bio-oils obtained through
co-pyrolysis of biomass and waste polymers still require further
upgrading to be considered as drop-in fuels for most
combustion applications.'”'” A significant improvement of
the oil properties can be obtained when using a suitable
catalyst within the co-pyrolysis process. This strategy appears
to be a promising option for upgrading the bio-liquids while
keeping the production process in a single step, as it is detailed
in recent reviews such as refs 19 and 20. In fact, the use of low-
cost calcium-based catalysts has been studied by this group for
the catalytic co-pyrolysis of grape seeds and two different waste
polymers (waste tires and polystyrene) in previous works, both
in a lab-scale reactor”"** and in a technology readiness level $
(TRL-5) auger reactor.”** The encouraging results obtained
in these studies support this technology for obtaining high-
quality bio-oils with a heating value comparable to that of
conventional fossil fuels and very low oxygen content, suitable
thus for direct use in certain combustion applications.

Since the main final use of these bio-oils is their energetic
valorization, an assessment of their combustion characteristics
is thought to be a valuable addendum to the more standard
physicochemical analysis. For that purpose, the isolated droplet
configuration has proven to be a useful benchmark for gaining
knowledge on the combustion behavior of liquid fuels. The
simplicity of this setup, with a single, isolated liquid droplet
burning under fixed and well-characterized conditions, allows
for a precise knowledge of all of the relevant parameters that
affect the process. In comparison with the much more complex
configurations occurring in real applications such as engines or
boilers, this simplicity greatly facilitates the analysis of the
underlying physics in fundamental studies, as well as allows for
a precise characterization of the combustion behavior for
different fuels in more applied works. This approach has been
used in the literature for evaluating the combustion character-
istics of many conventional and alternative fuels, such as diesel
and biodiesel,*"*> kerosene and aviation bio-fuels,”® or
gasoline and butanol,”” among many others. For the case of
bio-oils, it can be said that most of the effort has been directed
to study the droplet combustion characteristics of liquids
produced through conventional pyrolysis of lignocellulosic
biomass. Extensive studies by Shaddix et al.**** explored the
droplet combustion behaviors of a wide variety of flash
pyrolysis liquids obtained from different feedstock (pine, oak,
poplar, etc.). They obtained consistent microexplosions (i.e., a
burst of the liquid droplet due to internal vaporization), which
effectively shortened the droplet life span. However, the
burning rates were significantly lower than those of a fuel oil
no. 2, as it would be expected in light of the bio-oil properties
displayed in ref 28. It is noteworthy that these studies were
performed in a drop tube facility, where the 350 um droplets
were heated and ignited in free fall, without the influence of a
suspending fiber, which could promote heterogeneous
nucleation of the vapors inside the droplet. A similar setup,
although with considerably smaller droplets (in the range of 60
pm), was used by Garcia-Perez et al.’® for evaluating the
combustion characteristics of biomass vacuum pyrolysis
liquids. Similarly to refs 28 and 29, the bio-oil burning rates
were noticeably lower than those of a fuel oil no. 2, but in this
case, the authors did not observe complete microexplosions,

reportedly because of the lower heating rates and smaller
droplet sizes. Interestingly, Garcia-Perez et al.” studied the
formation of residual carbonaceous solids, with sizes that could
even surpass that of the initial droplet diameter. On the other
hand, Shaddix et al. highlighted in ref 28 the important role of
the reported microexplosions in reducing or even eliminating
the production of coke cenospheres, which can be highly
problematic for many combustion applications. Other single-
droplet works such as refs 31—33 relied on the suspended
droplet technique, with puffing and bubbling phenomena
rather than the proper microexplosions reported in refs 28 and
29. It is important to note, therefore, that the experimental
conditions used in the droplet combustion tests can
significantly modify the observed behaviors.

As pointed out, bio-oils produced through conventional
pyrolysis show wide differences in chemical composition and
properties when compared with liquids obtained by means of
more novel technologies. A previous work®* highlighted these
differences for a tire pyrolysis liquid (TPL), which was found
to display a much quicker conversion than the aforementioned
bio-oils, with microexplosions and burning rates comparable to
those extracted for a Spanish heating oil (i.e., fuel oil no. 2). To
the best of the authors’ knowledge, this kind of droplet
combustion characterization has not been performed for co-
pyrolysis liquids of biomass and waste polymers. In light of the
promising results of this technology to yield high-quality and
upgraded bio-oils, this study aims to evaluate the main
combustion characteristics of different liquid fractions yielded
from the catalytic co-pyrolysis of grape seeds and two kinds of
waste polymers (residual tires and polystyrene). In doing so,
this work intends to provide data regarding the single-droplet
combustion behavior of these novel fuels under experimental
conditions close to those occurring in real flames. Additionally,
the effect of the catalyst used in the co-pyrolysis process will be
also assessed, namely by comparing the droplet combustion
behaviors of three bio-oils obtained under exactly the same
experimental conditions, with the only change of the catalyst.
Two different calcium-based catalysts will be tested for this
purpose, in addition to a reference case where no catalyst was
used in the co-pyrolysis. Besides the more common droplet
combustion characteristics, such as the droplet and flame size
evolution curves or the burning rates, the experimental results
will also report complementary behaviors, which are thought to
be of special relevance for this kind of fuels, such as the
occurrence and typology of microexplosions, the potential
formation of carbonaceous solid residues, and a quantification
of the soot yielded for each oil under high temperature and
reducing conditions.

2. MATERIALS AND METHODS

2.1. Biomass, Waste Materials, and Catalysts. The biomass
used was grape seeds (GS) (Vitis vinifera), a residue from the wine
industry of the north-east area of Spain. Prior to its use, it was dried
by reducing moisture content below 2 wt %. Regarding the waste
materials, two different feedstocks were utilized. On the one hand,
polystyrene (PS) (Acteco Productos y Servicios S.L.), which was
obtained from food packaging and, on the other hand, rubber
produced in the shredding of passenger car tires (WT), which was
received in granulated form, without the steel thread and textile
netting. It is worth mentioning that the particle sizes of the three
materials were similar, around 2—4 mm.

The main properties (proximate and ultimate analysis and heating
value) of the different feedstocks are summarized in Table 1. The
proximate analysis of the raw material was determined according to
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Table 1. Main Properties of Grape Seeds (GS), Polystyrene
(PS), and Waste Tires (WTs)

GS“ PS“ WT“

moisture (wt %) 6.3 0.3 0.9

ash (wt %) 43 0.9 7.0

volatile matter (wt %) 65.1 98.4 63.0

fixed carbon (wt %) 243 0.4 293
ultimate analysis (wt %)

C 53.9 92.1 84.1

H 6.6 7.75 7.4

N 22 0.12 0.5

S 0.1 0.0 1.7

0 372 0.03" 34

HHV (MJ/kg) 2.1 411 37.3

LHV (M]/kg) 20.5 39.4 357

“As received (air-dried basis). “Calculated from the ultimate analysis
by difference.

UNE-EN ISO 18134-3, UNE-EN ISO 18122, and UNE-EN ISO
18123 for moisture, the proportion of ashes, and the volatile matter,
respectively. The fixed carbon was calculated by difference. The
ultimate analysis of the different materials was determined according
to UNE-EN 5104 in a Thermo Flash 1112, and the oxygen content
was obtained by difference. The calorific value (LHV) was measured

experimentally using an IKA-2000 calorimetric pump according to the
Spanish standard procedure UNE 164001 EX. As it can be observed
in Table 1, remarkable differences among the three raw materials were
observed. Whereas GS were characterized by a high oxygen content
(37.2 wt %), involving a low LHV (20.5 MJ/kg), WT and PS showed
a high carbon content and a low oxygen content, implying heating
values similar to or even higher than those obtained from fossil fuels.
In this study, two different calcium-based catalysts (particle size
distribution ranged between 300 and 600 ym) obtained from the
calcination at 900 °C of limestone (Carmeuse) and dolomite were
selected based on their low cost, environmental friendliness (CO,
capture effect inherent to these catalysts), and reusability nature. Both
low-cost catalysts were commercially available and were purchased
through different private companies located in Spain. These catalysts
have been previously described'*** by the following techniques: X-ray
diffraction (XRD), N,-physisorption, mercury porosimetry,*>
temperature-programmed desorption of ammonia (NH;-TPD),
temperature-programmed desorption of carbon dioxide (CO,-
TPD),” and inductively coupled plasma-optical emission spectros-
copy (ICP-OES). Detailed information about catalyst properties can
also be found in the Supporting Information (Tables S.1 and S.2).
In this research, two different variables that affect the catalytic co-
pyrolysis of biomass and waste polymers were studied. First, the
influence of the polymer type was assessed performing co-pyrolysis
experiments with GS—WT and GS—PS (80:20 mass ratio for the two
feed mixtures). Process conditions were identical for both feedstocks,
and the same catalyst was used (Carmeuse). In addition, the influence

H1

PR3
& '& » % Gas et 1 sumzs
3
§
s it - ®
2 -
A §
2| H2 AV-1
z 3
| e

AV-3 AV-4 AV-5

¥
Water seal 1

Condencer

WATER

WATER

V-2

Figure 1. Process flow drawing of the pilot plant used for catalytic co-pyrolysis experiments.

C

https://dx.doi.org/10.1021/acs.energyfuels.0c02257
Energy Fuels XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.0c02257/suppl_file/ef0c02257_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02257?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02257?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02257?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c02257?fig=fig1&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c02257?ref=pdf

Energy & Fuels pubs.acs.org/EF
l Hot coflow Hot coflow
Droplet l L (O) l l
generator ° (_Evapurating
Flat b droplets
Movable . flame .
frame Soot
trace
Quartz
filter
Falling Sootprobe
droplets
(b) l Aspiration
Camera 2 ) St Cdam?ra ll _ ‘
. (Self-emission) LSoot probe (Shadoweraphy) ’
— - ©
0.3 mm

(2)

Figure 2. Droplet combustion facility (DCF) scheme, displaying its main components (a); diagram depicting the soot probe operation (b); double-

exposure photograph of a free-falling GS—PS oil droplet (c).

of catalyst nature was also studied, performing three tests with the
same feed mixture (GS—WT mixture, 80:20 mass ratio) and using the
two low-cost catalysts (Carmeuse and dolomite) (fuel to catalyst
ratio, 2:1 mass basis) as well as sand (particle size distribution
between 2 and 6 mm), which acted as a blank reference to ascertain
the effect of not using any catalyst.

2.2. Pilot Plant. All experiments were performed in a pyrolysis
pilot plant (100 kWy,) consisting of an auger reactor working at
atmospheric pressure, using N, as the carrier inert gas, with a
feedstock feeding of 2 kg/h at S50 °C. The duration of each
experiment was set at 2 h, and the solid residence time was 7 min. To
guarantee the repeatability of the tests, two runs were performed,
ensuring a relative standard deviation (RSD) <S5%. Extended
information about the pilot plant can be found elsewhere.'® Briefly,
two independent stirred hoppers provided with screw feeders regulate
the mass flow of the different feedstocks (Figure 1). One of them is
used to feed the mixture composed of GS and waste polymer and the
other one feeds the low-cost catalyst. Prior to the experiments, the
feeding was carefully mixed and then was added to the hopper,
ensuring a good homogeneity. Based on the maximum deoxygenation
rate reached in the organic fraction, a feedstock-to-catalyst ratio of 2
was fixed for catalytic tests. Particularly, the catalysts were diluted with
sand, keeping a (sand + catalyst)-to-feedstock ratio of 3:1. This stock
of solids has been calculated as the minimum amount of heat carrier
required for a self-sustainable process from an energy perspective.”®*’
Three independent electrical resistances surrounding the reactor
provide the energy needed for the pyrolysis process. In addition, a
control and acquisition system allowed monitoring 4 pressure
transducers and 10 thermocouples located in strategic points of the
pilot plant. While the remaining solid after pyrolysis is collected in a
closed hopper, the released gas leaves the reactor and is conducted to
a condenser where the pyrolytic oil is collected. The noncondensable
gas is cleaned and conducted to a flare. All conversion products but
gas are weighed and stored in closed containers or bottles under inert
conditions for further use and analysis.

2.3. Product Characterization. The three conversion products
(liquid, solid, and gas) obtained after the co-pyrolysis experiments
were characterized. Because details regarding the gas and solid
fractions have been previously reported,'>* this research was mainly
focused on the liquid fraction analysis and use. Hence, the liquid
fraction was a heterogeneous sample composed of two differentiable
phases: organic and aqueous. These phases were separated after
centrifugation at 2000 rpm for 10 min and further decanted (organic
phase at the top and aqueous phase at the bottom). The organic

phase was analyzed, according to standard methods, to determine
different physicochemical properties. The ultimate composition
(Carlo Erba EA1108), calorific value (IKA C-2000), water content
by Karl Fischer titration (Crison TitroMatic) according to ASTM E
203-96, pH (Mettler Toledo TS50), and density (gravimetric method)
were determined in triplicate.

The chemical composition of the organic phase was obtained by
using gas chromatography coupled to mass spectrometry (GC-MS)
(Varian CP-3800 gas chromatograph and a Saturn 2200 ion trap mass
spectrometer). A CP-Sil 8 CB low-bleed capillary column composed
of 5% phenyl and 95% dimethylpolysiloxane was used (60 m, i.d. 0.25
mm, film thickness 0.25 ym). The injected samples were subjected to
the following temperature/time program: 40 °C for 4 min and a
heating rate of 4 °C/min until reaching a final temperature of 300 °C
for 21 min. BIP-quality helium was used as the carrier gas at a
constant column flow of 1 N mL/min, and the respective
temperatures for the injector, source, and transfer line were 280,
200, and 300 °C. In all cases, 1 uL of sample was injected, where 1:25
wt % was mixed with CH,Cl,/C,H,O (1:1 vol). A split ratio of 25:1
and a solvent delay of 6.4 min were applied. Electron ionization mode
at 70 eV and a range of 35—550 m/z was operated by the MS.
Individual peaks were identified with the 2011 NIST library, and each
peak was quantified according to the corresponding m/z by
normalization area (area of each peak versus the total area) to finally
group compounds by different families. The samples were injected by
duplicate, and relative standard deviations for the different families
varied between 0.15 and 17%.

2.4. Droplet Combustion Facility (DCF). After production and
characterization of the different co-pyrolysis liquid fractions, their
most relevant evaporation and combustion features were explored by
means of single-droplet combustion tests. These tests were performed
on a drop tube rig developed at LIFTEC and described in detail in a
previous work.*® A scheme depicting the main elements of the setup is
presented in Figure 2.

A stream of free-falling droplets was generated in a piezoelectric
device, which achieved initial nominal diameters (d,) of 150 #m and a
separation between consecutive droplets always greater than 100
diameters. This separation, in combination with the low relative
velocity droplet coflow, ensured that each droplet remained
unaffected by the others during its whole life span. The hot coflow
was provided by a McKenna premixed flat-flame burner, the free-
falling droplets being directly introduced within its combustion
products by means of an injection orifice passing through the sintered
burner plug. Once surrounded by this hot coflow, the droplets
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Table 2. Properties of the Organic Fractions after the Noncatalytic and Catalytic Co-Pyrolysis Processes”

properties elemental analysis (wt %)
viscosi density LHV
experiment H,0 (wt %) pH (mPa-g (g/mL) C N H S (¢) (MJ/kg)
GS—WT (80:20) sand  1.07 + 0.1 9.5 163 £ 0.8 111 83.6 = 0.9 2.6 02 9.5 £02 0.4 £ 0.02 39+ 02 388 + 1.2
GS—WT (80:20) 0.62 + 0.1 9.1 3.5+02 0.91 87.0 + 0.8 2.5+ 0.1 9.6 £ 0.2 0.4 + 0.02 0.5 + 0.1 40.7 £ 1.5
Carmeuse
GS—WT (80:20) 0.76 + 0.1 9.1 5.6 +£03 0.98 849 + 0.4 2.8 +£02 10.0 £ 0.1 0.6 + 0.03 1.8 £ 0.2 40.1 £ 14
dolomite
GS—PS (80:20) 0.74 + 0.1 8.7 23+ 0.1 0.94 88.6 + 0.6 1.8 £ 0.1 8.5+ 0.1 0.1 £ 0.01 1.0 £ 0.1 409 + 1.6
Carmeuse

“LHV = lower heating value.

evaporated and burned along a cylindrical quartz combustion
chamber axis. The burner was fed with methane, and air in different
proportions depending on the oxygen availability desired in the
coflow. As this work intends to study the evaporation and combustion
behavior of the different oils under conditions as representative as
possible of those occurring in final applications such as boilers, a
realistic environment was sought in terms of both gas temperature and
composition. Thus, three different oxygen levels were used for this
study, namely, a pure evaporation condition (i.e, 0% O,) and two
combustion cases, with 3 and 5% O, (vol, dry basis) in the coflow.
The first condition was obtained through the burning of a
stoichiometric mixture of methane and air at the flat-flame burner,
whereas for the latter cases, a slight air excess was employed to yield
unburned O, in the flue gas. The temperature profiles for these three
conditions can be found in Appendix C of the Supporting Information
of ref 40 where it can be observed that most of the droplet evolution
occurs under gas temperatures of the order of 1600—1700 K.

The droplet evaporation and burning processes were recorded by
means of three different optical setups, each of them aiming to
capture different features. A backlit charge-coupled device (CCD)
camera (QImaging Retiga SRV, camera 1 in Figure 2a) fitted with a
telemicroscope was used to obtain the droplet size and velocity by
working through the double-exposure technique, as displayed in
Figure 2c. This kind of picture was processed in Matlab to extract the
data in an accurate and repeatable way. Additionally, a comple-
mentary metal oxide semiconductor (CMOS) camera (Hamamatsu
C11440-36U; camera 2 in Figure 2a) recorded the diffusion flame
formed around each droplet, as will be shown in Section 3.2. A third
optical setup captured the macroscopic flame traces created by the
free-falling droplets, as will also be displayed in Section 3.2. This rig
consisted of a Teledyne DALSA Genie Nano C4060 fitted with a
NIKKOR 18—105 mm f/3.5—5.6G ED lens.

Besides exploring the evaporation and burning behaviors of the
different oil samples, their propensity to form soot was also
characterized through a particle sampling probe. This probe was
developed and described in detail in ref 41, and therefore, only its
main features are summarized here. A scheme depicting its operation
is presented in Figure 2b, where it can be observed that the probe
collects all of the soot particles, which are formed along the droplet
life span. To prevent soot oxidation, these tests were always
performed at the 0% O, condition, and therefore, the collected soot
particles correspond to the pyrolysis of the fuel’s vapors within an
inert, hot coflow, which allowed soot formation but inhibited its
consumption. The soot agglomerates were retained on a quartz
microfiber filter, which was subsequently dried at 110 °C for over 24
h. The weighing of the dried filter with and without soot provided the
soot mass collected during the test. Due to the small amount of soot
weighed, special care was taken to prevent that room humidity could
affect the results, as it was found that the quartz filter was hygroscopic.
For that reason, the weighing procedure was performed inside a
controlled-humidity room, with relative humidity levels always in the
order of 15%. The analytical scale used was a Sartorius CP225D with
a repeatability of 20 pg. As introduced in ref 41, a soot index named
isolated droplet soot yield (IDSY) and expressing the weight of soot
produced per unit of injected fuel was obtained for each oil, providing

therefore a quantitative metric regarding their propensity to form
soot.

3. RESULTS AND DISCUSSION

3.1. Properties and Chemical Composition of the
Organic Fractions. Although the main aim of this research
was focused on studying the combustion of the organic
fractions, it was also interesting to relate them with the
properties and the chemical composition based on two
different effects: on the one hand, the influence of the catalyst
on the co-pyrolysis GS—WT with an inert heat carrier like sand
and with two different low-cost catalysts: Carmeuse lime and
dolomite; on the other hand, the influence of two different
waste materials, WT and PS, in the co-pyrolysis with GS, using
the same catalyst: GS—WT Carmeuse and GS—PS Carmeuse.
The main properties of the organic fraction for the different
samples and catalysts are shown in Table 2.

Table 2 shows how the water content of the organic fraction
depends on the catalyst type for the same co-pyrolysis mixture
GS—WT. A decrease in the water content is observed with the
Carmeuse catalyst compared to that of the noncatalytic
process, whereas very similar results were obtained with the
other catalyst, dolomite. This is directly related to the
promotion of dehydration reactions by materials containing
calcium with poor total basicity and pure CaO crystalline phase
without impurities.'”> According to the characterization
techniques, the Carmeuse catalyst was a high-purity material
composed of CaO in a high percentage, 95 wt %, whereas
dolomite was mainly formed by CaO (47.6 wt %) and MgO
(332 wt %)."> In addition, a lower total basicity of the
Carmeuse catalyst (0.04 mmol CO,/g at 550 °C) compared to
that of the dolomite catalyst (0.11 mmol CO,/g at 598 °C)
would also justify the higher reduction in the water content. It
was also observed that the addition of CaO in the co-pyrolysis
of GS and WT rubber produced a remarkable decrease of the
oxygen content (Table 2) compared to the noncatalytic
process, sand. This fact corroborated the CaO dehydration
capacity and the improvement of the organic phase by using
this catalyst.'””” Therefore, an increase of the heating value
was reached, confirming that the co-pyrolysis of GS and WT
rubber (80:20) with this Carmeuse catalyst provided better
quality bio-oils.

When the same catalyst was compared for a different co-
pyrolysis feedstock (GS—WT versus GS—PS), quite similar
results were obtained for both. This could be justified by the
similar nature of the materials, as WT is a copolymer of styrene
and butadiene.

The influence of the catalyst on the viscosity (see Table 2)
for the GS—WT experiments showed that both calcium-based
catalysts produced a remarkable decrease on this property
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Table 3. Chemical Composition of the Organic Fractions Analyzed by GC-MS in the Co-Pyrolysis and Catalytic Co-Pyrolysis

Processes”
experiment aromatics olefins linear HC
GS—WT (80:20) (sand) 64.5 2.7 0.4
GS—WT (80:20) (Carmeuse) 70.9 2.3 0.9
GS—WT (80:20) (dolomite) 58.0 5.0 1.8
GS—PS (80:20) (Carmeuse) 96.9 0.2

“HC: hydrocarbons.

cyclic HC phenols esters ketones fatty acids others
23.6 5.0 0.8 0.1 1.0 1.8
16.0 1.4 1.5 2.1 1.6 3.6
18.1 39 29 39 2.5 4.0
0.3 0.4 0.8 0.2 1.2
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Figure 3. Long-exposure flame traces pictures captured for all fuels at the 3% O, coflow. The exposure time for all images is 200 ms (five droplets

injected during the exposure interval).

compared to sand, this effect being most considerable for
Carmeuse. When the influence of the waste material on the
viscosity was compared, it was observed that lower viscosity
was obtained for the co-pyrolysis of GS and PS than for the GS
and WT mixtures using the same catalyst, Carmeuse, indicating
that this polymer, PS, improved the quality of the oil obtained
versus the WT. As the bio-oil viscosity is widely dependent on
the feedstock and pyrolysis conditions,”** this improvement
in the viscosity for the co-pyrolysis experiments could be
explained based, on the one hand, on the feedstock (PS
consists of volatile matter and almost no fixed carbon (Table
1), whereas that WT is made of styrene—butadiene copolymer,
natural rubber, and polybutadiene) and, on the other hand, on
the nature and chemical composition of the bio-oils as shown
in the next paragraphs.

According to the composition of the organic phase using
GC-MS, a semiquantitative identification of the compounds
(relative area percentage) was carried out, as shown in Table 3.
A total of nine different families were identified for the co-
pyrolysis of GS—WT rubber without catalyst (sand) and
independently of the catalyst used. These families were
aromatics, olefins, linear hydrocarbon HC, cyclic HC, phenols,
esters, ketones, fatty acids, and others. The aromatics
constituted the group with higher percentage, the main
compounds'™® being styrene, ethylbenzene, toluene, xylene,
and benzene."”’

The effect of the catalyst on the composition of the organic
phase was reflected on the reduction of cyclic HC compared to
the experiment with no catalyst (sand). In addition, an increase
in the ketone family was observed. The Carmeuse catalyst
increased the aromatic content compared to dolomite and to
the noncatalyst experiment (sand), indicating that this type of
catalyst promoted the aromatization and hydro-deoxygenation
through ketonization and esterification reactions'” producing a
highly aromatic bio-oil and enhancing the potential use of the
bio-oil as a source of chemical products or as a drop-in fuel.

When the comparison was based on the type of waste
material used, WT and PS, it was observed that the GS—PS co-

pyrolysis produced mainly aromatics,”” with a low contribution
of the other families (linear HC, phenols, esters, ketones, fatty
acids, and others). With regard to the aromatic compounds,
styrene, ethylbenzene, and toluene were the main compounds
identified in the organic fraction (see Table S2, Supporting
Information in ref 23), all of them being low-molecular-weight
aromatic compounds. As previously mentioned, these results
could have a remarkable impact on the further use of this
liquid, not only as a drop-in fuel but also as a source of
chemical products. The thermal scission of PS, linked to the
promotion of H, transfer reactions, and the CaO effect, mainly
attached to the dehydration and decarboxylation effects,
seemed to justify the reduction of phenols and esters through
the hydro-deoxygenation route, being more remarkable in the
case of GS—PS compared to the GS—WT Carmeuse
experiment, obtaining a richer aromatic and more deoxy-
genated liquid. In addition, this effect was more remarkable in
the case of GS—PS versus GS—WT due to the pure nature of
the PS, whereas WT is composed of styrene—butadiene
copolymer, natural rubber, and polybutadiene. This composi-
tion for both the GS—PS and the GS—WT bio-oils with the
Carmeuse catalyst, associated with more low-molecular-weight
components, could also explain the lowest viscosity
obtained**** and the synergetic positive effects due to the
presence of plastics and calcium-based catalyst. At this point,
the great improvement of bio-oil properties and chemical
composition after the catalytic process should be remarked.
Thus, some of the main properties aforementioned were
similar to those found for other commercial liquid fuels such as
diesel.*®

3.2. Droplet Combustion Results. This section aims to
explore the single-droplet combustion behavior of each fuel by
means of the droplet combustion facility (DCF) described in
Section 2.4. Besides the already presented four co-pyrolysis
oils, this study will also include results for heating oil, which is
considered a good representative of conventional fossil fuels
used in many industrial and residential applications. This fuel
was thoroughly characterized in previous works, where its main
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Figure 4. Individual droplets surrounded by their diffusion flames captured for all fuels at the 5% O, condition. The images are organized in
accordance with their normalized time after injection: t/dy* (s/mm?).

isolated droplet characteristics were explored in detail” and
even some surrogates were formulated to match them.*' As the
organic fractions obtained in this work are primarily intended
for their burning in applications such as boilers, their
comparison with heating oil seems appropriate, putting into
perspective the behavior of these oils when compared with a
well-characterized reference baseline. This fuel was the only
one whose droplet evaporation experiment was repeated to
check for the procedure repeatability. As detailed in ref 40, the
comparison of both experimental runs yielded differences of
0.5% in droplet burnout times and 0.7% in time-averaged
evaporation rates.

3.2.1. Droplet, Flame, and Trace Images. As it was
described in Section 2.4, most information regarding the
droplet combustion process is extracted from different optical
setups. The first kind of pictures corresponds to the flame
traces captured with a color camera operating with a long-
exposure time. Since all of the studied fuels yield a significant
amount of soot when exposed to the high-temperature
conditions applied at the DCF, these images display bright
and orangish streaks caused by the black body radiation
emitted from incandescent soot particles. The exposure time of
these images is several times longer than the droplet generation
period (40 ms), and therefore, the integrated luminosity of
multiple droplets is accumulated in the image, creating the
flame traces that are presented in Figure 3 for all fuels at the
3% O, condition.

A first substantial difference can be noted in Figure 3
between heating oil and the rest of fuels. Whereas the former
displays a smooth luminosity profile throughout all of the
combustion chamber, the four co-pyrolysis oils show abrupt
microexplosions around 30 mm after the injection point. These
microexplosions, which will be studied in detail later on in this
same section, completely shattered the droplets, causing a
second atomization, which can be noted in Figure 3 as an
irregular broadening of the sooty luminous area. Among the

four co-pyrolysis oils, GS—PS Carmeuse displayed the most
violent microexplosions for all of the oxygen conditions, with
soot agglomerates being propelled further away from the
combustion chamber’s centerline. On the other hand, the three
oils obtained from GS and WT yielded similar microexplosion
intensities, although with slight differences regarding their
occurrence point, as will be detailed below. It is worth to note
that these relative behaviors were maintained regardless of the
O, condition explored.

The second kind of images are those captured with camera 2
(Figure 2a), which aimed to record the individual envelope
flames that surrounded the droplets. As was discussed in a
previous work,” the black body radiation emitted from soot
particles is considerably more intense than the chemilumi-
nescence emission from electronically excited radicals such as
OH* or CH*, which are the most broadly accepted light-
emitting species when it comes to establishing the flame
position.”’ =" Given the high sooting tendency of the fuels
studied here, soot emission heavily predominated in this kind
of images, and therefore, it would be more correct to speak of
soot clouds rather than flame pictures. Soot particles are
formed on the inner side of the shell flame, and therefore, the
light emission from excited radicals produced in chemical
reactions would be located slightly further away from the
droplet. In spite of this, and given the difficulty to capture this
weak chemiluminescence emission for sooty fuels, several
droplet combustion studies have indirectly estimated the flame
position from the sooty emission (e.g., refs 24 and 25). This
will also be the case in this work, as its main objective is to
obtain relative differences among the different bio-liquids, the
same kind of sooty flames being captured (and measured) for
all of them. A representative selection of these envelope flames
is displayed in Figure 4 for all fuels under the 5% O, condition.
The pictures are arranged in terms of their residence time
normalized by the initial droplet diameter squared (t/d,?), as it
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Figure S. Individual droplets surrounded by soot shells for all fuels at the 5% O, condition. The images are cropped from the original double-
exposure photographs and organized in accordance with their normalized time after injection: t/d,> (s/mm?).

is common practice in the droplet combustion literature to
minimize the differences arising from slight variations in d;.

Envelope flames in Figure 4 show distinct behaviors among
fuels. The first and more obvious one is the occurrence of
microexplosions for all of the co-pyrolysis liquids around 2 s/
mm” after injection, whereas heating oil displays a smooth
evaporation until droplet depletion, as is noticed in Figure 3.
Regarding the onset of the flame, GS—PS Carmeuse displays a
clearly more intense sooty emission already at 0.50 s/mm?
followed by the GS—WT oils. No emission can be observed at
that time for heating oil, whose ignition is in general delayed
with respect to all pyrolysis oils. This points to a more volatile
behavior of the GS—PS lighter fractions, which evaporate and
ignite earlier than the rest of the fuels. Likewise, GS—WT
Carmeuse would ignite slightly earlier than GS—WT dolomite
and GS—WT sand, as inferred by the higher signal-to-noise
ratio of its first picture (i.e., the flame appears brighter and less
noisy, whereas the background shifts to a darker tone after the
contrast enhancement procedure). These observations con-
cerning droplet ignition are consistent with the earlier onset of
a flame trace in Figure 3.

Figure 4 also provides some qualitative information
regarding the sooting propensity of each fuel. Even though
quantitative data will be provided in the next section, it seems
interesting to analyze these features to prove if they are
consistent with the subsequent soot probe measurements. For
any given residence time, the GS—PS oil displays a more
intense light emission. This envelope flame luminosity
becomes brighter than that due to the backlight used with
camera 2, and therefore, the liquid droplet becomes
progressively eclipsed (as it can be observed by the clearer
shade of the droplet). Additionally, GS—PS pictures display the
longest soot trail for a given residence time while also showing
an earlier clustering of the soot trail’s particles into thicker
agglomerates. These soot agglomerates appear to exit the
diffusion flame, forming an elongated soot tail, which lags
behind the free-falling droplet. The residence time when this
clustering event happens is different for each fuel: GS—PS is
the first one (1.40 s/mm?), followed by GS—WT Carmeuse,
GS—WT dolomite, and GS—WT Arena. Heating oil shows the
onset of this soot clustering event only in its last picture (%2 s/

mm?). Ranking the fuels according to this feature appears to
provide very similar results as when sorting them in terms of
sooty luminosity or even in soot trail length for a given
residence time. This fact would suggest a higher soot yield for
all of the co-pyrolysis oils when compared with that of heating
oil, pointing also to noticeable differences among them. These
qualitative observations will be validated below with
quantitative soot yield measurements.

The third kind of pictures obtained at the DCF are the
backlighted, double-exposure droplet images captured with
camera 1 (Figure 2). The main aim of these pictures is to
characterize the droplet size evolution, as will be detailed in the
next section. However, through these close-up images, it is also
possible to obtain valuable information regarding interesting
phenomena such as microexplosion occurrence or the
tendency to form soot particles. These two features can be
observed in Figure S5, where a set of representative droplet
images are presented according to their normalized residence
time for all fuels at the 5% O, condition.

An interesting characteristic shared by all fuels in Figure $ is
the appearance of nearly spherical soot shells surrounding the
droplets. As discussed in previous works (e.g., refs 34 and 40),
the apparition of these soot shells is quite infrequent for
droplet combustion tests at normal gravity, being generally a
feature explored in experiments under microgravity conditions
such as refs 24, 26, and 27. However, the droplet sizes and
small slip velocities applied in this work significantly reduced
natural and forced convection effects, allowing for the
formation of these structures (as detailed in ref 40). The
regions with a greater density of soot particles in Figure 5
reveal the places where the inwardly directed thermophoretic
force is balanced by the outward viscous drag. As can be
noticed in Figure 5, the resulting soot shells are considerably
spherical, pointing to a configuration close to spherical
symmetry in the vicinity of the droplet. The influence of
natural or forced convection on the evaporation results
presented in this work is thus expected to be negligible,
which greatly facilitates comparison with one-dimensional (1-
D) droplet evaporation and combustion models (as assessed in
Appendix A of the Supporting Information of ref 40 for a set of
tests performed under the same experimental conditions). It is
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Figure 6. Double-exposure pictures of individual droplets microexploding for the bio-oils evaporating and burning under all oxygen conditions (O,

level indicated for each image).

also worth mentioning that these soot shells only occur under
oxidizing atmospheres, being absent in the pure evaporation
case (the lack of an envelope flame lowers thermal gradients,
causing much weaker thermophoretic forces). Likewise, the
higher the O, availability in the coflow is, the stronger
thermophoresis becomes, yielding thicker and more spherical
soot shells (e.g., see ref 40).

On the other hand, it is also clear that, contrary to droplet
combustion works under strictly controlled microgravity
conditions, in the current study, not all of the soot particles
are gathered at the radial equilibrium location, even for the 5%
O, case depicted in Figure 5. The occurrence of a small slip
velocity, in addition to buoyancy, tends to drag soot particles
toward the trails analyzed in Figure 4. This fact has the
advantage of clearing the camera view from an excessive
amount of soot particles, which could hinder droplet
identification and measurement (as, for example, occurred in
ref 26 for a kerosene). The analysis of the soot shells presented
in Figure S should, however, take into account this soot leakage
toward the droplet wake, complicating an assessment of the
soot tendency based on the shell’s thickness. If this leakage is
assumed to be similar among fuels, the soot shells presented in
Figure 5 would indicate a considerably lower soot production
for heating oil in comparison with the co-pyrolysis liquids, as
the soot shell onset is considerably delayed for this fuel.

Consistently with Figures 3 and 4, another main difference
noted in Figure 5 between the studied fuels is the occurrence
of microexplosions for all of the pyrolysis oils, whereas heating
oil droplets evaporate smoothly until liquid depletion. This
bursting feature will be explored in detail through a collection
of representative double-exposure images in Figure 6 for all of
the fuels that showed this phenomenon.

Each of the 16 double-exposure pictures arranged in Figure
6 was captured with a delay between shots of 500 us, and
therefore, it can be considered that during that short time lapse
the parent droplet evolves from a completely spherical shape to
a collection of smaller droplets created through a second
atomization process caused by the sudden internal vaporization
of the lighter bio-oil fractions. To the best of the authors’
knowledge, this kind of result is novel for liquid fuels obtained
through the co-pyrolysis of a biomass residue (GS) and waste

polymers (WT and PS). When comparing the microexplosion
images displayed in Figure 6 with those available in the
literature for pyrolysis oils produced from biomass and waste
tires, it seems clear that the droplet combustion experimental
setup plays a relevant role. The sudden droplet breakups in
Figure 6 show similarities with those reported at the same
experimental facility for a tire pyrolysis liquid (TPL) in ref 34
or with the bio-oils tested in ref 28 under a similar drop tube
setup where unsupported, free-falling droplets were also
exposed to a high-temperature gaseous coflow. On the other
hand, most of the experimental results available in the
literature for bio-oils were obtained in setups where the
droplet was attached to a solid filament. In these kinds of
studies (e.g, refs 31—33), the microexplosion typology was
reported to be quite different. Internal bubbling and puffing
events swelled the droplet but were not enough to trigger a
second atomization into many child droplets, as was noticed in
the drop tube tests. In this regard, the influence of the solid
filament (which can act as a heterogeneous nucleation site), as
well as the larger droplets typically used in suspended droplet
studies, is thought to be relevant regarding the occurring
microexplosion typologies.

When comparing among the different co-pyrolysis oils in
Figure 6, it seems clear that most of the reported micro-
explosions shattered the parent droplet, although with varying
degrees of success. All of the fuels were exposed to exactly the
same experimental conditions, and therefore, the different
modes of microexplosions can be attributed to differences in
the oil composition and properties. GS—PS displayed more
intense microexplosions, in most occasions the parent droplet
being atomized into a fine spray, without a hint of any
relevantly sized child droplet. This differential behavior is
consistent with the more violent disruption event displayed in
the flame traces of Figure 3.

The oils obtained from co-pyrolysis of GS and WT, on the
other hand, displayed on average less violent secondary
atomizations, the liquid mass being dispersed in a poorer
manner for all of them compared to GS—PS. As a result, in
Figure 6, it is possible to observe relatively big subdroplets,
which could even be measured from these pictures. These
kinds of microexplosions for GS—WT oils are quite similar to
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Figure 7. Normalized droplet size (left) and burning rate (right) evolution curves for all of the fuels at the three studied oxygen conditions.

those presented in ref 34 for a TPL. As was reported in that
previous work, no correlation was observed between the mode
of microexplosion and the oxygen availability in the coflow
(the pictures presented in Figure 6 correspond indistinctly to
0, 3, and 5% O, conditions). Thus, the differences noted in
Figure 6 for a given fuel appear to follow random patterns.
This can be clearly noticed, for instance, for GS—WT
Carmeuse, which shows an atomization spectrum ranging
from a very efficient microexplosion (comparable to that
described for GS—PS) to a situation more similar to a swelling
and puffing event. These wide differences in the micro-
explosion mode for a given fuel at a fixed condition underscore
the importance of stochastic aspects in this process, which
become even more important for small-sized droplets such as
those used in this study.*’

3.2.2. Quantitative Data. As detailed in Section 2.4, the
images recorded with cameras 1 and 2 (Figure 2) were
processed to quantify the main combustion characteristics of
the studied fuels in the most repeatable manner. The evolution
of droplet size with time and the burning rate are presented in
Figure 7 for the three oxygen conditions studied in this work
(0, 3, and 5%). As introduced before, the first one corresponds
to a pure evaporation case under oxygen-free and high-
temperature conditions, whereas the other two study the
droplet combustion at oxygen levels, which are representative
of real combustion conditions in boilers (as it can be observed,

e.g, in the oxygen maps experimentally measured in ref 51).
Results in Figure 7 are normalized by the initial droplet
diameter (d,), so that any small difference in d, between runs
is minimized. Droplet size evolution curves are presented in
the left column in terms of the normalized square diameter
versus normalized time, whereas the burning rates (K =
—d(d*)/dt) are displayed in the right column, also in terms of
normalized time. The K values were calculated by fitting the
d*—t curves to a polynomial function, which was subsequently
derived with respect to time, yielding the temporal evolution of
the burning rate. The fitting was performed through a least-
squares regression, with the polynomial order being chosen as
the minimum that allowed us to correctly capture the data
trend without introducing numerical artifacts unrelated to the
problem physics (i.e., order 3 for the pyrolysis oils and 4 for
heating oil).

As can be observed in Figure 7, all of the studied fuels show
a steady decrease in droplet size until a complete liquid
depletion for heating oil or until a sudden interruption occurs
in the experimental curves for the pyrolysis liquids. This
sudden interruption indicates the instant of droplet bursting,
which consistently occurred for all of the pyrolysis oils as
described in Figure 6. Similarly to the reported data for a tire
pyrolysis liquid in ref 34, the instant of microexplosion was not
completely fixed but occurred randomly within an interval of
the order of 0.1-0.2 s/mm2 In that sense, the last
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Figure 8. Flame standoff ratio evolution curves for all fuels at both combustion conditions.

experimental point for each run in Figure 7 corresponds to the
last axial position where complete (and measurable) droplets
were found.

Heating oil, on the other hand, displays a more conventional
evaporation behavior, with an initial droplet heating-up phase
followed by a quasi-steady evaporation stage. During the first
one, the liquid increases its temperature without practically any
mass loss due to the low vapor pressure of heating oil when
cold (the distillation curve of this fuel was experimentally
measured in ref 41, with an initial distillation point of 233 °C).
This droplet heating without significant evaporation causes a
slight increase in the droplet size during that first region since
the liquid density decreases with temperature. As the
temperature increases, the onset of a strong evaporation starts
to significantly reduce the droplet size, and the droplet
progressively transitions toward the quasi-steady phase
predicted by the well-known d*law. This transition can be
better noticed in the K—t plot, where the burning rate of
heating oil steadily increases until reaching a quite constant
value.

The droplet evaporation behavior for the bio-oils reveals
significant differences when compared with that of heating oil.
In light of the heavy fragmentation incurred by the droplets at
the bursting instant (Figure 6), it is expected that a total
conversion of all of the pyrolysis liquids occurs before that of
heating oil. Even for low-efficiency microexplosions, where
certain child droplets still display a relevant size, the strong
dependency of evaporation time on droplet diameter
(consumption times scale with the squared diameter) implies
that the total conversion is expected to occur close to the
microexplosion instant. On the other hand, all of the pyrolysis
oils (and particularly GS—PS) appear to display higher
evaporation rates during the initial heating-up stage, which
does not show the thermal volumetric expansion noted for
heating oil. This would mean a higher vapor pressure in cold
conditions, as probably these liquids contain light fractions
with relatively low boiling points. In spite of this faster
evaporation onset, pyrolysis liquids increase their burning rates
at a slower pace than heating oil, their quasi-steady burning
rate values also being lower. However, as previously noted, the
occurrence of a secondary atomization greatly enhances the
liquid conversion through a sudden increase in the gas—liquid
contact surface.

When comparing among the different pyrolysis liquids in
Figure 7, GS—PS Carmeuse shows the most differential
behavior, with a substantial higher evaporation during the
initial stage (i.e, higher K values for short residence times).
This would point to a richer composition in compounds with

low boiling point when polystyrene is used as polymer source
in comparison with waste tires. However, the increase in K is
slower than for GS—WS oils, the burning rates being relatively
similar in the final stages prior to the microexplosion.

A comparison between the evaporation curves for GS—WS
liquids reveals small differences among them, the effect of the
catalyst used in the co-pyrolysis process being clearly less
influential than that of the polymer feedstock. The GS—WT
liquids also display quite similar evaporation behaviors to those
reported in ref 34 for a tire pyrolysis oil. This result was not
initially expected, as the liquids evaluated in the current work
are obtained by a co-pyrolysis of only 20% in mass of waste
tires with 80% of grape seeds. In spite of the relatively small
differences noted among GS—WT liquids, it is noteworthy that
the product obtained when Carmeuse was used as a catalyst
shows a noticeable faster conversion, followed by GS—WT
dolomite and GS—WT sand. Relevant differences were also
noted when it comes to the microexplosion occurrence size,
with GS—WT dolomite bursting at slightly larger normalized
droplet sizes than GS—WT Carmeuse. The co-pyrolysis liquid
obtained without any catalyst (GS—WT sand) displayed a
slower conversion as well as a more delayed microexplosion
onset (i.e., the break-up occurred for smaller droplet sizes).

On a final note regarding the evaporation characteristics, it is
also worth to mention that all of the trends and behaviors
extracted from Figure 7 are maintained for all of the studied
oxygen conditions, keeping the same relative behaviors
between fuels irrespective of oxygen availability in the coflow.
On the other hand, when comparing a given fuel at different
oxygen conditions, it is clear that the enhanced heat transfer
due to the apparition of the diffusion flame accelerates the
evaporation process, significantly increasing the burning rates.

In addition to the evaporation characteristics, the sooty
envelope flames recorded by means of camera 2 (Figure 2) and
displayed in Figure 4 were also postprocessed, and their flame
size (d;) was extracted for both combustion conditions. As it is
common in the droplet combustion literature, these results are
presented in Figure 8 in terms of the flame standoff ratio (FSR
= d;/d) evolution with normalized residence time.

The FSR values presented in Figure 8 point to noticeable
differences among the studied fuels, with wider flames for
heating oil and smaller ones for the GS—WT liquids. This
result is consistent with ref 34, where a tire pyrolysis oil was
found to display envelope flames closer to the droplet surface
than those of heating oil. GS—PS Carmeuse, on the other
hand, shows FSR values intermediate between those of heating
oil and GS—WT. For all of the studied fuels, the flame standoff
ratio shows a sustained growth with the droplet residence time,
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in disagreement with the classical droplet combustion theory
(which predicts a constant FSR value). This feature is caused
by the fuel vapor accumulation effect, described in ref 52 and
enhanced for low oxygen availabilities such as those occurring
in the current work. A comparison for a given fuel at both
oxygen conditions reveals, as expected, an approaching of the
flame front to the droplet surface when increasing the O,
availability in the gaseous coflow, in addition to a lower
uncertainty in the experimental data (i.e., lower scattering) due
to an improved image quality.

Finally, the soot probe method described in Section 2.4 was
applied for all of the fuels, obtaining for each of them their
corresponding isolated droplet soot yield (IDSY), defined in
ref 41 as the soot produced per unit of fuel mass injected under
fixed DCF evaporation conditions (150 pm droplets
evaporating and pyrolyzing in 0% O, coflow). Samples of the
particles collected on the filter were analyzed under a scanning
electron microscope (SEM) to check that the weighed solids
corresponded entirely to soot agglomerates and not to other
solids, which could potentially be formed in the process (e.g.,
coke particles). A visual analysis of these SEM samples
corroborated that virtually all of the collected solids are indeed
soot agglomerates, without any hint of carbonaceous residues
formed through liquid-phase reactions. The soot collection
tests were repeated at least three times for each fuel, so that a
measure of the experimental uncertainty could be estimated.
The average IDSY obtained for each fuel is presented in Figure
9, along with uncertainty bars calculated as twice the
measurements’ standard deviation (o).

0.3

IDSY (g soot / g fuel)
o o
o o N
(3.3 N (e

=]

0.05

Heating GS-WT GS-WT GS-WT GS-PS
Qil Carmeuse Sand  Dolomite Carmeuse

Figure 9. Isolated droplet soot yield (IDSY) obtained for each fuel
through the aspirating soot probe tests. The uncertainty bars indicate
+20 of the experimental measurements.

The quantitative results presented in Figure 9 are quite
consistent with the qualitative observations in Section 3.2.1. As
suggested in Figure 4 by the more luminous shell flames, the
longer soot trails, and the earlier clustering of these trails into
thick agglomerates observed for GS—PS Carmeuse, Figure 9
confirms that this oil showed the highest propensity to form
soot. This result is also consistent with the GC-MS analysis
presented in Table 3, where it was shown that this oil displays
the largest amount of aromatic compounds (96.9%). On the
other hand, GS—WT Carmeuse appears to produce a soot
yield quite close to that of GS—PS, even if its aromaticity is
noticeably lower (70.9%). It is, however, worth to note that the
distribution of single- and multiringed aromatics plays a major
role in the soot yielded by a fuel, as there are wide differences
between the sooting tendency of single-ringed aromatics and

that of multiringed (e.g., see ref 53). Thus, it could be possible
that even if GS—WT Carmeuse has a considerably lower total
aromatic fraction, it has a higher multiring/single-ring ratio.
This fuel was also found in Figure 4 to display the second
longest soot trails as well as the second earliest clustering of
these soot trails into agglomerates. The latter observation
seems to concur remarkably well with the soot probe results
for all of the studied fuels, as it can be observed by comparing
Figures 9 and 4. The GS—WT oil produced without any
catalyst (GS—WT sand) yielded the lowest amount of soot
among all of the co-pyrolysis oils, with GS—WT dolomite
displaying an ISDY value in between those of GS—WT
Carmeuse and sand. All of these liquids yielded a significant
higher soot weight when compared with heating oil, as can be
corroborated in Figure 9. This is ascribed to the noticeably
higher aromatic content of the co-pyrolysis liquids (58.0—
96.9% according to Table 3 vs only 26.2% in heating oil, as
presented in ref 41).

4. CONCLUSIONS

In this work, different bio-oils were produced in an auger
reactor, aiming to study both the effect of changing the
polymer type in the feedstock and the nature of the catalyst for
a given biomass—polymer ratio. The physicochemical analysis
performed to these organic fractions concluded that the
introduction of a catalyst significantly decreased the liquid
viscosity and density, this effect being more marked when
using Carmeuse than when employing dolomite. GS—WT
Carmeuse also displayed a noticeable lower oxygen content
than GS—WT dolomite and GS—WT sand, as well as a lower
water fraction. This is thought to be caused by the CaO
dehydration capacity, which also enhances the heating value of
the liquids obtained with this catalyst. Regarding the chemical
composition, the introduction of the Carmeuse catalyst
increased the aromatic content compared to dolomite and
sand, as a result of aromatization and hydro-deoxygenation
reactions. From these data, the use of a catalyst (and, more
specifically, the Carmeuse type) seems to significantly improve
the bio-liquid characteristics. The second variable of study was
the polymer type. In this regard, the main difference between
GS—WT Carmeuse and GS—PS Carmeuse was the consid-
erably higher aromatic content and the viscosity reduction
when using PS as polymer source. This is thought to be caused
by the thermal scission of PS, which seemed to heavily reduce
phenol and ester contents through the hydro-deoxygenation
route in GS—PS compared to that in GS—WT.

The second part of this study analyzed the main droplet
combustion characteristics of the aforementioned liquids. The
main characteristic of all of the bio-oils studied is the
occurrence of microexplosions, which achieved in most cases
a second atomization of the droplet. This feature is beneficial
for liquid conversion in the combustion chamber, as it
significantly shortens the droplet life span even below that of
a conventional heating oil. Among the four studied liquids, the
larger differences were found when changing the polymer
source. Namely, GS—PS Carmeuse displayed a considerably
more volatile behavior during the initial stage, probably caused
by a richer composition in compounds with low boiling point.
This fuel also showed the most efficient microexplosions, and
therefore, its evaporation behavior is considered to be, in
global terms, the best among all of the explored bio-oils. The
GS—WT oils displayed more similar behaviors among them,
which are also found to be akin to that of a tire pyrolysis liquid
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(TPL) studied under the same experimental conditions in a
previous work. Smaller yet noticeable differences were found
between the three GS—WT liquids, with a more volatile
behavior for GS—WT Carmeuse, a slower conversion for the
oil produced without the catalyst (GS—WT sand), and an
intermediate behavior for GS—WT dolomite.

Regarding the propensity to form soot, all of the explored
bio-liquids displayed a substantially higher soot yield than
heating oil, as verified by the aspirating soot probe tests and
the imaging observations. These results are consistent with the
high aromatic content of the bio-liquids and could be a
drawback when it comes to their combustion in boilers. In this
regard, the highest soot yield was measured for both fuels using
the Carmeuse catalyst, whereas the liquid obtained without the
catalyst (GS—WT sand) produced the lowest soot tendency,
probably due to its lower aromaticity and higher oxygen
content. In spite of these high sooting levels, a quite positive
feature common to all of the studied bio-oils is the fact that a
SEM analysis of the collected solid particles only revealed soot
agglomerates, without any hint of carbonaceous coke-like
solids, a common issue when burning certain bio-oils, and
which is reported to be detrimental to most combustion
applications.
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ARTICLE INFO ABSTRACT

Keywords: In spite of its relevance, the prospective energetic valorization of crude glycerol (CG), a major by-product of
Crude glycerol biodiesel production, remains nowadays unfulfilled in the industry because of the significant challenges posed by
Acetals

its combustion properties. Besides some basic post-treatments such as desalting (to obtain desalted crude gly-
cerol, DG), its blending with other industrial by-products could improve crude glycerol properties, while
maintaining the renewable nature of the fuel. A secondary product obtained from the FAGE process, consisting in
a mixture of acetals named GF*, has been proposed in this work as a suitable fuel for this purpose. The com-
bustion characteristics of these by-products have been tested along with different CG-GF* and DG-GF* blends by
employing single droplet combustion experiments and semi-industrial furnace tests. Single droplet results point
to widely different behaviors between GF* and the glycerols, the latter displaying much lower burning rates and
violent microexplosions ascribed to salt content as well as to the broad differences in their constituent's boiling
points. Relevant differences were noted between DG and CG modes of microexplosion, presumably due to the
lower salt content of the former. Both CG-GF* and DG-GF* mixtures presented similar behaviors to CG, although
with a noticeably faster conversion. The furnace tests revealed that GF* addition widened the range of stable
conditions in the burner, significantly improving flame stability and reducing CO emissions. NOx emissions
slightly increased, although they could be reduced through burner aerodynamics optimization, facilitated by the
improvement in flame stability. The reported results support the potential use of GF* as auxiliary fuel for en-
hancing the combustion behaviors of crude glycerol.

Semi-industrial furnace
Droplet combustion
Microexplosion

1. Introduction

The extensive manufacture of biodiesel during the last decades has
indirectly increased the production of glycerol, a by-product of the
transesterification process, where vegetable oils or animal fats react
with short-chained alcohols. The obtained glycerol stream, usually de-
nominated crude glycerol, is far from being chemically pure, typically
consisting of a mixture of glycerol, water, alcohol, soap, FAMEs and
alkaline catalyst residues [1,2]. These impurities severely hinder its use
in high added value processes, being crude glycerol (CG) of very little
economic value nowadays [1,2]. In view of the large surplus of this by-
product, and as viable high-end alternatives are very limited with the
current refining technologies and market position, its energetic valor-
ization in industrial boilers has been proposed as a feasible solution to
the large amounts of CG produced in biodiesel plants.

In principle, the characteristics of CG are compatible with its

potential use as fuel in industrial power plants, either completely re-
placing or co-fired with fossil fuels. Some works in the literature re-
ported favorable results in terms of the co-combustion of glycerol with
other fuels (e.g., biomass [1]). Most of those studies analyzed the effect
of using glycerol (or other bioliquids) as fuels in small-scale test facil-
ities on the combustion characteristics (specially emitted pollutants)
with respect to those obtained from burning traditional fuels (e.g.,
[3-8]). However, there are still relatively few studies on the use of
crude bioliquids in commercial heat/power generation plants [9] due to
the modifications required for existing systems [10]. In the case of CG,
there are significant differences between its physicochemical properties
and those of conventional fossil fuels, namely: low calorific value, high
water content, high autoignition temperature, production of toxic ac-
rolein gases, high viscosity at room temperature and high mineral
content. These properties significantly hinder the use of CG in com-
bustion-related applications [3,4] or may involve significant

Abbreviations: CG, crude glycerol; DG, desalted crude glycerol; FAGE, fatty acid glycerol formal esters; FAME, fatty acid methyl esters; GF, glycerol formal; GF*,
mixture of acetals of industrial relevance; NGOM, non-glycerol organic matter; PG, pure glycerol
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modifications in existing burners [8,11]. In particular, the lower ca-
lorific value of CG (~16 MJ/kg) compared to that of fossil fuels (e.g. 44
and 46 MJ/kg for diesel and propane, respectively), forces to consume a
significant amount of an auxiliary fuel, typically natural gas or propane,
to ensure a good quality combustion with stable flame.

An alternative option to overcome the challenges posed by burning
neat CG is to blend it with other liquid by-products which can improve
its combustion behavior. In doing so, the obtained fuel would be en-
tirely considered as waste-derived, as opposed to its prospective
blending with conventional petro-fuels such as diesel. A novel process,
described in [12,13], has been developed to produce Fatty Acid Gly-
cerol formal Esters (FAGE), a fuel of similar characteristics to that of the
widespread FAME. This process is reported to yield a by-product con-
sisting in a mixture of acetals, being glycerol formal (GF) the pre-
dominant one. This by-product stream is reported to display much more
suitable physicochemical properties for its combustion when compared
with CG [13], and therefore their potential blending could significantly
improve the prospects of a successful valorization of the crude glycerol
surplus, while also consuming the aforementioned FAGE by-products.
In addition, as detailed in [12,13], the FAGE manufacture process uses
glycerol as feedstock, even further increasing therefore its consumption.

In this work, the combustion characteristics of crude glycerol (as
received from a biodiesel plant and also desalted), an acetal mixture
(GF*) and their blends were experimentally studied at two different
scales. Their combustion properties were obtained under well con-
trolled conditions in single droplet experiments, whereas their beha-
viors under realistic conditions were assessed from tests in a semi-in-
dustrial furnace. The objective was to characterize the behavior of those
fuels and to determine the potential benefits of blending crude glycerol,
which has been reported to display significant difficulties for its ap-
propriate stand-alone combustion, with GF*.

2. Experimental method
2.1. Fuels investigated

A crude glycerol sample (CG) provided by Mercuria Biofuels as a by-
product of their biodiesel manufacture was, after a proper homo-
genization and filtration process, physicochemically characterized prior
to its combustion tests. The main results of this characterization are
outlined in Table 1.

As introduced before, this work aims to explore the possibility of
improving the CG combustion characteristics by blending it with a
FAGE by-product, consisting in a series of acetal compounds denoted
GF and GFOMOM. For the interested reader, information regarding the
FAGE, GF and GFOMOM production and characteristics can be found in
[12,13]. A mixture of both by-products was supplied by Inkemia IUCT,
in a proportion of industrial relevance for the FAGE production process.

Table 1
Main chemical components and properties of the crude gly-
cerol (CG) studied.

Parameter Value
Glycerol (% m/m) 81.4
Water (% m/m) 2.8
Methanol (% m/m) 0.1
NGOM? (% m/m) 7.5

Sulfur (% m/m) 1.1

HHV (MJ/kg) 12.7-15.8"
Density, 30 °C (kg/m>) 1290
Viscosity, 80 °C (cP) 67

# Non-glycerol organic matter.

b The higher heating value was determined four times,
with a significant data dispersion (standard deviation of
1.63 MJ/kg). Thus, the upper and lower values, rather than
their average, are displayed.
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This blend was named GF*, and its behavior will be explored along with
that of different CG-GF* mixtures, both in single droplet combustion
tests and in the furnace. Three CG-GF* blends were prepared for the
droplet experiments, with 7, 15 and 30 vol% of GF*. In addition, neat
glycerol (Panreac, 99.5% purity) was also included in order to provide a
reference baseline.

It is well known that the high mineral content of CG can seriously
damage the combustion facilities [5] and for that reason, the ‘raw’
crude glycerol was processed to remove most of its salt content. Dis-
solved salts in the CG were removed by solvent precipitation followed
by filtration of the solid salts. The solvent was recovered by distillation
and reused. With this procedure, the salt content can be reduced up to
80%, depending on the nature of the solvent. The advantage of salt
precipitation with respect to the alternative process of glycerin dis-
tillation is the lower capital cost of the process equipment. Further-
more, the operating cost of solvent desalting is also lower than glycerin
distillation, even if its industrial implementation has several dis-
advantages (the main one being the need to manipulate the solid salt in
the presence of a volatile solvent). Further process optimization is
needed in order to successfully scale-up the desalting technology. Even
so, this process was applied to a batch of CG, obtaining a representative
sample of desalted crude glycerol (DG), whose salt content analysis is
compared to that of the original CG in Table 2. Namely, an ICP-AES
(Inductively Coupled Plasma Atomic Emission Spectroscopy) analysis
was performed at ICB-CSIC in order to quantify the main cations pre-
sent in both glycerols. This information was complemented with that of
the total ash content, measured by means of a burner and a muffle-type
furnace. Using this latter parameter as a global indicator of salt pre-
sence, the desalination process achieved a reduction of 64.3% of the
total ash content initially present in the CG sample. Once obtained and
characterized, the combustion of DG, both neat and blended with GF*,
was also analyzed in the droplet facility and in the semi-industrial
furnace.

2.2. Droplet combustion facility

The single-droplet evaporation and combustion characteristics of
the examined fuels were obtained through the Droplet Combustion
Facility (DCF) developed at LIFTEC. These experiments provide insight
into the intrinsic behavior of each fuel when tested under fixed and well
characterized conditions. As these conditions are exactly the same for
each sample, the observed differences are completely attributable to the
studied fuels, and relative behaviors among them can be extracted in a
simplified configuration. A detailed description of the experimental rig
used for this purpose can be found elsewhere [14,15].

The isolated, freely-falling droplets were originated at a piezo-
electric device with initial diameters of 151.1 = 1.9 um and subse-
quently injected within a hot coflow, where their evaporation and
burning processes were recorded by optical means. In order to decrease
the viscosity of the glycerol samples, the droplet generator had to be
heated to temperatures up to 100 °C. An interdroplet separation larger
than 100 droplet diameters effectively prevented any interaction be-
tween droplets [16,17]. In order to obtain a gaseous ambience re-
presentative of those found in real flames, a hot coflow consisting in the

Table 2

Salt content in the crude and desalted glycerol samples.
Parameter CG DG
Al (g/kg) 0.013 < DL
Ca (g/kg) 0.041 < D.L*
K (g/kg) 25.67 6.00
Na (g/kg) 3.86 3.80
P (g/kg) 1.46 0.38
Ash (% m/m) 7.15 2.55

2 Detection limit.
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combustion products flowing out of a flat-flame burner was used. By
adjusting the burner’s feed flow rates, the composition and temperature
of its exhaust gases could be modified, providing therefore different
atmospheres for studying the droplet combustion process. Three con-
ditions were selected, with 0, 3 and 10% of oxygen molar fraction (dry
basis) in the coflow. As in real flames the oxygen availability can sig-
nificantly vary within flame regions, the chosen conditions are thought
to cover a varied range of common ambiences observed by droplets
within real spray flames.

The single droplet evaporation and combustion characteristics were
entirely gained by means of optical methods. A CCD camera (QImaging
Retiga SRV) fitted with a telemicroscope and backlighted through a LED
stroboscope used the double exposure technique in order to extract not
only the droplets size but also its velocity. With a delay of 500 ps be-
tween the LED’s shots, a given droplet could be recorded multiple times
in the same picture. This is used for measuring the droplet velocity, but
also for characterizing other features such as the occurrence of micro-
explosions. Additionally, a color DSLR camera (Nikon D5000) recorded
the visible flame streak formed by the freely-falling droplets, which
provided insight into some macroscopically observable features.

2.3. Semi-industrial furnace

The second stage of the combustion tests was conducted in a semi-
industrial furnace, under conditions representative of those found in
real boilers. The experimental facility has been described in detail in
previous works [18,19] and only their main characteristics will be
summarized here.

The combustion chamber is cylindrical and vertically oriented, with
a total length of 3.5 m and a diameter of 0.83 m in the upper half,
where the burner and the flame are located. All furnace elements are
cooled by individual water jackets and their inner walls are refractory
lined over the whole chamber length. Fig. 1 shows the geometry of the
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burner installed in the furnace roof. It was designed to provide a broad
flexibility, in order to adapt to different fuels or to implement low-NOx
measures (more details in [19]). The combustion air is injected through
two concentric ducts, in adjustable proportions; the split was fixed at
68%/32% of primary/secondary air. The liquid fuels were preheated to
80 °C and injected by means of an air-assist atomizer. Due to the well-
known difficulties to achieve a stable flame with crude glycerol, the
facility allowed for the use of an auxiliary fuel (propane), which was
injected through 16 injectors installed in the periphery of the burner
throat (see Fig. 1). Although the spray characteristics were not de-
termined, mean spray sizes are typically in the order of several tens of
microns, with the distribution tail reaching the order of a hundred
microns, as it can be confirmed in [20,21], where the spray char-
acteristics of a heavy oil tested at this same furnace were analyzed.
Thus, the droplet sizes used in the single droplets experiments
(~150 pum) are expected to be close to the tail of the spray distribution
obtained in the current furnace tests.

The main objective of these tests was to evaluate the stability and
emissions achievable with crude glycerol (both neat and desalted) and
its blends with GF*. Flue gas composition was measured with individual
on-line analyzers for O,, CO and NOx (repeatability < 1%, 0.5% and
0.5% of their respective full scale values). Given the lack of generally-
accepted methods to evaluate flame stability, some indices were ex-
tracted from flame images and radiation. A video camera and a pho-
tomultiplier tube fitted with a bandpass filter at 310 = 5 nm (OH*
chemiluminescence band) were installed at one of the side windows
with that purpose.

3. Tests in droplet combustion facility
3.1. Base fuels
As introduced in Section 2.1, the droplet evaporation and
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Fig. 1. Burner used for combustion tests in the semi-industrial furnace.
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Fig. 2. Normalized droplet size and burning rate evolution for the three studied base fuels at different oxygen conditions (top: 0%, centre: 3%, bottom: 10%).

combustion characteristics of the industrial by-products CG, DG and
GF* were extracted along with those of pure glycerol (PG) by means of
single droplet tests. These fuels are categorized as ‘base fuels’, to dis-
tinguish them from the CG-GF* and DG-GF* mixtures, which shall be
presented in Section 3.2. Results are displayed in Fig. 2, with the dro-
plet size evolution curves showed in the left column and the subse-
quently extracted burning rates (K = —d(D?)/dt) provided in the right
one. It should be noted that the droplet size curves are normalized by
the initial droplet diameter (Do), so that any small difference in Dy
among tests is automatically corrected. The K-t/Dy> curves are obtained
as the time-derivatives of the size curves. For this purpose, the latter
data was fitted to a 4™ order polynomial, which was subsequently de-
rived with respect to time. Regarding the uncertainty of the displayed
curves, the error bars for a given droplet residence time have not been
included because they are smaller than the symbols used in Fig. 2. Pure
glycerol tests were repeated one month after their first run in order to
check the procedure repeatability, providing a 6.80, 1.75 and 0.24%

difference in time-averaged evaporation rate for the 0, 3 and 10% O,
conditions, respectively. The first value is unusually high for these tests,
which typically show a repeatability in the order of 1% for the time-
averaged evaporation rate (e.g., 0.7% for a heating oil vaporization test
in [15]). This lower repeatability is thought to respond to the sig-
nificantly higher initial droplet velocities found for the PG repetition
tests (especially for the 0% O, case), which would cause a quicker
transit of the droplet along the gas coflow temperature profile. Any
difference in the gas temperature around the droplet for a given re-
sidence time would have a bigger impact in the evaporation experi-
ment, more sensitive towards this parameter because of the absence of a
diffusion flame surrounding the droplet. In any case, all the experi-
mental data presented in this work were obtained with initial droplet
velocities much closer together than that of PG at the 0% O,, and
therefore their repeatability is expected to be considerably better.

Fig. 2 illustrates very similar evaporative behaviors between CG and
PG during approximately the first half of the droplet lifespan for all the
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Fig. 3. Droplet swelling and microexplosion sequences for DG (upper row) and CG (lower row) at the 0% O, condition. For each sequence, the normalized time after

injection (t/Dy?) for the upper droplet is provided.

studied oxygen conditions. This is ascribed to the high content of gly-
cerol in the studied CG (81.4%, according to Table 1). Both fuels display
a prolonged initial heat-up transient with some thermal swelling (i.e.,
an increase of the droplet size due to its density decrease), primarily
caused by their low tendency to evaporate at the droplet's injection
temperatures. However, CG appears to show a more volatile behavior in
that initial region, with slightly smaller normalized sizes and somewhat
higher burning rates. The vaporization of the small fractions of NGOM
and water present in the CG (Table 1) is thought to account for these
differences. Over the course of this heat-up period, the PG droplets
gradually increase their burning rate until reaching a quasi-steady value
which is kept approximately constant until the droplet is completely
vaporized, as stated by the well-known d*law. The CG curves, by
contrast, are suddenly interrupted much before the droplet burnout
time due to the onset of violent microexplosions which shattered the
droplets. This kind of event was also observed in a previous work on
crude glycerol droplet combustion [14], and it is ascribed to the for-
mation of internal vapor bubbles which disrupt the liquid droplet upon
their violent release. These disintegrations are reported to be beneficial
for the fuel conversion efficiency in real applications, as a secondary
atomization would not only significantly shorten the droplets' burnout
time, but also improve the fuel-gas mixing within the combustion
chamber and reduce pollutant emissions [14,22]. Just before the mi-
croexplosion occurrence, the CG burning rates appear to abruptly
decay, departing from the PG behavior. This subtle feature was also
noticed in [23] for ethanol-TTIP mixtures, although relevant differences
between the microexplosion mechanisms might hamper comparison
with the CG case (TTIP was found to hydrolyze creating a solid shell at
the surface). A hypothesis which might explain this abrupt decay in K in
the present work is based on the results presented by Wang et al. for
binary alkane mixtures [17], where it was found that the onset of the
first internal vapor bubble occurs much before this event can be in-
ferred from alterations in the droplet size, as the initial bubble size is
too small to cause a significant change in the droplet diameter. This
initial bubble was reported to grow rather slowly until reaching a
turning point, where its size abruptly increased, causing the shattering
of the droplet. The progressive decay in the burning rate observed for
CG in Fig. 2 could thus be ascribed to the formation of small bubbles

inside the droplets just prior to their fragmentation.

On the other hand, the desalted crude glycerol displays a completely
different behavior when compared to both CG and PG. As illustrated in
Fig. 2, DG droplets underwent an abrupt swelling just after completing
their initial heat-up transient. This swelling could rapidly increase the
droplet size by a factor of 2 prior to a puffing event or a weak micro-
explosion. For most cases at the 0 and 3% O, conditions, these events
achieved to propel some small liquid fragments away from the parent
droplet, significantly decreasing its size. After this phenomenon, the DG
droplets evaporated smoothly until reaching a new microexplosion, this
one analogous to that described for CG, which completely shattered the
droplet. Because of the variable intensity of the weak microexplosions,
the DG droplet measurements displayed in Fig. 2 should only be re-
garded as a sample of the range of sizes observed after this event. De-
pending on the puffing intensity, the mass loss of the parent droplet
varied, explaining therefore the high dispersion found for this parti-
cular fuel. This high dispersion hindered the extraction of evaporation
and burning rates for DG in Fig. 2. For DG at the 10% O, condition, the
puffing event was significantly more intense than those described for
the 0 and 3% and, for most cases, achieved to shatter the parent droplet
into several child droplets of roughly the same size. This fact hampered
droplet measurements after the fragmentation point for DG at 10% O,
as displayed in Fig. 2.

Finally, the acetal mixture GF* presents a much shorter initial
heating transient than the glycerols, with substantially higher burning
rates throughout the droplet lifespan. Contrary to CG and DG, GF*
droplets do not experience microexplosions, and their size evolution
curves proceed until the droplets are completely evaporated. In spite of
their considerably higher volatility, the total conversion of the GF*
droplets is expected to occur slightly after that of crude glycerol, as the
shattering of the latter would drastically reduce their consumption time
afterwards (combustion time roughly scales with D? as it can be no-
ticed in Fig. 2).

When comparing among oxygen conditions for a given fuel, it is
clearly ascertained from Fig. 2 that higher oxygen availability accel-
erates the droplet conversion process, enhancing burning rates and
reducing droplet burnout times. This is due to the formation of an en-
velope flame surrounding the droplet when oxygen is available. If the
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Fig. 4. Macroscopic flame traces created by the freely-falling droplets of the studied base fuels. An exposure time of 2 s was used for GF* and PG, whereas CG and DG

pictures were captured with 1/3 s due to their higher luminosity.

oxygen fraction in the gaseous coflow is increased, the envelope flame
displays a higher temperature and is located closer to the droplet sur-
face. Both effects significantly enhance the heat transfer towards the
liquid phase, accelerating therefore the droplet evaporation process and
the microexplosion occurrence.

Fig. 3 illustrates an overview of some microexplosion sequences
recorded for CG and DG at the evaporation condition (0% O, coflow).
As detailed in Section 2.2, each picture displays multiple sequential
shots of the same freely-falling droplet 0.5 ms apart. The upper row
shows the already described DG swelling and puffing events, whereas
the lower one illustrates the CG abrupt microexplosions. The first ob-
vious difference between both is their occurrence point, considerably
delayed for CG as it can be confirmed in Fig. 3. The DG swelling starts
just after its heat-up period, with droplet sizes in the order of Dy (e.g.,
153 pm for t/Dy*> = 0.708 s/mm? in Fig. 3) gradually increasing their
diameter during the following few milliseconds (~2-4 ms) prior to their
break-up and puffing, which can be observed in the triple-exposure
pictures at t/Dy> = 0.763 and 0.902 s/mm? On the other hand, mi-
croexplosions recorded for CG occur after a significant evaporation has
already taken place (droplet sizes ~120 pm), with a much shorter
characteristic time than the swelling and puffing events observed for
DG. In the case of CG the upper droplets appear to be totally spherical,
without any sign of microexplosion, whereas the lower ones are com-
pletely shattered by the bursting of the inner vapors. Therefore, the
characteristic time for the recorded fragmentation events would be
considerably lower than 0.5 ms for this fuel, even though the initial
bubbles might have been building up during a longer time lapse (as
observed for a different fuel in [17]). As already pointed out, an ad-
ditional difference between the two kinds of microexplosions presented
in Fig. 3 is the fact that CG microexplosions completely shattered the
droplets, whereas the DG break-up phenomena was much weaker, with
considerably larger child droplets which could even be tracked and
measured downstream the bursting point for the 0 and 3% O, condi-
tions (Fig. 2).

The CG microexplosions illustrated in the lower row of Fig. 3 dis-
play exactly the same features as those reported in [14] for a different
crude glycerol sample, although also with significant differences when
compared to [24], another of the few available works on CG droplet
combustion. The broad differences between both experimental setups
are thought to be responsible for the aforementioned discrepancies, as
[24] employed a suspended droplet technique with bigger droplet sizes
and lower ambience temperatures. The CG microexplosion typology

reported here, with fast (< 0.5 ms) and violent droplet shattering, also
differs from those described in several works on different mixtures and
emulsions of alkanes, alcohols and water (e.g., [17,25-27]). All the
referred studies, performed by means of the freely-falling technique and
avoiding therefore the potential influence of the solid filament, re-
ported the occurrence of significant droplet swelling before its shat-
tering. For instance, binary heptane-hexadecane droplets in [17] were
found to increase their diameter by more than 60% prior to droplet
burst, with a characteristic time in the order of a few milliseconds. Both
microexplosion features appear to closely concur with the DG break-up
phenomena illustrated in Fig. 3. Since the experimental configuration
used in this work is analogous to that employed in [17,25-27], the
reported DG microexplosions are thought to respond to the same me-
chanisms proposed in those works, i.e., the homogeneous nucleation of
the liquid mixture within the droplet. This local vaporization of the
more volatile components (NGOM, water, methanol, even some non-
recovered desalination solvent) would create a gas bubble within the
liquid phase, whose growth explains the droplet swelling which pre-
cedes its break-up. As already discussed, a different case would be that
of CG, whose fast and violent microexplosions concur with [14],where
the droplet shattering was ascribed to the decomposition of alkali salts
rather than to the evaporation of its lighter compounds, following
therefore a different mechanism than those governing homogeneous
nucleation between liquids. The fact that crude glycerol modifies its
original abrupt microexplosions for the slower swelling-induced break-
ups after the desalination process also suggests that salt content plays a
relevant role in the droplet bursting mode. However, further in-
vestigation is clearly needed in order to better ascertain the differences
between both microexplosion typologies.

The broad differences noted between the studied base fuels also lead
to macroscopically observable distinct behaviors. This can be clearly
ascertained from Fig. 4, where the flame traces formed by the com-
bustion of the free-falling droplets are presented by means of long-ex-
posure photographs. All of them display a subtle blue streak stemming
from the chemiluminescent emission of the droplets' envelope flames.
However, whereas for pure glycerol and GF* this blue streak spans for
the whole droplet burnout time, for CG and DG it is abruptly inter-
rupted by a much more intense orangish emission. This luminosity was
analyzed by a spectrometer (Ocean Optics HR2000), which found a
marked peak at 589 nm, determining therefore that most of this ra-
diation stems from the emission of excited sodium ions, released after
the droplet shattering. This can be verified in Fig. 5, where the
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Fig. 5. Emission spectrum recorded in the combustion test of CG-GF*7 droplets
(10% O, condition).

spectrum recorded for CG-GF*7 is presented. Thus, the onset of the
orangish umbrella in Fig. 4 indicates the point of the first recorded
microexplosion for the set of droplets captured in the long-exposure
picture. In accordance with the curves presented in Fig. 2, DG droplets
experience an earlier occurrence of microexplosions, although this
difference is reduced compared to the 0% O, condition displayed in
Fig. 3. The different modes of droplet shattering can also explain the
noticeable differences found between both orangish umbrellas: whereas
the CG sodium emission is more centered around a clearly more intense
spot, the weaker microexplosions of DG provide a more distributed and
asymmetrical sodium release along the child droplets trajectories.

The droplet burnout lengths for GF* and PG can also be clearly
distinguished in Fig. 4, as they feature an orangish spark at the point of
droplet depletion. The spectra recorded determined that these sparks
were also caused by sodium emission, and therefore their occurrence is
due to small contents of sodium in the GF* and PG, which are released
into the hot ambience after the liquid has completely evaporated. This
sodium can either be contained within the original fuel samples or be a
result of cross-contamination. In any event, the amount of sodium
present in GF* and PG is estimated to be negligible, as the orangish
luminosity does not arise until the very instant of droplet depletion.
Both the visible flame traces and the recorded spectra point to a neg-
ligible soot yield for all the studied fuels, as the characteristic black-
body continuum emission ascribed to soot is absent (e.g., see the
spectrum recorded for CG-GF*7 in Fig. 5).

3.2. Glycerol - acetal mixtures

As introduced before, one of the main objectives of this work is to
evaluate the effects of GF* addition on the evaporation and combustion
characteristics of crude glycerol. To this end, the tests described in the
previous section were performed on different CG-GF* and DG-GF*
mixtures at the 3% O, coflow condition. The droplet size and burning
rate curves are displayed in Fig. 6 for both kinds of blends.

It is noteworthy that CG and its mixtures with GF* show very similar
behaviors throughout all the droplets combustion history. The three
studied blends presented the same microexplosion typology than that
described for CG in Fig. 3, and their macroscopically observable flame
traces were also akin to those recorded for the neat crude glycerol
(Fig. 4). Regarding the quantitative evaporation data, it can be inferred
from Fig. 6 that GF* addition slightly accelerated the droplet eva-
poration process, although this effect is barely noticeable for the mix-
tures with lower GF* content, being clearer for the CG-GF*30 blend.
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On the contrary, the addition of GF* drove relevant changes in the
combustion features of DG, such as the suppression of the swelling and
puffing stages. In [25-27] it was experimentally concluded that, for
homogeneous nucleation to occur, the initial concentration of the most
volatile constituents (e.g., water, NGOM, non-recovered desalination
solvent or methanol in the case of DG) must be within a limited range
defined by the relation of the homogeneous superheat limit of the
mixture to the boiling point of the less volatile compounds. If, as it was
proposed in Section 3.1, the swelling events displayed by DG are indeed
caused by homogeneous nucleation within the droplet, the addition of a
compound such as GF* could shift the mixture to a concentration range
out of the superheat limits, hindering therefore the initial swelling and
puffing phenomena. As it can be noticed in Fig. 6, DG-GF* droplets
vaporized smoothly until (D/Dg)®> ~ 0.45, where an abrupt micro-
explosion led to a complete droplet breakup such as those observed for
CG and its mixtures. These kind of microexplosions are ascribed to salt
content, and therefore the lower salt concentration of DG is consistent
with the delayed occurrence of the droplet shattering for DG-GF* in
comparison with CG-GF*, which burst around (D/Dg)? ~ 0.66. As it was
observed for CG mixtures, the burning rate enhancement with GF*
blending is more pronounced for a 30% GF* addition, being the eva-
poration process of DG-GF*7 and DG-GF*15 virtually the same. These
results would be in accordance with the behaviors reported for the base
fuels in Section 3.1, where the considerably higher volatility of GF*,
both in terms of higher burning rates and shorter heat-up periods, was
highlighted.

4. Tests in semi-industrial furnace

The combustion characteristics of crude glycerol have been also
investigated in a configuration representative of industrial facilities by
means of tests performed with CG, DG and their blends with GF* in a
semi-industrial furnace. The study has focused on analyzing the range
of conditions allowing a stable combustor performance and the need of
a support fuel to ensure flame stability. In the tests, the mass flow rate
of glycerols, CG-GF* and DG-GF* mixtures was fixed at ~17 kg/h.
Propane was used as auxiliary fuel, with flow rates in the range 0-3
Nm®/h.

A first, basic requirement concerns the stability of the flame, as in
many cases glycerol burners need to be supplied with a secondary fuel
in order to achieve a stable, attached flame [4,5,7]. Thanks to its broad
flexibility, the burner used in this study (Fig. 1) could be adjusted to
maintain a stable flame without any support fuel. Nevertheless, the
operating range and the combustion quality (e.g. in terms of CO
emissions) varied with the fuels fed to the burner. For example, in the
case of unblended desalted glycerol, DG, a minimum of 5.8% excess
oxygen (by vol., dry basis) was needed when no propane was used; this
limit gradually decreased with the amount of propane fed through the
secondary injectors (see Fig. 1), so that it was below 1.4% for 1 Nm®/h
of propane. The addition of GF* also had a clearly beneficial effect in
this respect: the minimum of 5.8% excess oxygen dropped to 2.4%
and < 3.3%' when the proportion of GF* in the liquid fuel was 15%
and 30%, respectively. This is a first evidence of the positive effect of
blending with GF*, as it could alleviate the need for premium fuels to
stabilize the flame.

The CO and NOx emissions measured for the different tests with DG
are represented in Fig. 7 and provide a clear picture on the effect of
either propane or GF* addition. A limit of 100 ppm was arbitrarily
selected as a threshold between ‘good’ and ‘bad’ combustion qualities
(the legal limit of 1000 ppm is too high for this purpose). Due to the

! Actually, good flame stability was verified with 30% GF*down to 1.5%
oxygen, but this was measured in a test with a higher fuel flow rate. Although
this does not necessarily affect the result, it was preferred not to include this
lower limit in Fig. 7.
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Fig. 6. Normalized droplet size and burning rate evolution for CG-GF* and DG-GF* blends at the 3% O, condition.
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Fig. 7. Emissions of CO (top) and NOx (bottom) measured in the tests with DG and its blends with GF* when burning with 0.5 (left) and 0 Nm3/h (right) of propane.
The excess oxygen required in each case for quality combustion (CO < 100 ppm) are also indicated.
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wide range of CO emissions, a logarithmic scale has been used. It should
be noted, however, that this magnifies the region of very low emissions
(let’s say, < 20 ppm), where the variations may be due to minor ex-
perimental uncertainties and, hence, not always are meaningful.

The use of 0.5 Nm>/h of propane (Fig. 7, left) leads in all cases to
lower CO emissions than if DG or its blends are burned alone. Given the
strong influence of excess oxygen on CO and the fact that its range not
always overlapped for the different fuels, a direct method to compare
the various situations is to determine the oxygen concentration required
to keep CO emissions below the 100 ppm threshold. The addition of 0.5
Nm®/h of propane diminishes in all cases the excess air required to
reach the CO limit, the reduction being more marked for DG (< 7.3% to
4% O,) than for DG + 15%GF* (4.5% to 3%) and DG + 30%GF*
(< 3.3% to < 2.9%). This gradation seems logical, as the margin for
improvement is larger for unblended desalted glycerol and gradually
narrows as the amount of GF* increases. The positive effect of GF* on
combustion quality can be clearly observed by comparing the different
curves for fixed propane. The excess oxygen required to keep CO below
100 ppm is a useful index for this purpose: by adding 15% GF*, the
oxygen concentration decreases from 4% to 3% for 0.5 Nm®/h of pro-
pane and from > 7.3% to 4.5% when no support fuel is used. If the
proportion of GF* is increased to 30%, an additional displacement of
CO curves to lower excess oxygen is evident for both test series.

NOx emissions tend to increase with the amount of GF*. This can
perfectly be the consequence of a 'better' combustion (higher tem-
perature, better dispersion of fuel vapor in the air flow). In principle,
this could be compensated by modifying the burner aerodynamics (e.g.,
the split between primary and secondary air), especially when the fuel
allows a relatively wide range of stable flame operating conditions, but
this was not the objective of the study and no attempt in this regard was
made.

As in the case of single droplets tests, the behavior of unblended
crude (not desalted) glycerol and the effect of acetals addition were also

Qpropane = 0.5 Nm3/h
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investigated in the semi-industrial furnace. The results obtained are
displayed in Fig. 8 in terms of the CO and NOx emissions measured for
the different test series performed with CG, DG ant their corresponding
blends with GF*30. The curves show that CG combustion is also im-
proved by GF* addition but this effect is much less intense (for 0.5
Nm?®/h of propane, excess oxygen decreases only from < 3.4% to 2.5%)
than in the tests with DG where a reduction of several orders of mag-
nitude in the CO levels is achieved (Fig. 7).

Conversely, it is observed that the desalting process seems to have a
negative effect on glycerol combustion as it rises significantly the CO
levels, especially when no auxiliary fuel is used: whereas for CG less
than 4.7% oxygen is enough to keep CO emissions below the 100 ppm
threshold, it must be increased over 7.3% when burning DG. Although
the great differences in scale of the facilities used in this work prevents
a direct comparison of the results here discussed, this effect could be
related to the distinct combustion behavior noticed in the DG droplet
tests. As previously explained, DG droplets undergo an initial period
characterized by both swelling and puffing events not observed with
CG, but the final shattering due to microexplosions is delayed with
respect to CG. This is expected to result in a slower and delayed pro-
duction of fuel vapor in the DG flame, which may also negatively affect
the fuel-air mixing and explain the higher excess oxygen required to
achieve good flame stability and a nearly-complete conversion to CO,.
In any case, further research would be needed to ascertain these phe-
nomena which are out of the scope of this work.

Information about the flame configuration and appearance was
gained from color images recorded with a video camera. The acquisi-
tion rate was fixed at 117 fps, resulting in 351 snapshots for each
condition, which were subsequently processed to derive a re-
presentative mean image. Fig. 9 is an example of the flame appearance
for the three fuels tested. The images reflect the commented differences
in the combustion behavior, showing brighter flames as the acetal
percentage in the mixture is increased. As found for the droplet tests

Qpropane =0 Nm3/h
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Fig. 8. Emissions of CO (top) and NOx (bottom) measured in the tests with crude and desalted glycerol (CG and DG, respectively) and their blends with 30% GF*
when burning with 0.5 (left) and 0 Nm®/h (right) of propane. The excess oxygen required in each case for quality combustion (CO < 100 ppm) are also indicated.
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Fig. 9. Flame images with DG (a) and its blends with 15% GF* (b) and 30% GF* (c). 0.5 Nm?/h of propane in all cases. Oxygen concentrations were 3.6, 4.0 and

2.9%, respectively.

(Fig. 5), the spectrograph confirmed that the orangish color corre-
sponds to the emission band of excited sodium.

The intensity distribution of each flame image was analyzed and the
corresponding axial position of the center of mass was calculated. This
parameter, represented in Fig. 10, is indicative of the location of the
region where glycerol is burned (since luminosity is dominated by the
orange emission due to sodium). In general, the addition of GF* tends to
shorten that distance, which seems consistent with an enhanced flame
stability. However, it should be noted that when GF* increases from
15% to 30%, the opposite trend is observed; a similar change appears
when propane is added. The longer average distance when propane or a
high amount of GF* is used might reflect the preferential burning of
those more reactive fuels, whereas glycerol combustion (the main
origin of the luminosity) is delayed. Therefore, in this case, the location
of the visible flame may not always be a reliable stability index. An
additional analysis was performed in terms of the amplitude of the
oscillations of radiation in the OH* band measured by a photo-
multiplier. Fig. 10 shows the rms of the photomultiplier signal, nor-
malized by the mean value. In all cases, the amplitude of the oscilla-
tions consistently decreased when either propane or GF* was added, as
further confirmation of the improved stability achieved when using a
supporting secondary fuel or blending glycerol with acetals.

5. Conclusions

The combustion characteristics of an industrial crude glycerol
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sample, both as received from a biodiesel plant (CG) and desalted (DG),
were studied along with those of a mixture of acetals named GF* and
obtained as a by-product of FAGE production. The effect of GF* addi-
tion on the combustion of glycerol was studied at two different scales,
namely through single-droplet combustion tests and by means of ex-
periments in a semi-industrial furnace.

The single-droplet combustion tests showed that CG displayed very
similar evaporation and burning rates to those of pure glycerol, al-
though the consistent occurrence of microexplosions effectively re-
duced the CG droplet consumption times. The shattering events were
reported to be considerably fast (< 0.5 ms) and violent, with the dro-
plets being practically disintegrated afterwards. Desalted crude glycerol
on the other hand, exhibited a completely different behavior, with
droplet swelling and puffing just after completing the initial heat-up
period, and with a characteristic time in the order of a few milliseconds.
These phenomena concur with other single droplet works on liquid
mixtures and emulsions under similar experimental conditions, and is
therefore ascribed to the homogeneous nucleation of the most volatile
compounds within DG. By contrast, CG microexplosion typology is
consistent with that of a previous work, where the salt content was
found to be responsible for the shattering events. The acetal mixture
GF* displayed a more conventional behavior, with markedly higher
burning rates, shorter heat-up initial transients and a smooth and sus-
tained evaporation which lasted until droplet burnout. The addition of
GF* did not appear to drive drastic changes in the studied single droplet
combustion behaviors for CG, although it suppressed the swelling and
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Fig. 10. Axial location of the centre of mass in flame images (left) and the fluctuations level (right) for the flames of DG and its blends with 15% GF* and 30% GF* for
different mass flow rates of auxiliary gas (propane). Oxygen concentrations ranged from 2.9% to 6.0%.
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puffing stages for DG. In both cases, it progressively increased the
burning rates and slightly accelerated the microexplosion onset fa-
voring glycerol conversion.

The combustion behavior of the same fuels (CG, DG and mixtures
with GF*) were also tested in a semi-industrial furnace. The results
confirmed that the addition of GF* widened the range of stable com-
bustion, significantly reduced CO emissions and notably improved
flame stability (as determined from its flickering amplitude), especially
in the case of DG. The blends showed a slight increase of NOx emis-
sions, although this might be compensated by optimizing burner
aerodynamics (facilitated by the enhanced flame stability). These
benefits can also be interpreted from the perspective of a partial or total
reduction in the use of premium fuels (natural gas, propane), as GF* can
also act as a support fuel, with the advantage of being of renewable
nature. In contrast, the results showed that glycerol desalting may re-
sult in some increase in the CO levels and, therefore, in the excess
oxygen required to reach optimal flame stability and combustion effi-
ciency.
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1. Introduction

Because of its numerous related applications, the problem of
individual-droplet vaporization has been studied at length (see,
e.g., [1,2] for reviews). Although the initial work focused on
isothermal evaporation of a drop surrounded by an atmosphere
at the same temperature, attention soon turned to the problem
of a droplet vaporizing in a hot atmosphere [3,4], that being es-
pecially of interest in combustion applications. Useful analytical
expressions for the rate of droplet vaporization were reported by
Godsave and Spalding at the fourth combustion symposium [5,6].
These early modeling efforts have been complemented over the
years to account for effects of relative droplet-gas motion, multi-
component composition of liquid fuels, and internal circulation of
the liquid, as described, for example, in [7].

In most spray-combustion applications, droplets primarily burn
in a group-combustion regime, with the fuel that originates from
the vaporizing droplets burning with the ambient oxygen in a

* Corresponding author.
E-mail address: amuelas@liftec.unizar-csic.es (A. Muelas).

https://doi.org/10.1016/j.combustflame.2020.03.033

flame that surrounds the droplet cloud (see [8] for a recent re-
view of spray combustion). Since fuel oxidation in the atmosphere
surrounding each individual droplet (i.e. at distances of the order
of the droplet radius) is negligibly small in the group-combustion
regime, theories addressing droplet vaporization in a hot inert
atmosphere [9] provide adequate quantification of the resulting
droplet vaporization rate for spray-combustion computations. The
present paper explores vaporization-rate departures encountered
in liquid-hydrocarbon droplets when the ambient thermal condi-
tions promote significant pyrolysis of the fuel vapor. As explained
below, this effect becomes significant at high ambient tempera-
tures exceeding about 1000 K, often encountered in liquid-fuel
burners, when the characteristic time of thermal hydrocarbon de-
composition becomes comparable to the characteristic diffusion
time around the droplet. Under those conditions, a significant frac-
tion of the heat transferred from the hot atmosphere is employed
to pyrolyze the fuel, thereby reducing the amount of heat available
to heat up and vaporize the liquid fuel.

The motivation for the present study is to help to ascertain how
accurately classical theories of droplet vaporization can be applied
in describing the spray combustion processes that occur in the
group-combustion regime. Since transient droplet evaporation is

0010-2180/© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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likely to be of relevance in the interior of groups under such condi-
tions, experiments were designed under which time-dependent ef-
fects are significant. Comparisons of measured and computed his-
tories can test how well the theoretical descriptions perform. For
some fuels, soot formation through fuel pyrolysis may occur dur-
ing group combustion in the outer portions of the group, where
the temperatures of the gases surrounding the droplets are higher.
Excessive soot formation generally is detrimental, and the extent to
which it may be present and interact with the droplet vaporization
processes is poorly understood. Soot-production chemistry may oc-
cur either in the inner quasi-steady zone that develops around a
droplet during the later stages of evaporation or in outer fully tran-
sient zones [10] farther away from the droplets in the spray. The
present investigation addresses, for the first time, the first of these
two possibilities, offering a new theoretical simplification that may
prove useful in future analyses of spray combustion in the group-
combustion regime. The new theoretical description, motivated by
the present experimental measurements, may impact future com-
putational investigations of spray combustion, leading to improved
fidelity in combustor designs.

The paper begins by presenting illustrative experimental re-
sults corresponding to alcohol and alkane droplets vaporizing
in a hot inert atmosphere. The measured temporal variation of
the droplet radius is compared with standard predictions based
on a chemistry-free droplet-vaporization model, yielding excellent
agreement for alcohol vaporization. For the alkane droplets, how-
ever, the predictions show significant departures from the exper-
imental measurements, with relative differences being more pro-
nounced for heavier fuel molecules and also at higher ambient
temperatures. The reduced vaporization rate measured in the ex-
periments is attributed here to decreased rates of heat transfer to
the liquid caused by endothermic fuel pyrolysis, consistent with
the appearance of soot, which was observed in all alkane exper-
iments. In an effort to improve quantification of the process, a
new theory of droplet vaporization in the presence of fuel py-
rolysis is developed here. The strong temperature sensitivity of
the pyrolytic reactions is exploited in our large-activation-energy
analysis, with the fuel decomposition occurring in a thin layer at
a fixed pyrolysis temperature, a property of the fuel whose ap-
proximate value is evaluated from the vaporization rate measured
experimentally.

2. Experimental measurements

Six different fuels were employed in this study, namely three
alcohols (ethanol, n-butanol, and glycerol) and three alkanes (n-
heptane, n-dodecane, and n-hexadecane). All the samples used
in the tests were above 99.0% in purity. The evaporation process
of these liquid-fuel droplets was studied in the Droplet Combus-
tion Facility (DCF) available at LIFTEC, represented schematically in
Fig. 1. Since a detailed description of this facility can be found in
a recent publication [11], only its most relevant features will be
given below.

A stream of free-falling droplets was generated at a piezoelec-
tric device, with droplet initial radii (ag) of 72.5 nm for ethanol
and butanol and 75 pm for the rest of fuels. It is noteworthy
that these radii are in a range often encountered in practical
applications, while larger droplets often had to be employed
in other experimental investigations. The droplet-generation
frequency was fixed at 25 Hz, providing interdroplet distances
large enough to avoid interactions between droplets [12]. The
droplet-generation steadiness was thoroughly checked, primarily
at the first position that allowed optical access to the combustion
chamber (i.e., 3 mm below the droplet injection point), yielding
a deviation in ay as low as 0.3 pm throughout the course of
the experiments (rms value for all the tests). Glycerol had to be

preheated to 100° C prior to its atomization in order to lower its
viscosity, whereas the rest of the fuels were atomized at room
temperature.

The droplets were injected into the inert combustion prod-
ucts of a McKenna flat-flame burner, which provided the inert hot
coflow required for the liquid-fuel evaporation and pyrolysis. This
burner was fed with different stoichiometric mixtures of CHy, H,,
0,, CO,, and air, as to provide a coflow gas mixture of N,, CO,,
and H,0 at the desired temperature T. Since the droplets are in-
jected through an orifice, this target temperature T, is achieved at
a finite distance of the order of 10 mm from the burner. Further
downstream the temperature along the droplet trajectory remains
equal to T, as verified in temperature measurements with a thin
S-type thermocouple having a 50-um diameter (see Appendix C of
the Supplementary materials of [11] for details of the temperature
profile).

All fuels were tested for a target temperature T, = 1730 K. Ad-
ditionally, hexadecane was also tested at a lower target temper-
ature, T, = 1311 K, achieved by modifying the reactant feed to
the flat-flame burner. In these inert gas mixtures, the vaporiza-
tion of alcohol droplets proceeds with negligible chemical activity.
For alkane droplets, however, significant fuel pyrolysis is present at
the high temperatures employed in the experiments, as revealed
by the appearance of visible soot traces, shown in Fig. 1b for hep-
tane and dodecane. As discussed below, the endothermic fuel de-
composition has an important effect on the resulting vaporization
rate.

The coflow velocity was measured for the standard coflow
condition Ty = 1730 K by means of the PIV technique using a
Nd:YAG laser with Al,O3 0.3 pm particles as tracers, thereby al-
lowing quantification of the relative droplet-coflow velocity. The
optical setup was fixed, the flat-flame burner being moved verti-
cally to vary the residence time of the droplet in the hot gas prior
to measurement. The droplet vaporization process was measured
by images acquired with a backlit CCD camera (QImaging Retiga
SRV) fitted with a long-distance microscope, which was employed
to determine both the size and velocity histories of the free-
falling droplets. The spatial resolution for this optical setup was
1.4 pm/pixel, allowing us to capture with good accuracy droplets
above 25 pm in diameter. The backlight used was an LED strobo-
scope programmed to shoot sequential flashes every 0.5 ms. This,
in combination with the exposure time of the camera, permit-
ted recording of two sequential shots of the same droplet in each
photograph, as displayed in Fig. 1c. Subsequent automatic post-
processing of these images was carried out in Matlab to extract the
droplet sizes and velocities in a precise and repeatable way. Associ-
ated Reynolds numbers for the flow around the droplet were found
to be smaller than 0.5 throughout the entire recorded droplet life-
times, with typical values on the order of 0.2 during most of the
droplet vaporization history. The results of the droplet measure-
ments provide the variation of the squared droplet radius a® with
the residence time t in the hot gas, represented by symbols in
Fig. 2 for the six fuels considered here (the accompanying curves
in the figure correspond to theoretical predictions, to be discussed
below).

As can be inferred from the curves in Fig. 2, vaporization is neg-
ligible during the initial droplet heat-up period, which is longer for
fuels with higher boiling temperature (i.e. glycerol, dodecane, and
hexadecane). For these fuels, the decrease in the liquid-fuel den-
sity associated with the temperature increase leads to a noticeable
increase in the droplet radius during this stage. Vaporization be-
gins once the droplet-surface temperature reaches a value close to
the boiling temperature and continues until the droplet disappears.
As expected, most of the vaporization occurs with a constant slope
da?/dt, achieved when the droplet reaches a uniform constant tem-
perature.



40 A. Muelas, J. Carpio and J. Ballester et al./ Combustion and Flame 217 (2020) 38-47

Droplet

generator \

Vertically Flat

movable - flame

frame

Falling

droplets

a)

burner

‘amera |

‘amera 2 et ;
. (Shadoweraphy)
\L“ -emission) . . -.“ I l

Dodecane

b)

Heptane

0.3 mm

c)

Fig. 1. A schematic view of the experimental facility employed in this paper (a). The pictures on the right-hand side corresponds to macroscopically visible traces created
by soot thermal emission for the heptane and dodecane tests (b) and to double-exposure photography of a free-falling hexadecane droplet (c).

3. Predictions of droplet vaporization

The experimental measurements of the droplet-radius temporal
evolution a(t) were compared with theoretical predictions obtained
following the standard theory of droplet vaporization in an inert
environment at temperature T, [7]. For the small values of the
droplet Reynolds number found in the experiments, corrections as-
sociated with forced-convection effects remain negligibly small, so
that the flow is effectively spherico-symmetrical. Correspondingly,
all variables are functions of the time t and the radial distance 7
to the droplet center. The evolution of the temperature inside the

droplet T; (7, t) from its initial uniform value T;(¥, 0) = Ty was com-
puted by integration of the energy equation
O 10 ( Lon\[f=0: 2L_o
C ~ A~ r A~ ar 1
P TR r(K’ oF JF=a: 4migadl =g, M

while the droplet radius a(t) is computed from the integrated form
of the continuity equation

4 (an [ pidr) = - (2)
dr ~/0p1 = —I,

subject to the initial condition a(0) = ay. The density p;, specific
heat ¢;, and thermal conductivity «; of the liquid fuel are functions
of the temperature.

The droplet vaporization rate m and the droplet heating rate
qq appearing above are determined from the analysis of the quasi-
steady spherico-symmetrical structure of the gas flow surrounding
the droplet, which can be described in terms of the gas temper-
ature T and fuel-vapor mass fraction Y. For the cases considered
here, corrections arising from unsteady gas-phase effects, scaling
with the inverse square root of the liquid-to-ambient density ratio
[10], remain small, and have been correspondingly neglected in our
analysis. The solution depends on the value of the droplet-surface
temperature T, related to the surface value of the fuel-vapor mass

fraction Ys by the Clasius-Clapeyron relation

b= [ G- oo [ - 7] ®
involving the molecular masses of the fuel and the inert Mg and
M,, the boiling temperature Tg, the latent heat of vaporization Ly,
and the fuel constant Rr = R,/Mp, with R, representing the univer-
sal gas constant. To facilitate the description, the analysis is carried
out by assuming that the gas thermal conductivity «, specific heat
at constant pressure cp, and fuel Lewis number L = x /(pcpD), with
D denoting the fuel-vapor diffusivity, take uniform values, obtained
with use of the so-called “1/3 rule” [13], as explained below. The
accuracy of this widely used approximation in describing alcohol
and alkane droplet vaporization was tested by comparisons with
numerical integrations accounting for the variation of «, cp, and
L with temperature and composition. For the conditions consid-
ered below, the observed differences in resulting vaporization rates
were found to be negligibly small, in agreement with early findings
[13], thereby justifying the adoption of this constant-property sim-
plification.

Integration of the energy and fuel-vapor conservation equa-
tions, subject to the boundary conditions T=T;and Y =Y; at F=a
and T=T, and Y =0 as ¥ — oo, leads to the familiar expressions

m 1 1
= gmear, = 1" (1=%) @
for the dimensionless vaporization rate A and
da (T = Ts) /Ly _
4mkaly/c, k|: et —1 ! )

for the dimensionless droplet heating rate.

The above expressions (4) and (5), supplemented with (3), are
used in integrating (1) and (2). Following standard practice [13],
properties of the fuel-inert gas mixture are evaluated using ref-
erence values of the temperature Tof = Ts + (Too — T5)/3 and fuel
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Fig. 2. The variation with time of the droplet radius as obtained from post-processing the images taken at different distances from the injection point (symbols) and as
obtained with the theoretical predictions corresponding to vaporization of a spherical droplet in a quasi-steady chemically frozen gaseous atmosphere. In all cases, the target
temperature of the gaseous coflow was T, = 1730 K, with additional results given for hexadecane at T,, = 1311 K.
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mass fraction Y. = 2Ys/3. For example, the density p is computed
at Ty as that of an ideal gas mixture of fuel and inert with mass
fractions Y and 1 — Y., respectively. The thermal conductivity
«x and the fuel diffusivity D are evaluated using mixture-average
expressions [14], with the thermal conductivity of each gaseous
species and the binary diffusivity of the fuel into each inert species
evaluated at the reference temperature Tr. The specific heat ¢ is
taken to be that of the fuel vapor at T [13].

The evolution of the droplet radius with time, obtained from in-
tegrations of the above problem for the six fuels considered here,
is shown in the curves of Fig. 2, where the small effects of ini-
tial departures from the target temperature T, have been taken
into account. As can be anticipated from (3), since L, > RgTp
for all fuels tested here, with the injection droplet temperature
To being significantly below the boiling temperature Tp (i.e. for
(Ts — Ty)/Tg > [Ly/(ReTg)]™1), the fuel-vapor mass fraction at the
droplet surface is initially negligible. During this initial stage it
is thus found from (4) that A =~ 0, while the droplet heating
rate is g = 4wk a(Tx — Ts), as follows from (5). During this heat-
up period the droplet mass, 47 fo" p72dF, remains constant, but
its radius increases as a result of the decreasing liquid-fuel den-
sity p)(T;). Significant vaporization begins to occur as Ts reaches
values such that (Tz — Ty)/T ~ [Ly/(ReTz)]~!. As vaporization pro-
ceeds further, a stage is reached in which the temperature in-
side the droplet reaches a constant uniform value equal to T and
the reduced vaporization rate reaches the familiar Spalding value
[5.6]

x:1n<1+c’ﬂ°;_m>, (6)

v

as follows from (5) when ¢z = 0, with corresponding constant val-
ues of Ty and Ys, determined from (3) and (4). During this final
vaporization stage the mass-conservation Eq. (2) reduces to the so-
called d2—law

2
di - _ 2k AL (7)

de 0i1Cp

so that the curves representing the variation with time of the
square of the droplet radius become straight lines with negative
slope.

As can be observed in Fig. 2, the agreement between the
droplet vaporization model and the experiments is remarkably
good for the three alcohols, whereas for alkanes the model tends
to over-predict the vaporization rate, with over-predictions becom-
ing larger for larger molecular weight. The departures are espe-
cially noticeable during the final stage, with the model consistently
over-predicting the constant slope —da2/dt. In order to quantify
these deviations, the curves shown in Fig. 2 were fitted to straight
lines using the least-squared method to extract the quasi-steady
vaporization rates of the different fuels. The selected interval for
this fitting was 0.2 < (afag)* < 0.6, a convenient intermediate re-
gion, where the initial heating transient can be considered to be
essentially completed while the droplet radius is large enough to
avoid the higher experimental uncertainties related to the mea-
surement of very small droplets. The values of —da2/dt extracted
from the experiments are listed in Table 1 along with the theoreti-
cal predictions. It can be seen in the table that the theoretical pre-
dictions and the experimentally measured values are in excellent
agreement for the three alcohols, with relative errors remaining
below 5% in all three cases. By way of contrast, the experimentally
measured values for the three alkanes differ significantly from the
corresponding theoretical predictions. The largest departures cor-
respond to hexadecane at high temperature.

The reduced vaporization rate seems to indicate that the alkane
droplets effectively see an ambient temperature that is lower than
the actual ambient temperature of the coflow. This, along with the

observation of soot formation, is consistent with the presence of
endothermic pyrolysis. The needed theoretical description of the
problem is given below.

Values of —da?/dt (mm 2/s)

Fuel Experiments  Theoretical predictions
Ethanol 0.1001 0.1049
Butanol 0.1093 0.1137
Glycerol 0.0781 0.0756
Heptane 0.1363 0.1537
Dodecane 0.1337 0.1639
Hexadecane (T, = 1730 K)  0.1329 0.1771
Hexadecane (T, = 1311 K)  0.1156 0.1352

4. A model for droplet vaporization with fuel-vapor pyrolysis

If the ambient temperature is high enough, the gaseous alkane
molecules C,H;,,, may decompose into smaller molecules through
an endothermic process that lowers the gas temperature. The as-
sociated thermal kinetics is known to involve numerous elemen-
tary reactions [15]. The dominant pathway and the resulting prod-
ucts arising from decomposition of a given fuel depend on the
combustion conditions. All of these complicating details do not
need to be accounted for in our analysis, focused on global ef-
fects arising from the endothermic nature of the thermal hydro-
carbon pyrolysis chemistry. Instead, for our purposes it suffices
to model the pyrolytic kinetics with a single irreversible reaction,
with the associated energetics evaluated by assuming that Co;Hy is
the main product of pyrolysis. Depending on the number of carbon
atoms n present in the alkane molecule, the overall reaction is ei-
ther CpHanyo — "51CoHg + CHy (when n is odd) or CoHapyn —
"2;2C2H4 + CyHg (when n is even). The amount of heat needed to
pyrolyze a unit mass of fuel vapor q can be correspondingly ob-
tained from the enthalpies of formation of C;Hyp,, 2, CoHyg, CHy, and
C,Hg to give, for instance, g = (2.70, 2.75, 2.90) M]/kg for heptane,
dodecane, and hexadecane, respectively. These values are much
smaller than the associated heat of combustion, slightly above 47
M]/kg for all three fuels, but much larger than their latent heat
of vaporization at Tg, given by L, = (0.313,0.261, 0.224) M]/kg for
heptane, dodecane, and hexadecane.

The fuel decomposition rate w (mass of fuel consumed per unit
volume per unit time) will be modeled with the Arrhenius expres-
sion

Eq
= pBYexp | ——== 8
w=p p( RJ)’ (8)
where p is the density and B and E, are the preexponential fre-
quency factor and activation energy, respectively. For constant val-
ues k, ¢p, and L =« /(pcpD) the problem reduces to that of inte-
grating

Ady 11d[,dv B E,

o tra(mE)  mmeet e () ©
A d 1d(,d

ﬁa(CpT/Q) - ﬂdr(r dr(CpT/Q))

B Eq
__K/(,oc,,az)yeXp <_RTT> (10)

with boundary conditions
T1)-T,=Y(1)-Ys=0 and T(oc0)-T =Y(c0)=0. (11)

Here r = #/a represents the radial distance to the center of the
droplet scaled with the droplet radius. The rescaled vaporization
rate A defined in the first equation of (4) appears as an eigenvalue,
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to be determined with the additional mass-conservation condition

1dy
A=AYs — 1dr (12)
r=1
at the droplet surface, where energy conservation provides
9, _Gdl
4mialy/cy T L, dr r:l’ (13)

which serves to determine ¢;, thereby completing the solution.
In solving (9)-(11) it is sometimes convenient to replace ei-
ther (9) or (10) by the chemistry-free combination

A

to be used later in the course of the solution. As expected, the
above formulation reproduces the classical droplet-vaporization re-
sults in the absence of chemical reaction, when (9) and (10) can be
readily integrated to give the expressions

Y 1-—elr T-T, 1—er
Y, 1-elr L-T, 1l—e*’
which can be used in (12) to yield (4) for the dimensionless vapor-
ization rate and in (13) to yield (5) for the droplet heating rate.

and (15)

5. Solution for large activation energies
5.1. Preliminary considerations

As seen in the dimensionless Eqs. (9) and (10), the relative
importance of the chemical reaction is measured by the ratio
of the characteristic diffusion time in the gas surrounding the
droplet La®/[x/(pcp)] = a®/D to the characteristic value of the
fuel-consumption time {Bexp[—Eq/(RoT)]}~!. For large values of
the activation energy E, the chemical reaction displays a strong
dependence on the temperature, so that for configurations with
Too — Ts ~ Ty, the case considered here, the fuel-consumption rate
increases by many orders of magnitude as the temperature in-
creases from Ts to Ty.

For low ambient temperatures such that

Eq D
B - — 16
(1) <a (1)
the effect of pyrolysis is entirely negligible and the familiar results
given in (4) and (5) are recovered. The following analysis considers
instead the limiting case

Bexp (— Rli;}) < a—Dz < Bexp (— ROE;& ) (17)
when pyrolysis occurs in a thin layer centered at r=r; where
the temperature is close to a value T =Ty, intermediate between
Ts and T. The thin reaction layer separates an inner region for
1 < r < ry where the flow is chemically frozen from an outer region
for r > r; where the flow is in chemical equilibrium. The reciprocal
of the dimensionless activation energy

-1
Eq
€= (ROTf> «1 (18)

determines the characteristic thickness of the reaction layer r —
ry~¢ as well as the associated characteristic values of the fuel
mass fraction Y ~ ¢ and temperature variation T — Ty ~ &Ty. Dif-
fusion and chemical reaction are balanced in the reaction layer, a
condition that leads to

2
B Ea Ea

= - ~1. 1

D/ (Rorf) exP( Ron> (19)

As revealed by the above order-of-magnitude estimate, in the limit
of large activation energies the occurrence of the reaction at tem-
peratures close to Ty implies that the frequency factor takes expo-
nentially large values.

The solution in terms of matched-asymptotic expansions re-
quires in principle introduction of the expansions
Y =Yy +eYy()+--- and T~ =Ty () +el(r)+---

(20)

in the frozen region 1 < r < rr and

Yr =Yy +eY(r)+--- and T =T () +eT () +---

(21)

in the equilibrium region 1y < r < oo, together with the reaction-
layer expansions

Y=0+ep1({)+--- and T=T;+€01({)+--- (22)

involving the rescaled coordinate ¢ = (r —ry)/e. The analyses of
the outer and inner regions are to be presented separately below.

5.2. The outer solution

For the specific case treated here the solution simplifies consid-
erably. In particular, the existence of a positive temperature gradi-
ent dT*/dr|;—r, > 0 on the equilibrium side of the reaction layer
prevents fuel leakage at all orders, with the result that YO+ =Y =
---=0. On the other hand, defining the pyrolysis-zone position r¢
as the apparent fuel-depletion point as seen from the frozen region
yields

Ady- 11d/[,dY- Y-(1) =Y

—— === = . 2
P I7 dr(r dr ) O{Y-(rf) ~0 (23)
Substitution of the expansion for Y~ followed by integration of the
problems found at increasing orders in powers of ¢ provides

Y- Yo —LA/ry _ p—LA/T

T _bh e 7-e™ (24)
Y, Y, e—LMTr _ oLk

with all higher-order terms becoming identically zero (ie. Y, =

;== 0). The result can be used in (12) to give
CIn[1/(1-Yy)]
A=At =

relating the droplet vaporization rate A = AYs — L=1dY~/dr|,_1,
equal to the fuel pyrolysis rate —(r}/L)dY/dr|r:rf, with the flame
location ry. Formally, the asymptotic problem in the limit ¢ « 1 is
posed as that of finding the value of B that leads to a given value
of r¢ (or A).

The outer temperature functions T¥ for n=0,1,2,...
the linear equations

AdTE 1.d <r2 dT,f) o (26)

satisfy

r2 dr  r2dr dr

obtained by neglecting the chemical term in (10). The boundary

conditions on the frozen side are Ty —T=T; =T, =---=0 at
r=1land Ty -Ty =T —60; =T, =0, =---=0 at r=ry, while
the boundary conditions on the equilibrium side are TO+ — T =
Tf=Tf=-=0ar—>ocoand If -T;=T,"-0; =T, -0, =

---=0 at r=r;, where the constants 6;, 6;, etc are to be de-
termined by matching the outer solution with the inner reactive
layer. Straightforward integration of (26) provides

e—k/r _ e—k

=1 -2 _. .. - -
S (27)
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and
-l T _ T 1-e?r (28)
To—1T; 07 6F 1—en’

The temperature description on the frozen side (27) can be
used in (13) to evaluate the droplet heating rate, yielding at lead-
ing order

] cp(Tr — Ty)/L

qq - p(Tr = Ts)/Ly _1l (29)
4 kaly/cp er(1-1/rp) _q
Additional wuseful equations, relating the different terms

in (20) and (21), can be obtained by integrating once (14) and
evaluating the result on both sides of the reaction layer, at inter-
mediate distances ¢ « |r —r¢| « 1 where the outer expansions are
valid. At leading order it is found that

dryf d1y q/cp dYy
o | T ar| Tr ar| (30)
r=ry r=ry r=ry
while at the following order
dT- dT;"
- 2 ¢4 T+ 2 ¢4
S R (31)
r=ry r=ry
Eq. (30), stating that a fraction
_ a9/ dyy dry
L dr dr <1 (32)
r=ry r=ry

of the heat reaching the reaction layer by conduction from the hot
equilibrium region is employed to pyrolyze the fuel (the remaining
heat being conducted towards the frozen region), can be evaluated
with use made of (24), (27), and (28) to yield

Tf - T 3 e Mrr _ =2 |: q(ek/rf _ 1)]

- — 33
To-T, 1-e* (T — Ty) G3)

which can be used, together with (25), to determine T as a func-
tion of ry. Similar evaluations of (31) and (32) provide

—6; 07
e —e e 1 (34)
and
q(e*—1)
= 35
Y & Ta=T) (35)

to be used in the following analysis.
5.3. The inner region
The problem in the inner region reduces to a reaction-diffusion

balance, which can be described by rewriting (9) and (14) in terms
of the rescaled variables, producing at leading order

&y, BL [ E\° Ea \, o
TPy (Ron exp —m yie7u, (36)
d2 q/c

azj(el_Agzﬂyl)::o. (37)

Note that the factor affecting the reaction term reflects the antici-
pated scaling (19). Matching with the outer solutions provides the
boundary conditions

vy . dTy
“—<dr )9 &_<dr
r=r f

){:91 as ¢ — —oo,
B (38)

Ty +
y1=0; 60— ar ¢ =0, as ¢ — +oo. (39)
r=ry
Integrating (37) readily yields
q/c dTy
01_pr]:<dg ¢ +0f
r=ry
dry q/cp dYy _
_<dr T ar| JAren (40)
r=ry r=ry

relating the temperature and fuel mass fraction in the reaction
layer. The condition 6;" = 6", stemming from the above expression
and (30), and that stated in (34) can be simultaneously satisfied
only if 6" = 6; = 0, revealing that, just like the fuel mass fraction,
the temperature has zero first-order corrections in the frozen and
equilibrium regions.

Using (40) with 6;" =6 =0 and introducing for convenience
the rescaled variables

q % Aoq
¢ =—-"— and == — (41)
Cpr L f'% Cpr
along with the rescaled Damk&hler number
-2 -2 -2
B E, A q E,
A= - — exp| — (42)
D/ (ROTf> (r%) (cpr) P ( RoTy
results in the boundary-value problem
d?p p+n=0asn—> —oc
—_r Q+n/y .
dn? = Age ’ {(p:Oasn—> +o00 (43)

Note that the condition ¢ +1n =0 as n — —oo effectively implies
that dg/dn —1 must approach zero, so that for a given y the
above second-order equation must satisfy three boundary condi-
tions, which is possible only for a single value of A(y), the eigen-
value of the problem. The mathematical problem defined in (43) is
similar to that encountered in Lifidn’s classical premixed-flame
regime of nonpremixed combustion [16]. Despite the similarity,
however, reduction to the same canonical form in general is not
feasible, the only exception being the limit y « 1, in which the
solution to (43) can be related at leading order to one of the lim-
iting cases considered by Lifian, as shown below.

5.4. Solution to the canonical problem

For a given positive value of y < 1, defined in (32), the profiles
of ¢(n) and corresponding values of A were obtained by a shoot-
ing integration scheme initiated at —7 > 1. The resulting variation
of A with y is shown in Fig. 3 along with selected profiles of ¢(n)
for y =0.2 and y = 0.99. The numerical integration is more dif-
ficult for y « 1, when the reaction layer becomes very thin, and
also for 1—y = (dTO*/dr|r=rf)/(dT0+/dr|r=rf) <« 1, when the tem-
perature gradient on the frozen side is very small, with the conse-
quence that the reaction extends far into the frozen region. Useful
analytic predictions for A(y) in these two limiting cases are pre-
sented below.

For y « 1, introducing the rescaled variables ¢ = ¢/y, 7 =
n/y, and A =y2A and neglecting small terms of order y re-
duces (43) to the linear problem

asn — —oo
as 1 — +oo’

R [
" = Age'; { (44)

dn ¢=0

which can be written in the standard form
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Fig. 3. The variation of A with y as obtained from numerical integration of the eigenvalue problem (43) (solid curve) and the asymptotic predictions A = 0.315236y 2 for
y « 1and A =1.1517(1 — y)3 for 1 — y « 1 (dashed curves). The insets show the profiles of reduced fuel mass fraction ¢(n) for y = 0.2 and y = 0.99, with the dashed

lines representing the asymptotes ¢ = —n.

@ 1@_'_0. @:—Z[IH(Z/Z)—ln(A)/Z] asz— 0
2" zdz Y77 Jg=o0 asz — oo’
(45)

involving z =2+/Ae’ as independent variable. The general solu-
tion to the above equation can be expressed as a linear com-
bination of the modified Bessel functions of zeroth order, ¢ =
CxKo(2) +Clp(2), involving the constants of integration Cx and C;.
The boundary condition as z — oo requires that ¢; = 0, while the
boundary condition as z — 0 provides Cx = 2 and

A = e 2% ~ (0.315236, (46)

where yg ~ 0.577215 represents Euler’s constant. It is worth not-
ing that the same mathematical problem was encountered by
Lifidn in one of the limiting solutions to the premixed-flame
regime, namely, the limit —m — oo discussed in Appendix C
of [16]. As seen in the comparison of Fig. 3, the leading-order re-
sult A =0.315236y 2 predicts the Damkéhler number for y « 1
with small relative errors of order y.

As illustrated in the upper inset of Fig. 3, for 1—y « 1 the
solution exhibits a fuel-depletion layer with order-unity thickness
centered about n =1n,> 1. As is apparent from (43), this dis-
placement is consistent with a small value of A « 1, such that
No ~ In(1/A), as needed to enable a diffusion-reaction balance to
be preserved. The rescaled fuel mass fraction, of order ¢ ~ 1 for
1 — 1o ~ 1, increases towards the frozen side, giving characteristic
values of ¢ + 1 ~1In(1/A) at distances —n ~ 1. The chemical re-
action continues in a region that extends for —n ~ (1 —y)~1» 1
with ¢ + 1 ~ 1. In this weakly reactive region, which ultimately
determines the value of A, the diffusion-reaction equation takes

the form
d’¢
dij?
when written in terms of the rescaled variables ¢ = ¢ +1n, 71 =
(1-y)n, and A=A/(1- y)3. The solution must satisfy ¢ =0
and d@/dfj = 0 as 7] —» —oco and must match as 7 — 0 with the so-
lution encountered for —n ~ 1.

Integration of (47) from —#j > 1 reveals that for A larger than
a critical value A ~ 1.1517 the solution develops a singularity be-
fore reaching 7 = 0, i.e.  — +oo at a negative value of 7, while for
A < A. the integration reaches 7 = 0 with ¢ ~ 1. It is clear that a
consistent asymptotic description, including matching with the so-
lution in the intermediate region —n ~ 1 where @ ~ In(1/A) > 1,
is only possible for A = A; ~1.1517, for which the singularity
of the outer solution develops exactly at 7 = 0. The analysis of
the weakly reactive region therefore provides the asymptotic pre-
diction A = Ac(1 - y)3 for 1 —y « 1. It is remarkable how this
leading-order result can be derived without analyzing in detail the
multi-layer structure of the solution near n = 0. Such an analy-
sis would be necessary, however, in deriving higher-order correc-
tions, but these do not appear to be needed, in view of the excel-
lent accuracy of the leading-order prediction A = 1.1517(1 — )3,
demonstrated by the comparison seen in Fig. 3.

= —Afjed*i (47)

6. The pyrolysis temperature

For known values of the pyrolysis-rate parameters B and Eg,
the preceding description of the quasi-steady gas flow surround-
ing the droplet can be coupled with (1) and (2), describing the
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temperature variation inside the droplet T;(7 t) and the droplet
radius a(t), to enable predictions of droplet-vaporization histories
to be made. In the calculation, the Clasius-Clapeyron Eq. (3) is
used to determine Ys as a function of the instantaneous droplet-
surface temperature Ts. The result can be used in solving (25), (29),
(33), (35), and (42), supplemented by the function A(y) shown in
Fig. 3, to determine A, 4y, 15, T, v, and A. The analysis simplifies at
the end of the droplet-heating period, when the droplet tempera-
ture reaches a uniform constant value T; =T, close to Tz when
Ly/(ReTg) > 1. During this stage the droplet heating rate ¢, is iden-
tically zero, while A, Ys, Ts, 5 Tp v, and A reach values that remain
almost constant, with the square of the droplet radius changing
linearly with time according to (7). This constant slope is clearly
visible in the plots of Fig. 2.

The calculation procedure outlined above can be simplified by
exploiting further the strong temperature sensitivity of the chemi-
cal reaction, entering in the theoretical description through the ex-
ponential present in (42). It can be reasoned that for large values
of the dimensionless activation energy Eq/(RoTy) > 1 the relative
changes in Ty are limited to small values of order [Ea/(Ron)]*1 <
1. Therefore, at leading order in the limit Eq/(RoTf) > 1 the py-
rolysis temperature T; of a given fuel becomes a constant kinetic
parameter, which takes the same value regardless of the droplet
radius a or ambient temperature T, with pyrolysis becoming neg-
ligible when T, < Ty

The value of T; can be obtained from measurements of the con-
stant slope of the curve da2/dt reached at the end of the droplet-
heating period. The computation begins by writing (7) in the form

__pode
h= 2k dt’ (48)
while setting ¢;=0 in (29), and combining the result
with (33) provides
T-T_ @+l -1 -l —T) (49)
Ly/cp q+cp(To — T5) — Ly(e* — 1)
and
_ _ A
rp=Aln"! [1+ ST TS)q Lo(e 1)]. (50)

The above three equations, together with (3) and (25), constitute a
coupled system of equations that determine Ty along with the as-
sociated values of A, Ys, Ts, and ry. The solution can be obtained by
a simple iterative scheme. Since x has a very weak dependence on
Y, while Tz — Ty « Tp, as follows from (3) when Ly/(RgTg) > 1, one
may use (48) with p,, ¢y, k evaluated with use made of Ty = Tz and
an estimated value of Y; to compute A, which can be substituted
into (49) to determine Ty in the first approximation. A correction
can be obtained by using the value of r; given by (50) to evaluate
Y; from (25) and substituting the result into (3) to obtain Ts. These
new values of Ys and Ts can then be used in (48) to recompute A,
leading to a more accurate evaluation of Ty from (49).

This simple iterative procedure was used to determine the val-
ues of Ty corresponding to the three alkanes of Fig. 2 from the
slope of the curve da?/dt corresponding to T, = 1730 K, yield-
ing the values Ty =(1080 K, 912 K, 841 K) for heptane, dodecane
and hexadecane, respectively, with associated reaction-zone stand-
off radii given by ry = (7.34,4.95, 4.14). Because of the strong tem-
perature sensitivity of the pyrolysis reaction, it is expected that the
values of Ty evaluated from the experiments at a different value of
T should differ by a small relative amount of order [EC,/(Ron)]*1
from the values given above, whereas the corresponding value of
1 could in principle differ by an amount of order unity. To check
for consistency, the values of T; and r; corresponding to hexade-
cane were recomputed using the slope —da?/dt corresponding to

T = 1311 K, yielding Ty =969 K and ry =9.86, to be compared
with the values Tr = 841 K and ry = 4.14 obtained at high temper-
ature. The differences in Ty, 128 K, appear to be consistent with
the effective dimensionless activation energy being on the order of
Eq/(RoTy) ~ 10 for hexadecane.

The fraction y of the heat conducted from the ambient atmo-
sphere that is employed in fuel pyrolysis, as defined in (32) and
calculated from (35), is appreciable, being (0.486, 0.591, 0.670) for
heptane, dodecane and hexadecane, respectively at T, = 1730 K.
This is consistent with the pyrolysis energy q being large compared
with the heat of vaporization L, and with T; not being very much
less than T, so that the discontinuity in the temperature gradient
at the pyrolysis zone is mild, that zone being situated far enough
from the surface of the droplet that its standoff radius ry, which
depends strongly on Ty, is not small in these experiments. The cor-
responding "pyrolysis dip” observed in liquid-fuel combustion is
much closer to the liquid surface, remaining, however, similarly
small, the pyrolysis energy being typically much less than heats
of combustion. The concept of a pyrolysis temperature in fact may
also find application on the fuel side of diffusion flames in com-
bustion experiments, although this application has not been ex-
plored yet. The interest in the present work, however, is restricted
to vaporization.

7. The modified Spalding law

With errors of order [Ea/(Ron)]*, predictions of droplet vapor-
ization histories based on treating Ty as a fixed kinetic property of
the fuel can make use of (25) and (33) to obtain A and rf for given
values of Ts, Y5, and T, with ¢, following from (29). In particu-
lar, the constant value of A reached when ¢; = 0 at the end of the
droplet-heating period is given by

_ Cp(Too*TS)_ g CP(Too_Tf)
A_ln|:1+ Ly (Lu><q+Lu+cp(Tf—Ts)>] D

as can be seen by solving (49) for A. If the approximation Ts = T
is used, then the above expression allows us to quantify directly
the reduced vaporization rate associated with fuel pyrolysis, which
enters as a correction proportional to /Ly that vanishes at T = Tj.

In interpreting the result, it is convenient to rewrite (51) in the
alternative form

A=In [1 +7C"(T‘£V_ TS)} (52)
where the apparent temperature of the atmosphere is
Th=alf+ (1 -a)T, (53)
with

q

T Lio0-T+q (54)
As can be seen by comparing the above expression with the clas-
sical Spalding solution (6), the presence of pyrolysis results in the
modified effective ambient temperature T,, intermediate between
T; and Tw. As seen in (54), the weighting factor « is the ratio
of the amount of heat involved in the fuel pyrolysis to the total
amount needed to vaporize the liquid fuel, heat up the resulting
vapor to the pyrolysis temperature Ty, and pyrolyze it. The values
of o corresponding to Ty =(1080 K, 912 K, 841 K) can be evaluated
using an approximate specific heat ¢, =3.7 x 103 J/(kg K) along
with Ty = Tz =(371 K, 489 K, 560 K) to give o = (0.48,0.60, 0.70)
for heptane, dodecane, and hexadecane, respectively (evaluations
of o accounting for departures of Ts from Tp and using the “1/3
rule” [13] for computing ¢, yield values that differ by about 1 %
from those given above). As can be seen, the effect of pyrolysis is
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more important for heavier alkanes, for which the apparent tem-
perature is closer to the pyrolysis temperature, thereby having a
larger impact on the vaporization rate (52).

As a further check on the accuracy of the Ty =constant approx-
imation, the value of « = 0.70 evaluated for hexadecane with Ty =
841 K (the value obtained from the experiments at T,, = 1730 K)
was used in (52) to provide a prediction for the vaporization rate
at T,, = 1311 K. The associated slope —da?/dt, evaluated from (7),
was found to be —da?/dt = 0.1049 mm?2/s, which differs by 9.2 %
from the value —da2/dt = 0.1156 mm?2/s determined experimen-
tally. This small departure is again consistent with the errors, of
order [Ea/(Ron)]*l, present in the leading-order description con-
sidered here.

8. Concluding remarks

The experimental results reported here have shown how fuel-
pyrolysis effects reduce vaporization rates of normal alkanes, to an
increasing extent with increasing chain length of the fuel molecule.
A new theory of droplet vaporization has been developed to quan-
tify the resulting vaporization-rate decrease. The needed one-step
endothermic activation-energy analysis differs markedly from pre-
vious activation-energy analyses, which considered only exother-
mic reactions. It involves complexities that may not initially be
anticipated, such as an extended weakly reactive layer in the in-
ner zone when a large fraction of the heat conducted from the
ambient atmosphere is required for pyrolysis. The kinetically con-
trolled pyrolysis temperature Ty is seen to emerge as a useful ki-
netic approximation that replaces at leading order the Arrhenius
parameters B and E,. Determination of E; and subsequently B from
measurements of vaporization rates at different T, would require
accuracies of 1% or better because of their strong sensitivity to
vaporization-rate changes. This underscores the importance of the
kinetically controlled pyrolysis temperature in interpreting experi-
mental droplet-vaporization results.

The analysis reveals that pyrolysis effects are absent for droplets
vaporizing in low-temperature atmospheres with temperatures T,
below T;. Formulas are developed for the vaporization and heat-
ing rates of droplets vaporizing in high-temperature atmospheres
with T, > Tf. At the end of the heat-up period, when the droplet
temperature reaches a constant value, the equation for the vapor-
ization rate accounting for the presence of pyrolysis can be cast
in the classical form (52) originally derived by Godsave and Spald-
ing [5,6], with the ambient temperature T, replaced by the ap-
parent ambient temperature Ts = «Ty + (1 — )T, involving the
fuel-specific energetic weighting factor o defined in (54). Clearly,
additional experiments involving different levels of ambient tem-
perature and different alkanes should be considered in future
work to test the accuracy of the predictive formulae derived here
and improve the evaluation of the pyrolysis temperature Ty Be-
sides droplet experiments, counterflow systems involving liquid

fuel pools or prevaporized alkane jets and preheated inert gases
can be useful in that respect, providing insightful information free
from transient effects.
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ABSTRACT: This study proposes a novel approach to design and evaluate surrogates for liquid fuels, aimed at replicating their
evaporative and sooting behaviors. The method was demonstrated for a commercial heating oil. The lack of surrogates found in
the literature for this relevant fuel, in addition to its physicochemical complexity, was the primary reason for its choice to test the
proposed method. A first surrogate aiming to emulate the evaporative behavior of the target fuel was designed through the
combination of a theoretical evaporation model and experimental tests. The second surrogate was formulated to replicate the
sooting behavior of heating oil, whereas a third surrogate aimed to match the physicochemical properties relevant for both
processes. The so-designed surrogates were validated afterward by means of single-droplet evaporation tests under high-
temperature conditions. The obtained evaporation curves served as a benchmark for evaluating the evaporative characteristic,
whereas an aspirating probe collecting all of the soot produced at a high-temperature and reducing atmosphere was used for the
validation of the sooting tendency. It was found that surrogates specifically designed to match the evaporative and sooting
behaviors of the target fuel displayed a remarkably good agreement when validated against experimental data for heating oil.
Overall, the obtained results confirmed the validity of the methodologies proposed for surrogate formulation, combining
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predictive methods and droplet evaporation tests at high temperatures.

1. INTRODUCTION

The optimization and eflicient use of the energy contained in
fuels is a major challenge in combustion science, as it can
significantly mitigate its impact in environmental aspects such
as pollutant emissions or climate change. A substantial
complication in the design of combustion optimization
strategies arises due to the physicochemical complexity of
most conventional petroleum-derived fuels, which usually
display a marked multicomponent character with hundreds
of different constituents. It is nearly impossible to identify all of
the individual molecules and compositions and, even if it could
be attainable, the combustion modeling of such a mixture
would be unfeasible due to the lack of detailed data and huge
computation costs.' In addition to this, real petroleum-based
fuels typically display an extensive variability depending on the
nature of the crude, the manufacturer, or even the season.” In
light of these limitations, the most followed approach to
simulate the combustion performance of real fuels is through
the use of surrogates, i.e., mixtures of a few well-characterized
pure compounds of known chemical species and mixture
fractions that mimic certain physical and chemical properties of
the target fuel.”’ These simpler blends not only ease
computational studies, but also provide time-invariant
reference fuels for experimental studies” and facilitate insight
into the underlying combustion-related processes.”* With
appropriate blending strategies, a surrogate might match a set
of desired design properties, and therefore, its behavior in
certain related combustion processes can emulate those of the
target fuel. By increasing the number of constituents in the
surrogate, it is possible to match a greater number of design
properties, although at the cost of increasing its complexity.”
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Much work has been done regarding the design and testing
of surrogates for transportation fuels and, particularly, for
diesel and gasoline (e.g, see review refs S and 6, respectively).
It can be seen that most of the effort has been focused on
emulating gas-phase chemistry properties (ignition, extinction,
sooting propensity, etc.), with only a few studies trying to
match physical behaviors.” The cited gas-phase features are
undoubtedly of critical importance for most combustion-
related applications, particularly for those in which the fuel is
completely vaporized prior to its intake in the combustion
chamber. However, for applications where the fuel enters the
combustion chamber in liquid state (typically in the form of a
spray), matching also certain liquid physical properties such as
volatility, density or viscosity, as well as its evaporative
behavior can be of critical relevance for a complete description
of the target fuel.*® This would be particularly true for the case
of the combustion of heating oil in boilers, as well as for diesel
in compression—ignition engines4 or even for gasoline in
gasoline direct injection engines.6

In spite of the wide range of applications where the fuel is
injected in liquid form into the combustion chamber, the use
of configurations taking into account the phase-change process
is a minority within the surrogate literature, and most work has
been performed at configurations with completely prevapor-
ized fuel.”® Due to the multicomponent character of real liquid
fuels, there are certain behaviors that are intrinsic and most
relevant to spray burning in real applications but cannot be
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accounted for in tests with prevaporized fuel.” For instance, it
is generally accepted that the light-end components of the fuel
preferentially evaporate near the injection point, whereas the
heavier, less volatile compounds become predominant down-
stream. These differences among liquid and vapor composi-
tions throughout the combustion chamber can have a
significant impact in relevant application-related aspects such
as emissions or burner flame stability. The use of combustion
configurations that incorporate the phase change of the fuel is
therefore an appropriate approach for a complete description
of real, multicomponent liquid fuels.” For this purpose, the
simplified single-droplet configuration has been found in
several recent works to be particularly useful in the design and
evaluation of a wide range of surrogates for liquid fuels, both
by conducting experimental tests’~ and through the use of
multicomponent droplet evaporation models.'”™"* This
configuration has the advantage of incorporating the
aforementioned particularities associated with liquid fuels
while also keeping a much simpler analysis and modeling
compared to the stochastic environment of real spray flames.

At this point, it seems important to distinguish between
surrogate design and its subsequent evaluation. Different
methodologies have been used for both processes in the
literature, and although it is not the objective here to
exhaustively review all of them, a brief description of the
approaches employed so far for some relevant design
properties seems appropriate to place the current work in
context.

When it comes to surrogate design, a well-established
approach consists in matching a set of properties that are
relevant for certain combustion aspects (e.g., cetane number
for chemical kinetics, molecular weight for diffusive properties,
or H/C for flame temperature in ref 15). By matching the
former set of properties, the surrogates obtained through this
methodology are thought to be able to emulate the latter
features and, therefore, the desired complex combustion
behaviors (e.g., the gas-phase combustion kinetic phenomena
in ref 15). A comparatively small amount of studies have
formulated surrogate fuels aiming to match the evaporative
behavior of the target fuel, even though (as discussed above) it
is a most relevant design property for applications where the
fuel enters the combustion chamber in liquid state. Among
them, the most followed approach is to use the distillation
curve as design property representative of the evaporative
behavior (e.g., in refs4, 10, 14, 16). Even though the distillation
curve certainly provides valuable information regarding the
evaporative characteristics of multicomponent fuels, droplets
evaporating in real combustion environments may exhibit
different behaviors from those observed in a batch distillation
process because of the low mass diffusion rate of species within
the liquid.'”'® An alternative and application-oriented
description of the evaporation behavior of a multicomponent
fuel could be achieved by means of the simplified single-
droplet configuration. It is noteworthy that any surrogate
formulation process always needs a method for estimating the
design property value in terms of the mixture composition.
This would lead to the use of single-droplet multicomponent
models as a predictive tool for surrogate formulation, as it has
been done in some recent works such as refs12, 13. The target
fuels in those works were, however, mixtures of discrete and
well-identified chemical components (a FACE A gasoline
comprising 66 species in ref 12, and a light naphtha containing
1S constituents in ref 13). This allows for the simulation of the
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target fuel’s evaporative behavior, providing therefore a target
value to formulate surrogates. However, to the authors’
knowledge, this approach has not been applied to more
conventional petro-fuels such as regular gasoline or diesel,
comprising hundreds of unknown species. Besides the
evaporative behavior, the propensity to soot of the target
fuel is also found to be a relevant feature in many liquid
combustion applications. In this regard, and taking into
account the inherent complexity of soot chemistry, the most
followed approach has been to use experimentally obtained
indices such as the threshold sooting index'”*" or the yield
sooting index (YSI).>*?

Once a surrogate has been formulated, different method-
ologies can be applied for evaluating its adequacy. A good
example of straightforward surrogate evaluation would be the
case of a surrogate designed for matching a certain property
such as the derived cetane number, where a simple cetane
number test would reveal its suitability. As numerous studies
on surrogates seek to match gas-phase chemistry characteristics
of the target fuel, common evaluation methods comprise gas-
phase tests such as shock tubes, rapid compression machines,
or reactors designed for flame speed measurements. Regarding
physical surrogates, and more particularly surrogates formu-
lated to match the evaporative behavior, the most followed
validation method involves the distillation curve extraction,
with comparatively fewer studies testing the surrogate’s
adequacy through the use of the single-droplet evaporation/
combustion approach. The already cited works by Elwardany
et al.'"' ™"’ evaluated the ability of several physical surrogates to
emulate different target fuels” evaporative behaviors by means
of a single-droplet evaporation model. When it comes to
experimental validations, Liu et al. used a single-droplet
apparatus to evaluate the combustion characteristics of
surrogates designed to match certain gas-phase combustion
properties of Jet A,” and also to compare some standard
reference fuels for gasoline (such as indolene or heptane—
isooctane mixtures) with a commercial gasoline.g’9 The use of
models for the design and validation of surrogates of practical
fuels entails some difficulties since the accurate modeling of
multicomponent fuels is still a challenging objective and also
requires a detailed characterization of their composition as well
as the physicochemical properties of their components. In
those cases, experimental characterizations by means of
evaporation/combustion tests offer some advantages, provid-
ing reliable data without requiring a comprehensive description
of the fuel properties. A recent work by Chen et al."* combines
both approaches for validating the evaporative behavior of a Jet
A surrogate, comparing the droplet vaporization curves of the
target fuel (experimentally obtained) and that of a four-
component surrogate (estimated through a multicomponent
evaporation model). Regarding the sooting tendency, a vast
majority of studies evaluate the surrogate’s soot yield in a gas-
phase configuration (e.g, in ref 21), with no reported work
validating a surrogate’s soot yield through the use of the single-
droplet configuration, where the reducing conditions in the
droplet’s proximity and concentration effects may play a
significant role.

In summary, the single-droplet configuration clearly offers a
suitable environment and some interesting and unexplored
opportunities of study toward the development of surrogates
for real liquid fuels. The main objective of this work consists
therefore in using this approach to formulate and subsequently
validate new surrogates that match the evaporative and sooting
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behaviors of a light heating oil. This approach combines
modeling and experimental work on a single droplet
evaporating under conditions representative of real flames.
Both design properties are considered to be critical for the
target fuel’s main application, ie., its combustion in boilers,
and therefore different surrogates were designed with the aim
of emulating them.

A first surrogate matching the heating oil's evaporative
characteristics was formulated based on a combination of
single-droplet evaporation tests at high temperature (required
to obtain the behavior of the complex target fuel) and a
multicomponent evaporation model (needed to estimate the
characteristics of the different surrogate mixtures). The
subsequent evaluation of surrogate blends was also exper-
imentally obtained through droplet evaporation tests. A second
surrogate was designed to emulate the heating oil's soot
tendency. Its formulation was based on the well-known YSI
indicator, whereas its validation was experimentally gained by
means of soot sampling at the single-droplet evaporation tests.
The third and last surrogate was designed following a well-
established and common methodology, as it is the matching of
a group of rather simple physicochemical properties that are
related with the more complex evaporation and sooting
behaviors. The so-formulated surrogate can thus be considered
to be a reference case, and it was also validated through the
aforementioned single-droplet tests at the droplet combustion
facility (DCF). Compared to prior works, the current study
proposes novel approaches on both the formulation and
evaluation sides. The use of DCF tests to provide the target
behavior (required in the formulation phase) extends the use
of theoretical droplet evaporation models as a tool for the
design of surrogates for target fuels with unknown
composition. Furthermore, there is no precedent of this kind
of experimental validation applied for surrogates designed ad
hoc to precisely match the target fuel’s single-droplet
evaporation behavior. The validation method proposed for
estimating the sooting tendency would not only serve as a
novel approach to evaluate the adequacy of liquid surrogate
fuels, but it would also provide insight into the possibility of
using the YSI as a soot predictor for the single-droplet
configuration (a case of study significantly different from that
used in YSI tests*"*?).

As it has been introduced, the main objective of this work is
to develop and test novel approaches that can contribute to the
recent surrogate formulation and validation developments
based on the use of the isolated single-droplet configuration.
By applying these methodologies with the aim of matching the
evaporative and sooting behaviors of heating oil, a quite
unexplored fuel within the surrogate literature, the second
main objective of the current study would be attained. In spite
of the significant advance of natural gas during the last decades,
the share of light heating oil still accounts for roughly 17% of
the EU domestic heating market, reaching more than 40% of
all households in certain countries such as Switzerland or
Ireland.”® Due to its geographical reach, this liquid fuel can be
readily transported to off-grid regions, and therefore, its use in
residential and rural areas is expected to remain predominant
in the near future. In view of its magnitude, the development of
surrogate fuels matching heating oil’s relevant behaviors seems
most desirable for the design of combustion optimization
strategies. However, to the authors’ knowledge, no previous
study has addressed this issue, and therefore, the surrogates
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obtained here aiming to match the evaporative and sooting
behaviors of heating oil would contribute to fill this gap.

2. EXPERIMENTAL AND PREDICTIVE METHODS

2.1. Fuels Investigated. A commercial Spanish heating oil (fuel
oil No. 2) was used as target fuel. A complete characterization was
performed at the Instituto de Carboquimica (ICB-CSIC) to
determine its most significant properties, which are listed in Table
1. The distribution by families is presented in Appendix A of the
Supporting Information for the sake of completeness.

Table 1. Main Properties of the Studied Heating Oil

molecular formula  Cy35,Hye; LHV (MJ/kg) 41.92
MW (g/mol) 184.5 density at 20 °C (kg/m®) 861
C/H (-) 0.54 viscosity at 40 °C (cP) 343

In addition to the presented properties, the distillation curve of
heating oil was also measured by means of a distillation apparatus
similar to that featured in ref 16, that is, following the advanced
distillation curve (ADC) methodology developed by Bruno™* rather
than using the more common ASTM D86 technique.”> The ADC
method was chosen because by measuring kettle temperatures inside
the liquid, the provided points are thermodynamically consistent and
representative of the liquid—vapor equilibrium. The classical D86
apparatus, on the other hand, measures the vapor temperature in the
distillation head, providing therefore somewhat lower temperatures
than the actual thermodynamic state points.”*'®** Two sequential
ADC atmospheric distillation curves were acquired for heating oil,
both displayed in Figure 1 along with their least-squares fitting.
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Figure 1. Experimental distillation curves extracted for the target
heating oil.

Two pure fuels were used in this work as surrogate palette
compounds: n-eicosane (EICO, C,H,, >99% purity) and 1-
methylnaphtalene (MNP, C,H,, >95% purity). The criteria for
choosing these two compounds will be addressed below.

2.2. Droplet Combustion Facility. As the formulation and
subsequent evaluation of surrogates is intended to be based on the
evolution of fuel droplets in a high-temperature environment, a set of
experiments were performed at LIFTEC’s droplet combustion facility
(DCF). This facility has already been described in detail in previous
works,”*™>® and therefore, only a brief exposition will be provided
here. A schematic showing the main parts of the DCF is displayed in
Figure 2 along with representative pictures of the droplet evaporating
and burning processes.

A piezoelectric device at the top of the facility generated a
monosized stream of free-falling droplets, with a nominal diameter of
150 pm. This is considered to be a good compromise between
satisfactory experimental accuracies and real sizes found in sprays.
The interdroplet space was always over 100 diameters, and thus
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Figure 2. Schematic of the droplet combustion facility (a) and representative pictures captured with both cameras for the combustion of heating oil
droplets showing the droplet surrounded by the soot shell and the envelope flame (b).
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Figure 3. Soot sampling probe: (a) diagram depicting its operation; (b) schematic detailing the main parts.

interaction between droplets can be considered as negligible.”” The
droplet generator device possesses a heating system that allows for the
dosing of fuels with high pour point or that are too viscous. The
monosized, isolated droplets were introduced into the exhaust gases
produced by a flat-flame burner (McKenna) fed with methane and air.
This allows for the vaporization and (if oxygen is available) burning of
the small droplets in an atmosphere representative of those found in
real flames. As this work intends to study the vaporization process of
the droplets rather than their combustion, the feed flows of methane
and air were adjusted stoichiometrically, and therefore, the flat-flame
combustion products contained no oxygen. As the experimental
conditions of this gaseous coflow are critical for the validity of the
experimental droplet evaporation results and their subsequent
modeling, both the coflow temperatures and velocities were
thoroughly measured along the tube centerline, as detailed in ref 28.

The droplet vaporization process of different fuels was charac-
terized through the images acquired with a CCD camera (QImaging
Retiga SRV, “Camera 1” in Figure 2a). This camera was synchronized
with the droplet generator and with a light-emitting diode (LED)
strobe, allowing the use of the double-shot technique. The LED
strobe emitted very short (<1 ps) pulses of light every S00 s, freezing
the motion of the backlighted, free-falling droplets. By working with
an exposure time of 1200 us, the same droplet was recorded twice in a
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single frame, as illustrated by Figure 2b (top). These images were
post-processed to extract the size and velocity evolution of droplets
along the axial coordinate in a precise and repeatable way. For the
cases when oxygen is available in the coflow and the droplets are
surrounded by a diffusion flame, a high-sensitivity CMOS camera
(Hamamatsu C11440-36U, “Camera 2” in Figure 2a) captures the
light spontaneously emitted from the flame region (Figure 2b,
bottom).

As discussed above, one of the main advantages of the single-
droplet configuration is its simplicity. The ideal case of study would
be that of a single, isolated droplet evaporating (or burning) in a
completely quiescent ambience without any convective effects, neither
forced nor buoyancy-induced. This would create a completely one-
dimensional (1D) configuration, whose easier modeling and analysis
favors its application as a canonical case for developing and testing
liquid surrogate fuels.”® For this reason, the experimental conditions
used in this work were chosen to minimize both forced and natural
convection, as detailed in ref 28. The Reynolds number based on the
droplet-coflow relative velocity was estimated to remain always below
1 for all of the studied cases.

The propensity to soot of the studied fuels was characterized by
means of a sampling probe which collected the total amount of soot
produced in the combustion chamber, as illustrated in Figure 3. As the
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experimental conditions applied in this work were intended for
studying the vaporization process of droplets rather than their
combustion, the absence of oxygen in the hot coflow (with
temperatures up to 1450 °C) greatly enhanced soot formation
through the pyrolyzation of the fuel vapors. The formed soot
agglomerates descended unoxidized along the tube centerline (as
depicted in Figure 3a), and were retained on a quartz microfiber filter.
The soot collected throughout a certain amount of time (typically
around 15 min) was dried at 110 °C for over 24 h and then weighed
on an analytical scale (Sartorius CP225D; repeatability, +£20 ug). A
soot index, named as isolated droplet soot yield (IDSY) and
expressing the weight of soot per unit of injected fuel, was calculated,
providing thereby quantitative information regarding the sooting
behavior of different fuels.

2.3. Distillation Model. A simple batch distillation model was
developed to simulate the distillation curves of different liquid
mixtures. The liquid blend is assumed to be heated to its bubble
point, where an infinitesimal amount of vapor is removed, providing
therefore a new composition in the liquid phase, which yields a
different (higher) bubble point. By removing sufficiently small
quantities of vapor at a constant flow rate, the distillation curve for
the evaluated mixture is calculated. As the model assumes that all of
the vapor leaving the boiling flask is stored in a total condenser, the
distillation process has no reflux and, by the end of the procedure, the
totality of the initial liquid mixture is distilled. The model assumes the
following liquid—vapor equilibrium>**"

=5 (1)

with fi and f; being the fugacities of the component i in the liquid
and vapor phases, respectively. The liquid fugacity is calculated
through the following expression

fiL = Kxipioq)? K; (2)
with y; being the activity coefficient of component i in the liquid
mixture, x; the molar fraction of i in the liquid, P the vapor pressure
of pure i at the evaluated temperature, @ the fugacity of pure i at the
evaluated temperature and vapor pressure, and K; the Poynting
correction factor (close to 1 for atmospheric pressure). The vapor
fugacity is obtained through

£ =P (3)
with @} being the fugacity coefficient for i in the vapor mixture, y; the
molar fraction of i in the vapor, and P the total pressure of the system.

By combining eqs 1-3, the liquid—vapor equilibrium can be
calculated for each mixture component at a given temperature and
total pressure. This model considers the vapor as a real gas and takes
into account the nonideality of the liquid mixture. The well-known
expression y,P = x,P? would be a particular case of (1), where the total
pressure is low (K = 1), the gas is considered to be ideal (® = 1) and
the liquid mixture behaves also as an ideal solution (y = 1). The
described distillation model was satisfactorily validated by comparison
with experimental and simulation results of binary mixtures presented
in ref 32.

2.4, Multicomponent Droplet Vaporization Model. The
droplet vaporization process was modeled following the classical,
transfer number-based approach widely used in droplet vaporization
and combustion works. The implemented model takes into account
nonunitary Lewis number in the gas film, variable thermophysical
properties, and the effect of Stefan flow on the vaporization process.*®
It also assumes complete spherical symmetry, quasi-steady gaseous
phase, and liquid—vapor equilibrium considering ideal gas and liquid
mixtures (i.e, Dalton’s and Raoult’s laws apply at the interface).

Regarding the liquid phase, the effects of finite liquid thermal
conductivity and species diffusivity within the droplet are taken into
account through the well-known effective thermal conductivity®® and
effective diffusivity models,** respectively. These models solve the
transient heat and diffusion equations within the spherical droplets
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where T is temperature, r the radial distance to the center, ¢ the
liquid thermal diffusivity, D, the liquid mass diffusivity, and Yj; the
liquid mass fraction of the component i. The values of a; and D were
obtained from refs30, 31 for both palette compounds. The transport
coefficients for a given binary mixture were calculated according to
the Li correlation for the liquid thermal conductivity (described in
detail in ref 30) and to the Wilke—Chang estimation method,
followed by the Sanchez and Clifton correlation for the liquid mass
diffusivity (both methods thoroughly presented in ref 31).

Equations 4 and 5 were numerically calculated by using a 1D
parabolic—elliptic PDE solver in Matlab (pdepe solver, based on ref
35). The effect of internal recirculation for moving droplets is taken
into account by replacing a; and Dj in eqs 4 and S with

Q,

off = X7

(6)
(7)

As X1 and X, increase from 1 to 2.72 when the Péclet number (either
thermal or mass transfer based) increases from O to infinity, the
enhanced transport coeflicients in the heat and diffusion equations
account for the effects of internal convection on both processes. This
model cannot solve in detail the actual temperature and species
distributions inside the droplet, but it is considered to correctly
predict their average surface values, which are critical properties in the
droplet evaporation process.'*

The implemented model was successfully validated for different
fuels and conditions, including literature data as well as experimental
results from the DCF. However, the agreement between the model
and n-eicosane (one of the proposed surrogate palette compounds, as
outlined below) was not as good as for other compounds, with
predicted burning rates consistently higher than those displayed in the
experimental tests. The reasons behind this behavior are not entirely
understood, but a literature search revealed similar results for heavy
alkanes subjected to combustion conditions.”>*” Even though refs36,
37 dealt with the droplet combustion process rather than its
evaporation, the high coflow temperatures used in the current work
(up to 1450 °C; Section 2.2) are thought to be representative of a
combustion environment, keeping in mind the obvious difference that
the high temperatures are here caused by the hot gaseous inert coflow
rather than by a diffusion flame. In ref 36, the agreement of classical
droplet theoretical models with experimental data was studied for a
wide range of fuels, coming to the conclusion that theories
progressively overestimated the burning rate as the fuel molecular
weight increased, possibly as a consequence of gas-phase fuel
decomposition near the droplet surface, more readily produced for
heavier hydrocarbons. These gas-phase endothermic reactions would
reduce the evaporation rate of the droplet in the experimental tests,
while their absence in the classical models would explain the
divergences found between observed and predicted burning rates.*®
Another possible explanation was proposed in ref 38, where the
variable property models commonly used were found to approximate
in a poorer way fuels with high molecular weight. In any case,
ascertaining the cause for these deviations is not within the scope of
this work, and an empirical fitting was performed on the described
droplet vaporization model to calibrate it for each particular fuel. This
was done by adding an energy sink (in the form of a constant
endothermic heat of reaction) in the droplet evaporation transfer
number. The value for this heat of reaction was empirically adjusted
for each fuel as to achieve the best possible agreement between
simulations and experiments. Such agreement can be observed in
Figure 4, where the droplet vaporization curves experimentally
obtained at the DCF for two pure compounds (eicosane and 1-
methylnaphtlene) are compared with their respective simulations after

Dy = XpD,

e
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Figure 4. Comparison of the droplet vaporization curves
experimentally obtained for pure eicosane (EICO) and 1-methyl-
naphtlene (MNP) along with the simulations provided by the model
for both compounds after the empirical calibration.

applying the aforementioned empirical calibration. Results are
displayed in terms of normalized diameter squared versus normalized
time, using the droplet diameters at injection as references for
normalization.

In spite of the empirical calibration, some differences can still be
noted between the experimental and model results for eicosane. This
is ascribed to the fact that eicosane droplets entered the combustion
chamber partially frozen, due to the high freezing point of this fuel
(36.5 °C). In the DCF tests, the freely falling droplets travel several
centimetres at ambient temperatures prior to their intake in the
combustion chamber. This could cause a partial freezing of the small
droplets, which were initially heated at 50 °C at the droplet generator
device for proper dosing. Even if this effect slightly distorts the ability
of the model to reproduce eicosane behavior, this is a relatively minor
effect that is expected to significantly decrease and eventually
disappear as eicosane is mixed with 1-methylnaphtalene. The
proposed combination of droplet evaporation tests and modeling
results is therefore found to be valid for the binary mixtures designed
and evaluated in Section 3.

3. RESULTS AND DISCUSSION

3.1. Surrogate Palette Choice. A critical step when
designing surrogates is the definition of the surrogate palette,
i.e, the set of pure compounds that are mixed together to
create a surrogate fuel. These palette compounds should
ideally be representative of the chemical families found in the
target fuel,* display well-known design properties in the range
of those found for the target fuel, and, at the same time, be
readily available. The higher the number of palette compounds,
the better agreement can be obtained for a certain design
property, in addition to having the possibility of matching a
greater number of them. However, as already stated, a greater
number of palette compounds significantly increases the
complexity of the process, not only in computational terms
but also when it comes to result analysis. As the present work
intends to explore new methodologies for the formulation and
evaluation of surrogates, the surrogate palette was decided to
consist only of two compounds: n-eicosane (EICO) and 1-
methylnaphtalene (MNP). Each one is a representative of the
two main chemical families found in the heating oil (see
Appendix A): linear alkanes and aromatics. The choice of these
two compounds in particular was based on their main
properties, which were found to be in the range of those
extracted for the target fuel in Table 1. Particular attention was
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paid to the ability of these two compounds to properly
reproduce the distillation curve of the heating oil (Figure 1), as
both boiling temperatures are approximately terminal points of
the extracted heating oil’s distillation curve (517 and 616 K for
MNP and EICO, respectively).

3.2. Formulation of Surrogates. As introduced above, a
total of three different formulations, derived from different
surrogate design approaches, were defined aiming to emulate
the evaporation and sooting behavior of the target heating oil.

3.2.1. SR1 Formulation: Evaporation Behavior. The first
surrogate, named SR1, was formulated by means of a novel
methodology that intends to capture the evaporation behavior
of the target fuel through the combined use of experimental
and modeling exercises based on the single-droplet vapor-
ization configuration.

The first step consists in experimentally characterizing the
vaporization behavior of heating oil, a chemically complex fuel
comprising hundreds of hydrocarbons. As a proper simulation
of such a fuel by means of theoretical evaporation models
would be unfeasible, this characterization is achieved by means
of the DCEF tests described in Section 2.2. The evolution of
droplet diameter displayed in Figure 5 constitutes a valuable
description of the evaporative behavior of the target heating oil
when subjected to conditions representative of real flames.
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Figure 5. Experimental droplet vaporization curve obtained in the
DCEF for heating oil along with its extracted characteristic times £, t4,
and t,, (0.645, 1.126, and 0.813 s/mm? respectively).

As it can be observed in Figure 5, three characteristic times
are defined for the measured vaporization curve. These times
intend to describe the vaporization behavior of the fuel so that
they can be used as design properties. The first one (f.)
describes the initial transient region, where the liquid droplet
heats up, displaying a significant volumetric expansion (i.e.,
normalized droplet sizes greater than 1) due to thermal
swelling. The second one (t4) is intended to characterize the
transition region where the droplet is already under vigorous
vaporization, but the process has not reached its quasi-
stationary behavior due to the liquid-phase unsteadiness. This
region exhibits a sustained increase in the evaporation rate K,
i.e, in the slope of the displayed droplet vaporization curve, K
= —d(D?)/dt. As the shape of the curve in this region can
significantly vary among fuels and conditions, the design
property is arbitrarily simplified to tg, that is, the normalized
time that it takes to the droplet to reach a normalized diameter
squared of 60% its initial value. After this point, the droplet can
be assumed to have reached the quasi-steady region, where the
evaporation rate K remains approximately constant. The design
property chosen for describing this region is t,, as it is
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graphically reflected in Figure S. The curve points after (D/
Dy)* = 0.2 are not included in any design property due to the
higher experimental uncertainties for very small droplets.

The extracted characteristic times are therefore the property
targets that the surrogates would have to match. To predict the
value of the proposed design parameters (f, tg, and t,,) for
different mixtures of the surrogate palette, it is essential to use
theoretical droplet vaporization models that can accurately
simulate the droplet evaporation process under the exper-
imental conditions of the DCF tests. The droplet vaporization
curves simulated by the model described in Section 2.4 for
different binary blends of the proposed palette compounds
(EICO and MNP) are presented in Figure 6. The empirical
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Figure 6. Droplet vaporization curves calculated by the model for
different binary blends of eicosane (EICO 100) and 1-methyl-
naphtlene (EICO 00) at the same conditions as those experimentally
registered for the heating oil DCF test.

adjustment factors introduced for both pure compounds are
also added to the simulation of their mixtures by weighting
them according to the relative mass flow rate evaporated from
each component.

As it can be observed in Figure 6, both palette compounds
show well-differentiated features, with EICO displaying a much
slower heat-up initial period and also a slightly higher quasi-
steady evaporation rate (ie, a steeper slope in the final
regions). As expected, the evaluated blends show intermediate
behaviors between the pure liquids, with more pronounced
and longer initial volumetric expansion as the EICO content is
increased. Quantification of the described behaviors can be
done by means of the already presented characteristic times.
For that purpose, simulations were run for a higher number of
EICO—MNP blends, and their extracted characteristic times
are presented in Figure 7 in terms of the EICO content in the
mixture.

Among the three studied characteristic times, t, is the most
sensitive toward binary composition, showing a significant and
sustained increase as the mixture is enriched in EICO. A
domelike behavior is predicted for tg, whereas t,, remains
quite flat, as the quasi-steady evaporation rates calculated are
quite close for both pure palette compounds. The increase of
tyo for blends containing small amounts of EICO is ascribed to
the fact that the transition from preferential vaporization of
MNP to EICO is delayed toward the end of the curve, within
the region assigned to t,,. The sensible heat necessary for rising
up the droplet temperature would be responsible for the
mentioned increase in t,, for such mixtures. Therefore, these
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Figure 7. Characteristic times extracted for the simulation of EICO—

MNP mixtures in terms of their EICO content (% mass).

characteristic times are representative of different aspects
affecting the evaporation curve and, for a given surrogate
blend, can be compared to those of the target fuel (Figure 5)
so that any of them could be selected as the design parameter
depending on the particular goal. However, if the objective is
to determine the EICO—MNP blend that best reproduces the
global evaporation behavior, the optimization problem should
be based on a combination of the various characteristic times.
With that purpose, the following global error for evaporation
(e,,) is calculated for each mixture i

2 2 2
tcx B tcl\o t60i B t60ho tzoi B tzol\o
Cey = +
tcho t60ho tzoho
(8)
with t, , ts, , and t,, being the characteristics times of the

target fuel (heating oil). The evolution of e,, with the binary
mixture composition is presented in Figure 8. Although
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Figure 8. Errors in the various calculated characteristic times for all of
the studied EICO—MNP blends along with the global error for
evaporation (e,,).

individual times display different trends, the combined error e,
shows a well-defined minimum value for the EICO-51 mixture
(51% eicosane). This blend was named SR1, aimed to emulate
the evaporative behavior of the target heating oil. The
adequacy of SR1 in achieving this goal will be experimentally
evaluated in Section 3.3.1.
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3.2.2. SR2 Formulation: Sooting Behavior. A second
surrogate, named SR2, was formulated aiming to match the
sooting behavior of the target heating oil. In this case, the
formulation was based on a well-known soot indicator such as
the yield soot index (YSI),>"** whereas the subsequent
evaluation of its adequacy was obtained through experimental
tests developed in the DCF (Section 3.3.2).

On the formulation side, the YSI was chosen as design
property because of the availability of consistent and reliable
data for a wide variety of compounds in the range of diesel fuel,
including both palette components (EICO and MNP). In
principle, it would be necessary to experimentally measure the
YSI of the heating oil sample to obtain the required target YSI
value. However, as the YSI of different jet and diesel fuels were
found in ref 21 to correlate well with their total aromatic
content (given that the fuel chemical distribution between
single-ringed and multiringed aromatics remains close between
fuels), an extrapolation using these data was performed to
estimate the YSI of the target heating oil based on its total
aromatic fraction. As Spanish light heating oil displays
significant chemical closeness with diesel when it comes to
its aromatic distribution (single-ring/multiring aromatic ratio
of 2.9:1 in weight; see Appendix A in the Supporting
Information), this approximation is thought to be adequate
for the studied fuel. This extrapolation is illustrated in Figure 9,
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Figure 9. Experimental data and linear fit obtained from ref 21 for
different jet and diesel fuels, along with the extrapolation that provides
an estimation of the YSI value for the heating oil.

where the linear fit presented in ref 21 is slightly extrapolated
beyond its upper limit to estimate the YSI of the target fuel,
which contains 26.24% in volume of aromatics. The YSI so
obtained (124.9) will be used as the target value for SR2
formulation.

Once the target YSI value is obtained, the process of
formulating SR2 from the selected surrogate palette com-
pounds can be done by applying the following mixing rule
presented in ref 21

M
YSL, = Y. W YSI,
i=1 )

with W, being the mass fraction of compound i and YSI; its YSI
value as a pure fuel. By applying this mixing rule and extracting
from ref 21 the YSI values of pure EICO (14.1) and MNP
(471.2), the surrogate mixture which would match the target
value of the heating oil is EICO-76. This blend will be named
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SR2, designed to emulate the sooting propensity of the target
fuel. The adequacy of SR2 in achieving this aim will be
experimentally tested in Section 3.3.2.

3.2.3. SR3 Formulation: Physicochemical Properties. The
third surrogate aims to match a set of physicochemical
properties that are thought to be relevant for the evaporation
and sooting behaviors. The surrogate design methodology
followed here consists in a multiproperty regression algorithm,
similarly to the approach used in ref 4 for diesel or in ref 39 for
jet fuel surrogates. The design properties chosen for this study
were YSI, liquid density, molecular weight, C/H ratio, and
distillation curve. Even though some design properties are not
directly connected with the evaporation and sooting behaviors,
they are thought to be relevant for the aforementioned
processes, and by matching them, the droplet evaporative and
sooting behaviors of the formulated surrogate could be
expected to get close to that of the target fuel, although
there is no guarantee that matching a set of basic design
properties will produce identical behavior in complex
applications.” The YSI and C/H ratio are properties with a
clear connection with the propensity to soot, whereas the
distillation curve has been widely used to describe the
evaporative behavior of multicomponent fuels. The liquid
density displays a considerable impact on the droplet
evaporation process, and it was proposed in ref 7 as a relevant
target for surrogates aiming to emulate the evaporation and
burning behaviors of complex liquid fuels. The molecular
weight, on the other hand, is closely linked to the diffusive
properties of the fuel, and therefore, it is also expected to be
relevant for matching its evaporation behavior.

All of the property targets were experimentally obtained for
heating oil through the already described initial character-
ization (see Section 2.1), except for the YSI, which was
estimated to be 124.9 as outlined in Section 3.2.2.

Once the target values are known for the five design
properties, the next step involves estimating the values that
would display different blends of the proposed surrogate
palette:

e YSI: as explained in Section 3.2.2.
e Liquid density (p): using the following mixing rule’'
by
mix M
21'21 T/Vl/ /)1 (10)
e Molecular weight (MW) and C/H ratio: from simple
stoichiometric calculations.
e Distillation curve (DC): by means of the distillation

model described in Section 2.3.

By knowing both the target values and the estimation
methods, the relative errors found for each design property P
between the calculated and target values for all of the EICO—
MNP composition range can be obtained. For the simpler
design properties, this relative error is calculated as follows

(11)

with i being the evaluated EICO—MNP mixture, ho the target
heating oil, and P any design property (YSI, p, MW, or C/H
ratio). The relative error for the distillation curve is evaluated
for the ensemble of the curve by averaging the deviations at all
of the points
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N 2

1 ¢ T;,j - ’Iilo,j
épc, = N Z T

j j=1 ho,j (12)
with j denoting a point in the evaluated distillation curve (for
instance, the point for 50% distilled mass), N; the total number
of evaluated points for each curve, and T;; and T,; the
temperature at point j for the blend i and the heating oil,
respectively.

It is noteworthy that for most design properties (YSI, p,
MW, and C/H ratio), a binary mixture EICO—MNP can be
found that makes the corresponding e, equal to zero, that is, a
blend that perfectly matches the corresponding target value for
the property P. The distillation curve, on the other hand, is
composed of several points, and therefore, the simultaneous
emulation of all of them would involve a high number of
degrees of freedom, whereas the possible formulations only
allows for one adjustable parameter which is the EICO/MNP
proportion. This can be clearly inferred from Figure 10, where
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Figure 10. Comparison of the target distillation curve experimentally

extracted for heating oil and the binary mixture EICO—MNP which
minimizes the value of e (EICO-57).

the distillation curve experimentally obtained for heating oil
(see Section 2.1) is compared with the simulated curve of the
EICO—MNP mixture, which minimizes the value of epc
(EICO-57).

The optimal mixture EICO-57 displays significant differ-
ences compared to the heating oil experimental curve, with a
clear sigmoid behavior that was not observed for the target
DC. This is an expected result, as it is highly unlikely that a
bicomponent mixture can adequately approximate the whole
distillation curve of a real fuel containing hundreds of
components.'® However, as the aim here is not to closely
match the distillation curve of the target fuel but rather to
evaluate different methodologies for surrogate formulation, the
distillation curve has been incorporated to the set of design
properties, considering that even if the optimal blend does not
achieve to closely emulate the DC of the target fuel, it still
adjusts it better than the rest of possible mixtures.

Even though the errors ep; are expressed in relative form,
each design property varies within a characteristic range, and
while some properties display relatively small variations along
the possible EICO—MNP mixtures, others are much more
sensitive to the binary mixture composition. For instance,
whereas the maximum relative error found for the density is
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18.5%, the maximum deviation for the YSI rises up to 277%.
An objective function that directly adds these relative errors
would result in an unbalanced surrogate, which preferably
matches those design properties with higher variability. A
widely used approach to balance objective functions is through
the use of weighting factors that can be adjusted for the
purpose of achieving a surrogate that matches all design
properties within certain previously defined tolerances.
Alternatively, the relative errors can be divided by its maximum
deviation so that all of the resulting normalized errors span
from 0 to 1, and can be therefore compared in equal terms.
This approach will be followed in this work, as it is thought
that the obtained objective function considers the different
design properties in an unbiased manner. The normalized
errors (&) are calculated as follows

°r
&

i
,

max(ep)

(13)

with i being the evaluated EICO—MNP mixture and P being
YSI, p, MW, C/H ratio, or DC. The global normalized error is
defined through the following expression

_ 2 2 2 2 2
Eglobal = \/EYSI te& " teuw técu tépc

(14)

By representing €gopy in terms of the binary mixture
composition (Figure 11), the blend that minimizes the
proposed global function can be obtained. This mixture,
named SR3, corresponds to EICO-61.

25

Normalized error (-)

0.6
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Figure 11. Graphical representation of the normalized global error
(sgloba[) along with the normalized errors of each design property for
all of the studied EICO—MNP blends.

3.3. Experimental Evaluation of Surrogates. In
previous sections, three different surrogates have been
designed following different methodologies, with the aim of
emulating the evaporative characteristics of the target heating
oil (SR1: EICO-51), its sooting behavior (SR2: EICO-76), or
a selection of physicochemical properties related with both
(SR3: EICO-61). In this section, a sample of the heating oil
will be experimentally tested at the DCF for all of the range of
possible EICO—MNP mixtures to ascertain the degree of
agreement shown between each surrogate and the target fuel.
As an additional objective, by exploring the full range of
EICO—MNP mixtures, the present work seeks to gain insight
into the droplet evaporation and sooting behaviors of this
binary mixture at conditions representative of real flames.
Droplet combustion and evaporation results for the proposed
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palette compounds are quite scarce, and therefore, the
experimental data presented here for the full range of
EICO—MNP mixtures can be of general interest, providing
detailed evaporation data for pure and blended high-molecular-
weight hydrocarbons.

Experimental tests were run at the DCF for both pure
palette compounds (EICO and MNP), as well as for five
different blends, namely, EICO-81, EICO-69, EICO-SS,
EICO-41, and EICO-20. The details regarding these
experimental tests are presented in Section 2.2. The
evaporative behavior will be characterized by means of the
already presented droplet vaporization curves, whereas the
propensity to soot will be studied through the developed
aspirating soot probe.

3.3.1. Evaporation Behavior: DCF Curves. A comparison of
the droplet evaporative behavior of the different proposed
blends is displayed in Figure 12 along with the already
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* EICO55

+ EICO41

<4 EICO20
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08r
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Figure 12. Experimental droplet vaporization curves obtained in the
DCEF for heating oil and all of the EICO—MNP mixtures.

presented droplet vaporization curve of the target fuel.
Differences among blends are clear, with a slower initial
heat-up period and a more pronounced thermal swelling as the
mixture is enriched in EICO. Once the initial heating transient
has finished, the squared droplet diameter decreases quite
linearly with time, in accordance with the d* law. The quasi-
steady slopes (i.e., the quasi-steady evaporation rates) are
found to be slightly higher for EICO than for MNP, which in
part compensates the already described longer heat-up period.
At first sight, the mixtures which display a closer agreement
with the target fuel vaporization curve are EICO-41 and EICO-
5SS, both practically overlapping with the heating oil curve
throughout all of the droplet lifespan. These two mixtures
could be considered therefore to match the droplet vapor-
ization behavior of the real fuel when tested at the high-
temperature conditions described in Section 2.2.

The selected characteristic times can be extracted from the
experimental curves displayed in Figure 12 for a more
quantitative evaluation of the evaporative behavior of the
different blends. Figure 13 displays the experimental times so
obtained along with the theoretical predictions previously
calculated by the droplet vaporization model for ¢, t4, and ty,
(Figure 7). When comparing the experimental and calculated
values, it seems clear that the model adequately replicates the
real behavior of the studied blends, in spite of some differences
between predictions and experimental results. Significant
deviations are only observed in t, for EICO-rich mixtures,
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Figure 13. Characteristic times extracted for each EICO—MNP
mixture, both experimentally at the DCF (exp.) and through the
droplet vaporization model (calc.).

where the experimental heat-up period appears to last
somewhat longer than predicted (probably because of the
partial droplet freezing experimentally observed for eicosane).
Nevertheless, this does not have any effect in this case since the
optimum surrogates are found at eicosane concentrations
<60%. The second parameter t4, experimentally confirms the
domelike behavior predicted by the model, with a lesser degree
of variation with composition than f. The already noted
similar quasi-steady evaporation rates observed for both pure
palette compounds causes the flatter behavior of t,; in Figure
13, with a small sensitivity of this design parameter to
composition. It is noteworthy that the already described
behaviors are highly dependent on the palette compounds’
properties, and the weight of each of them in the final
formulation could be therefore reversed with a different case
study. For instance, in the case of palette compounds with
similar initial heat-up transients and widely different quasi-
steady vaporization rates, the characteristic time with a higher
sensitivity toward composition would be expected to be t,,
rather than t_.

As the main objective of this experimental evaluation is to
assess the degree of agreement between the three designed
surrogates and the target fuel, the global error for evaporation
(sy) is calculated for each blend experimentally tested at the
DCEF. These results are displayed in Figure 14 along with the
relative errors obtained for each characteristic time. The
optimal region is found to lie between EICO-41 and EICO-55,
and therefore, any surrogate with a binary composition EICO—
MNP located within this range could be considered to
adequately emulate the droplet vaporization process of the
target heating oil. SR1 (EICO-51) is precisely located in this
region, and therefore, it may be regarded as a satisfactory
surrogate if the objective is to reproduce the droplet
vaporization behavior of the target fuel. SR2 (EICO-76), on
the other hand, is located clearly outside of this optimal region,
with significantly longer t. ascribed to its EICO-rich
composition. SR3 (EICO-61) displays an intermediate
behavior. While it is also outside of the optimal composition
region, it would display a closer evaporative behavior to the
target fuel than SR2.

3.3.2. Soot Propensity: DCF Soot Probe. As stated above,
the propensity to form soot of each fuel was experimentally
tested by means of an aspirating soot probe (Figure 3). This
probe retained the totality of the soot particles generated
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Figure 14. Characteristic time errors for each EICO—MNP blend
along with the global error for evaporation (e.,) experimentally
obtained at the DCF. The three proposed surrogate mixtures are
marked with vertical lines.

during the evaporation tests described in Section 3.3.1. The
results are expressed in terms of the isolated droplet soot yield
(IDSY, g.o/giel), which can be used to quantitatively
characterize the soot yield for different fuels when subjected
to the same experimental conditions. The evolution of the
IDSY with binary composition is presented in Figure 15 for all

0.7

40 60 80
% EICO
Figure 15. IDSY (g,,,./gwe) experimentally obtained for all of the

studied EICO—MNP mixtures at the DCF.

of the studied EICO—MNP mixtures. The reported results are
the average of at least three runs for each blend, except for pure
eicosane, where the soot yield was below the detection limit
attainable with this sampling method, and therefore, a soot
index of zero was assigned.

It is noteworthy the quite linear behavior of the IDSY with
binary composition in Figure 15. This linearity is not a trivial
result, as the present configuration (a single liquid droplet
evaporating under high temperature and reducing atmosphere)
displays obvious differences with respect to the test conditions
for YSI measurements, where the fuel sample is highly diluted
(0.5% by mass) before entering a methane/air coflow flame.”!
The linearity found for the IDSY suggests the absence of
significant interactions between the two surrogate components
that could affect the amount of soot yielded by the isolated
droplet’s fuel vapors. The experimental conditions used at the
DCEF tests largely promote soot formation, explaining the high
soot yields found for the fuels presented in Figure 15. It should
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be noted that the soot collected is the result of the formation
reactions around individual droplets, but subsequent oxidation
is precluded by the lack of oxygen. This results in higher values
than those usually found in real systems but has the advantage
of making the result independent of the particular mixing and
oxidation conditions to which soot particles can be subjected
in different test stands. Therefore, the obtained IDSY values
are thought to constitute a valid reference for the relative
propensity to form soot of different fuels and blends, and will
be used as a validation instrument for the designed surrogates.

The experimental IDSY data for the different blends are
represented in Figure 16 against their respective predicted YSI
values (see Section 3.2.2), along with the experimental point
measured for the target heating oil.
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Figure 16. IDSY (g,,/gwe) experimentally obtained for all of the
studied EICO—MNP mixtures and the target fuel at the DCF in terms
of their YSI predicted values.

As both the YSI and the proposed IDSY behave linearly with
the binary mixture composition, the points displayed in Figure
16 form a straight line, and there is a clear (and linear)
relationship between the predicted YSI values and the
experimentally obtained soot yields. The fact that such a
linear relationship can be drawn between the YSI and the soot
experimentally collected at the single-droplet vaporization tests
is a new finding and supports the feasibility of using this
parameter to characterize the sooting propensity of a fuel
under conditions significantly different from those used at the
YSI experiments. The IDSY obtained for the target fuel
(0.1220 =+ 0.0077 400t/ gter) is located between those extracted
for the mixtures EICO-81 (0.0990 + 0.0211 g,../gnq) and
EICO-69 (0.1560 =+ 0.0268 g,/ gfe1)- The blend which would
yield the same amount of soot as heating oil could be
estimated through lineal interpolation between these two
mixtures. This optimal blend results to be EICO-76, exactly
the same as SR2. The methodology used in the formulation of
SR2, based on the YSI parameter (see Section 3.2.2), can be
therefore considered to adequately predict the sooting
behavior of both the target fuel and the different binary
mixtures in the DCF, in spite of the already commented
differences between the single-droplet approach and the
configuration used for YSI measurements. SR1 (EICO-51),
on the other hand, would yield a considerably higher amount
of soot than the target fuel. The fact that SR1 adequately
emulates the droplet vaporization behavior of heating oil, but
not its sooting propensity (and vice versa for SR2) is a logical
outcome of the simple surrogate palette chosen for this work,
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as it contains only one adjustable parameter (e.g., the
proportion of eicosane). The addition of more pure
compounds to this palette would increase the degrees of
freedom of the resulting mixture, allowing it to simultaneously
match both target characteristics. As it happened with the
evaporative validation, SR3 (EICO-61) displays an intermedi-
ate behavior between SR1 and SR2. The formulation
methodology used with SR3 tried to match a set of
physicochemical properties that are thought to be relevant
for both behaviors, and therefore, this outcome agrees with the
already stated impossibility of emulating both characteristics
through the proposed binary palette.

4. SUMMARY AND CONCLUSIONS

This work proposes a novel approach for the design and
evaluation of surrogates based on the single-droplet config-
uration. The obtained surrogates are intended to match the
evaporative and sooting behaviors of a commercial heating oil,
a fuel of interest due to its relevance and also because of the
lack of studies addressing its behavior in the surrogate
literature. The designed surrogate fuels are therefore thought
to contribute in filling this gap. Heating oil displays a
considerable physicochemical complexity, similar to that
teatured by other petroleum-derived fuels of higher global
relevance such as diesel, gasoline, or kerosene, and therefore,
the methodologies applied in the current work could be
directly extrapolated for its application in those fuels.
Additionally, the single-droplet experimental results obtained
for both palette compounds (n-eicosane and 1-methylnaphta-
lene), as well as for several of their binary mixtures, are also
thought to possess scientific value due to the scarcity of these
data for pure and blended high-molecular-weight hydro-
carbons.

A first surrogate (SR1) was formulated aiming to replicate
the vaporization behavior of the target fuel. Its design involved
a combination of single-droplet experimental tests and a
multicomponent vaporization model. The obtained optimal
blend (EICO-51) was afterward found to accurately match the
experimental droplet evaporation curve of heating oil,
supporting therefore the proposed formulation method. SR2
(EICO-76) was designed with the purpose of emulating the
sooting characteristics of heating oil. The chosen design
property was the well-known yield soot index (YSI), whereas a
soot sampling probe was used at the single-droplet vapor-
ization tests to validate its adequacy through the measurement
of isolated droplet soot yield (IDSY, g,.../g.1) for the various
fuels and blends. In spite of the significant differences existing
between both test experimental conditions, it was found that
SR2 replicated remarkably well the IDSY of heating oil,
achieving therefore the goal for which it was previously
formulated based on the YSI. This result, in addition to the
linearity found between the estimated YSI and the
experimentally obtained IDSY supports the adequacy of the
YSI as a sooting design parameter for experimental conditions
and configuration considerably different from those used in its
tests. A third surrogate (SR3) was formulated by matching a
set of physicochemical properties relevant for both the
evaporative and sooting characteristics. The chosen properties
were C/H ratio, liquid density, molecular weight, YSI, and
distillation curve. A multiproperty regression algorithm was
applied to ascertain the binary mixture, which allowed for a
better replication of all of the design parameters. The obtained
blend (EICO-61) was subsequently found to display an
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intermediate behavior between SR1 (which accurately matched
the evaporative characteristic) and SR2 (with practically
identical soot yield).

The simplicity of the binary palette used, in addition to the
fact that the proposed surrogates were designed to match a
single behavior (evaporation or sooting tendency), greatly
facilitated the interpretation of the results and the evaluation of
the proposed methodologies, which is the main objective of
the current work. The obtained surrogates are somewhat
restricted precisely by this simplicity, as binary mixtures offer
only one degree of freedom and display a limited ability to
replicate complex behaviors and to match multiple constraints.
They have demonstrated, however, to closely emulate the
target fuel characteristics for which they were formulated,
validating thus the proposed approach. These methodologies
can be used, either as stand-alone methods or in combination
with others, to formulate more complex surrogates, which
could simultaneously replicate a higher number of target
behaviors of interest.

In summary, the methods described in this study have
demonstrated to constitute valid and novel approaches to
design and evaluate surrogates for complex liquid fuels based
on the isolated single-droplet configuration. Future work in
this regard could include the extension of the design behaviors,
the use of a larger number of palette species to achieve a
precise simultaneous replication of different complex character-
istics, or the deployment of the aforementioned methods for
other complex target fuels of interest such as diesel or Jet A.
The general approach proposed here is perfectly valid also in
those cases, although it is clear that obtaining accurate
predictions becomes more difficult as the number of palette
compounds increases. The advances in the evaporation models
for multicomponent droplets can be incorporated in the same
procedure framework, to facilitate the design of more complex
surrogates, which can be duly refined by contrast with
evaporation tests under realistic conditions.
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Report Summary

1. Research objectives

In accordance with the previous description ofttr@matic unit, the main objective of the thesis
is to develop methodologies for the description eimaracterization of the main evaporation and
combustion behaviors of liquid fuels, both from theerimental and modeling points of view.

To this effect, the following specific objective®re formulated:

« Development of experimental methods for studying #vaporation and combustion
processes of isolated droplets under controlled ealistic conditions. For that
purpose, a droplet combustion facility (DCF) waseadeped and thoroughly adjusted,

including both optical and soot sampling methods.

* Experimental characterization of the combustionavedrs of a wide variety of liquids,
both pure compounds and real fuels. The formerhelused as the experimental input
for the subsequent modeling exercises, whereakattee will be focused on exploring
the combustion characteristics of novel alternafivels of relevance for stationary
energy production, such as crude glycerol, biotadt® or pyrolysis oils. To this end,
these novel fuels and their blends will be companéith the conventional fuel of

reference in the corresponding application (e ggting oil or kerosene).

« Development and validation of droplet evaporationd &ombustion models, paying
special attention to the marked multicomponentatter of real fuels. The experiments
performed at the DCF for pure fuels and their miesuwill be useful for validating the

model under realistic in-flame environments.

« Joint use of model predictions and experimentalltedo explore advanced ways of
characterizing the main combustion behaviors ofiitlg fuels of interest. For that
purpose, the replacement of the complex real foglgather simple surrogate mixtures
appears to be a useful approach which would saganifly ease subsequent optimization
strategies. This will be addressed through theodhtction of the isolated droplet

configuration to the surrogate design and valisegitocesses.



2. Contributions of the doctoral candidate

The contributions of the doctoral candidate witkive described project framework can be

summarized in the following points:

e Further development of the droplet combustion iigci{DCF), which was already
operational at the time of the incorporation of tendidate (as it can be seen in
(Angeloni et al. (2016))). After that point, the DCF capacities durther increased
with the collaboration of the candidate: instatlatiof new optical setups (cameras,
lenses, filters, etc.), semi-automatization of thst data including the automatic size
measurement of droplets and flames, developmerd ebot probe for global soot

sampling, installation of new mass flow control|es&.

« Experimental characterization of a broad rangeoofigions at the DCF, aiming to find
suitable test conditions and, at the same timeptain a detailed description of the gas
coflow environment (i.e., determining burner stifpil gas coflow temperature,

composition and velocity for different conditions).

* Systematic droplet combustion tests at the DCFRafeariety of liquid fuels of interest,
both pure and real fuels. For the latter kind, dpportunities of study were previously
detected through different literature reviews, ugohg mixtures of relevance for the

final application.

» Development and validation of droplet evaporatiod aombustion theoretical models.
Starting from a review on the different models anbmodels available in the literature,
their implementation in the computing environmentitidb and their subsequent
validation. For the case of the new analytical natieloped in paper V for taking
into account the vapors pyrolysis, the work of tleetoral candidate was framed in a

research visit to the University of California Saiego.

* Undertaking studies aiming to characterize realsfulerough the surrogate approach
and, more specifically, through the introductiontloé isolated droplet configuration to
the surrogate design and validation processeseRed the state of the art on physical
surrogates for liquid fuels and joint use of dromgperiments and theoretical models

for developing novel characterization methodologies

e Collaboration in the writing and reviewing procesgsthe different journal papers and

conference communications listed in the Prologue.



3. Methodology

3.1 Droplet combustion facility

The single droplet experiments were conducted @ Dinoplet Combustion Facility (DCF),
whose main characteristics are shown in Figure8.ttain of free-falling monosized droplets
were created in a piezoelectric droplet generatith, initial diametersdg) of 150-180um. This

is thought to be a compromise between experimeataluracy and closeness to real
applications, as droplets in furnace sprays typicdisplay mean diameters in the order of
several tens of micrometers, with the tail of thpeag distribution reaching the order of a
hundred micrometers (e.g., see (Ballester and Dnoa294)) or (Ballester and Dopazo
(1996))). The droplets were produced at a fidgdwith negligible changes over the course of
the experiment. This steadinesdiwas critical for the validity of the results arigetefore the
droplet initial diameter was thoroughly checked each experimental run yielding rms
deviations below 0.nm. The droplet generation rate was set at 25 Hzthabthe free-falling
droplets would not interfere with each other. Takimto account typical droplet and gas
velocities (which shall be presented further oh)yas checked that the interdroplet distance
was always enough to prevent a given droplet freathing any combustion product released

by the preceding one.

Droplet
generator

Flat

Movable

Camera 1

Camera 2 )
Soot probe

A (Shadowgraphy)
(Self-emission)
i S
Figure 3.1. Schematic view of the droplet combunstaxility (DCF).
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This train of monosized droplets was injected bgvdy in the combustion products of a flat-
flame McKenna burner, which provided the hot gaseoaflow required for the droplet
evaporation and combustion processes. Over theseaiithe thesis, the gas feed for this burner
consisted in different mixtures of methane, hydmgar, N, O, and CQ, depending on the
desired coflow conditions (i.e., gas temperatuedoaity and composition). The main aim here
was to obtain a set of conditions which providedlisic combustion environments and,
simultaneously, minimized the droplet-coflow relati velocities. Typically, the oxygen
availabilities studied ranged from 0% (pure evapionacase) to 10% Hwhereas the Reynolds
numbers calculated from slip velocities were alway% (and < 0.2 during the quasi-steady
evaporation stage). The droplet velocities wergaeitd from double-exposure pictures (as it
will be detailed below) and the gas velocities wexperimentally measured by means of the
PIV technique using a Nd:YAG laser with 8k particles as tracers. A summary of these PIV
measurements and the resulting gas velocity psofiigoresented in Addendum A3. As for the
gas composition, it was monitored through an ontiaeamagnetic analyzer (Testo 350-S). The
most commonly used conditions at the DCF employethane, air and £as feed flows and
therefore the flue gas composition consisted maimli,, H,O, CG and, depending on the
desired case, unburned.Ohe gas coflow temperatures were measured by snefaa 50um
thermocouple (type S), performing both radial ameéalaprofiles of temperature. The axial
profiles of temperature for the four most commambed conditions are presented in Figure 3.2,
where it can be observed that the droplets wergtedes high temperature conditions
infrequently studied in the droplet evaporatioerkture, as it will be elaborated further on. A

detailed outline of these temperature measureneptsvided in Addendum A3.

1800
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Figure 3.2. Axial temperature profiles measuredtfar four most
commonly used gas coflow conditions (i.e., comlmnstf methane
with different proportions of air and Qyielding 0, 3, 5 and 10%

O, in the combustion products).



ias Universidad Report Summary
181 Zaragoza

Methodology: Droplet combustion facility

Once the free-falling droplets were injected inte hot gas coflow, different optical setups
aimed to characterize their evaporation and, ifgexywas available, combustion process. A
CCD camera (QImaging Retiga SRV, Camera 1 in Fi@utg was used in combination with a
long distance microscope and a LED strobe to aeeguential close-up shots of the droplets
at different distances to the injection point. Tias achieved through a movable frame which
allowed for the axial displacement of the combustthamber, modifying thereby the field of
view of the fixed cameras (which typically rangednh the injection plane to the distance of
droplet burnout). For a given position, Camera ked with the multiple exposure technique,
which was applied by synchronizing these elemerith the droplet generation device by
means of an Arduino board. The backlight LED strebstted very short<{( 1 us) light pulses
every 500us and, thus, the adequate setting of the camerm@sesg time allowed for multiple
shots of a given moving droplet in the same fraaseit can be observed in Figure 3.3a. In that
image two sequential shots of the same droplet wbtained by using an exposure time of
1200us. Besides increasing the number of potential étagize measurements per picture, this
method enabled to determine the droplet veloc#yadculated from=e/4t (beinge the droplet
displacement between shots antk500 ps). Both the droplet diameter and velocity were
automatically extracted from every image througiost processing code developed in-house in
Matlab.

0.3 mm

c}

a)
Figure 3.3. Pictures obtained at the DCF by medna)aCamera 1 working with double exposure. The
image displays twice an evaporating droplet of leisel; b) Camera 2 with the backlight on recordimg
sooty envelope flame of a heating oil droplet; @gnm@ra 2 without backlight recording the weak

chemiluminescent blue flame surrounding a hexadedaoplet.

A second camera (Hamamatsu C11440-36U, Camera ZFigore 3.1) fitted with a
telemicroscope was used to capture the diffusimmé which surrounded the droplet for all the

combustion environments. In this case, the camecarded the natural emission of both the

5
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envelope flame and the incandescent soot partyglesrated in the region and, therefore, only a
dim continuous backlight was provided in order ighlight the droplet shadow. This provided

pictures similar to Figure 3.3b, where a heatirigdooplet can be observed surrounded by a
sooty flame. For the case of studying clean fueteaut soot emission, the chemiluminescent
blue flame was so faint that the dim backlight hade switched off and the DCF had to be
completely covered from exterior light in orderiterease the weak signal-to-noise ratio (as it
can be seen in Figure 3.3c for the case of a heaadedroplet). Analogously to Camera 1,

these pictures were post processed in Matlab tma@xthe flame sizes in an accurate and

repeatable way.

A different kind of pictures were obtained througlthird camera (Teledyne DALSA Genie
Nano C4060) fitted with a DSLR lens. This color emencaptured the macroscopic flame streak
produced during the droplets' free fall along tleenbustion chamber. For sufficiently long
exposure times, the individual droplets merged iat@ontinuous trace which provided an
integrated luminosity of a given number of conseeutiroplets. This can be observed in Figure
3.4, where the flame traces of different fuels ingrat the 10% @condition are shown. Due to
the characteristic luminosity stemming from soottipkes, these images offer valuable
information regarding the amount of soot producedefach fuel and condition and therefore

they were also post processed in order to extnid@trnation in this regard.

Since the soot tendency is a relevant characteiistiquid fuel combustion, this feature was
also quantitatively studied at the DCF. To that,ema different soot sampling probes were
developed. The first one, named Probe A, aimedstirate the small soot particles in the
droplet's vicinity based on an aerodynamic sepgargprocess. The main components of the
probe, its working principle and a picture of ifgeoation are shown in Figures 3.5a, 3.5b and
3.5c respectively. As depicted in Figure 3.5.b, hhead differences between the inertia of the
rather big droplets and the much smaller and liglsteot particles allowed for the lateral
aspiration of the soot cloud without affecting tireplets trajectory when an appropriate intake
flow was used. After being suctioned, the hot gmoticles were quickly quenched by a cold N
flow and deposited on a quartz filter. The samplifigsoot particles during a given test time
provided a certain amount of soot which was submeity: dried in a furnace at 110 °C and

weighed on an analytical scale (Sartorius CP2286peatability +2Q.9).
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Figure 3.4. Flame traces captured for heatingbdddiesel, two mixtures of both fuels with 10 ar@P2
biodiesel in volume and hexadecane. The pictureiseating oil and its blends were captured with an
exposure time of 500 ms (integrating thereforeltingnosity of 12.5 droplets), whereas for biodiemset!

hexadecane 2 seconds had to be used (50 injedpli®). Figure extracted from Paper I.
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Figure 3.5. Probe A: a) Scheme with its main elem)dr) Operation principle; ¢) Long exposure image

of the incandescent soot cloud aspirated by thiegoro

The sampling probe A provides complete informatarthe droplet's sooting behavior, since it
can sample from different points along the dropifetspan, generating thereby soot yield
profiles. However, in some occasions the main @#keccan be focused on determining the
global propensity to form soot of a given fuel undespecific set of conditions, rather than to
study the soot production and oxidation dynamicsi@lthe droplet combustion process. For

that purpose, the design of a simpler probe carwigeosome advantages, from both the
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operational and the experimental accuracy viewpoiRrobe B (Figure 3.6) was developed
during the framework of the thesis with the objestof quantifying the total amount of soot
generated within the combustion chamber. In contm®robe A, which was able to study the
soot production and depletion dynamics typicalxidizing atmospheres, Probe B should only
be used to characterize the global soot productiater strictly reducing conditions (i.e., at the
0% O, case). Otherwise, the amount of soot reachingstmapling position would be a

combination of soot production and oxidation preessand the interpretation of results would

be significantly hindered due to the interlinkedl amcontrolled variables.

However, if only a global soot indicator under reitg conditions is sought, Probe B displays
some clear experimental advantages over Probende she bigger filter (of the order of the
combustion chamber diameter) allows for the calbectof a far greater soot weight,
significantly decreasing the experimental unceti@snin the weighing process. In addition to
this, the fact that the cold metallic probe is tedaso far downstream from the droplets (Figure
3.6.b) ensures that the sampling process is coemplabn-intrusive, whereas the closeness of
Probe A to the droplet stream was found to somewdisttirb the temperature field in the
droplets' vicinity. For the case of Probe B, thetsagglomerates descended unoxidized and
unaffected by the probe until the bottom of the bastion chamber, where they were collected
on a quartz microfiber filter (Figure 3.6.c). Sianlly to Probe A, these soot particles were dried
in a furnace and weighed on an analytical scaleraéning thereby an index for each fuel and
condition in terms of the weight of collected spet unit of injected fuel. In latter stages of the
thesis, it was found that the hygroscopic behawbrthe quartz filters was introducing
significant uncertainties on the soot weight precsough the absorption of room humidity.
After that point, the weighing procedure was perfed inside a controlled-humidity room with

relative humidity levels of 10-15%.
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+soot particles Quartz filter
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Figure 3.6. Probe B: a) Scheme of the probe hea@pleration principle; c) Picture of the soot paets
collected on the quartz filter at the bottom of toenbustion chamber.



3.2 Droplet evaporation model

As already introduced, the second pillar of thesih¢together with the experimental tests) is
based on the simulations provided by a theoreticaplet evaporation model. Although the
experimental results obtained at the DCF encompdsstt droplet evaporation and combustion
results, from the simulation point of view mosttbé work developed in the current thesis was
focused on evaporation conditions, that is, theukation of a vaporizing droplet without
combustion reactions in the gas phase. For thabredhe model presented here corresponds to

a droplet evaporation model.

The problem considered here assumes an isolateerispl monocomponent droplet of radaus
vaporizing in an infinite stagnant atmosphere vigmperaturel,, and a mass fraction of the
fuel ;.. (typically Y;.=0). Assuming the absence of forced convectiontaurayancy effects the
resulting flow is completely one dimensional, ahd profiles would appear as those sketched in

Figure 3.7.

Yf, s,lig ™|

Figure 3.7. Scheme of the isolated droplet evafmorairoblem under

spherico-symmetrical conditions.

The basic equations governing the gas phase optbtess are the conservation of total mass,

species and energy. Written in spherical coordmate

dp 1d _,
4y = 3.1
dt+r2dr(r pv) (3-1)
dY dY 1d dy,
_f _f___ 2 _f —
Pac tPV g rzdr<r PDrg ) (3.2)
dT dT 1 d dT
Pl ge TPV dr_rzdr<r2k dr) - (3:3)
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Since this model will be mainly used for low pregsconditions, the small value pf p, (of the
order of 10’) justifies the quasi-steady approximation in thalgsis of the gas, as the response
time of this gas phase is much shorter than thabhefliquid (Lifian (1985)). As a result, the
time-derivatives in Equations (3.1)-(3.3) can begleeted, significantly simplifying the
problem. An additional assumption is the absenaadifitive heating in Equation (3.3). This is
due to the small droplets which are intended tcsibeulated by the modeb{=75 um), for
which the effect of thermal radiation can be safedglected (e.g., see (Loegal.(2015))).

Neglecting the time-derivative in Equation (3.1)pilmas that the evaporated mass flow rate (

is a constant, and does not depend on the radialqo
m=4mnr?pv = constant (3.4)

This mass flow rate is actually the main unknowrthef problem (as indicated in Figure 3.7),
and therefore it is practical to rearrange Equati@?2) and (3.3) in terms of:
m dYy 1d 5 dYy
4mzﬁ‘r—za<r PDrg) =0 (3:3)
m dar 1 d ( ) dT)
4nr2 Par rZdr

_ (3.6)

Thus, the problem of the gas phase is reduced liongothese two differential equations

constrained to the boundary conditions displaye€igure 3.7:

Tr=a)=T; (3.7)
T (r—> o) =T, (3.8)
Y (r=a) =Y, (39)

Ye (r > o) =Y (3.10)

For the droplet sizes used in this work, the ligandi gaseous phases can be safely considered
to be in thermodynamic equilibrium at the interfagiace non-equilibrium effects were found to
only become significant for very small dropledg<@5 um) (Miller et al. (1998)). Therefore, the
temperature and fuel's vapor mass fraction at tiface can be related through the Clausius-

Clapeyron equation:

_ MWy () (-1

Vs =S €\ ror T (3.11)

Equations (3.5) and (3.6) can be integrated eithenerically or, if the gas phase properties are

considered to be spatially constant, analyticallfnis second approach is the one most

11
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commonly followed in the literature, where diffeteaference conditions are proposed in order
to obtain a good agreement with experimental omitbet modeling results. Three of these
reference state schemes were analyzed by Huletaald(1975), where thé&l/3 rule' proposed

by Sparrow and Gregg (1958) was found to provide rtiost appropriate reference state for
evaluating the gas properties. This method consisggaluating gas properties at the following

reference conditions:
1
Trer =T5 + §(Too -T) (3.12)
! 3.13
Yerer = Yes + §(Yf°° - st) (3.13)

Using constant gas-phase properties allows foattadytical integration of Equations (3.5) and
(3.6). With the boundary conditions stated in Eopret (3.7)-(3.10), this integration yields:

m=4mapDsln 1+M (3.14)
f 1_Yf,s
k ¢p (T — T,
m=4na—ln<1+p(—..5)> (3.15)
Cp L, + gg/m

Recovering thus the droplet evaporation equatidriseoclassic theory (e.g., see (Turns (1996),
Williams (1985))). These analytical equations alléar the calculation of the two main
unknowns of the problem, that ig; (the vaporization flow rate) angl; (the sensible heat
transferred to the liquid phase). The deviationsaioled when using the constant property
simplification and theél/3 rule'reference state were verified in the frameworkhef thesis by
comparison with a detailed numerical integrationEafuations (3.5) and (3.6) taking into
account variable gas phase properties. The nefgigilfferences found between both cases

justifies implementing the constant property siffiqdition for the gas phase.

To close the problem, the liquid phase needs atstba analyzed. For the case of a
monocomponent fuel, the only differential equatiorsolve for the liquid consists in the heat

diffusion equation:

(3. 16)

Plar “v2ar dr

dT; ld( sz,)
1 r
dr

With the following boundary conditions:
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ar g
dr  4ma’k;’

(r=a) (3.17)

a1,

=0, (=0 (3.18)

If the study is extended for multicomponent fugh® mass diffusion equation also needs to be
considered to account for the migration of theedd#ht constituents within the liquid phase.
Based on the work by (Sazhet al. (2014), Sazhinet al. (2010), Sirignano (2010)), the
following equations can be used to predict the ni@agions distributions of the liquid species

within a spherically symmetric droplet:

ayy d*Y;  2dYy
= —_—t 3.19
dt Dy < dr? + r dr ( )
_ml_ (g — Y;s) = =Dy al (r =a) (3.20)
4mpaz -t dr ’
ay;
= = 3.21
=0, (r=0) (3.21)

Yiis 1S the mass fraction of the componerdt the surface in the liquid, wheregs= i,

iYvis
beingY,;s the mass fraction of the componérdt the surface in the gas. The extension of the
model to solve multicomponent cases does not affeet previously described gas phase
equations since, following the approach propose@arhinet al. (2014), Sazhiret al. (2010),
Sirignano (2010)), the fuel vapor is assumed tcakeeras a monocomponent gas (similarly to
treat a mixture of B O,, Ar and CQ as air). This simplification implies that all fueapor

components diffuse equally, being their relativenposition spatially homogeneous.

The model analysis has relied so far on the assamptf a perfectly spherico-symmetrical
evaporation process. As introduced before, thidigapghe absence of both natural and forced
convection effects. Due to the small size of theptirts typically used at the DCF experiments,
the assumption of negligible buoyancy effects ie #waporation is entirely justified (as
assessed in an order-of-magnitude analysis in Afipeh of the Supplementary Materials of
Paper I). As for the potential influence of forasmhvection on the DCF experimental results,
even the small slip velocities typically found betm the free-falling droplets and the gas

coflow can introduce some noticeable disturbanceka 1-D situation, and therefore the model
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has been adapted to take into account forced ctiomeeffects. Based on (Abramzon and
Sirignano (1989)), for the gas-phase analysis, tmpus(3.14) and (3.15) are modified to:

m=2mapD; Sh* In 1425 T e (3.22)
f 1_Yf,s '
k ¢y (T, — T,
m=2nma— Nu" ln<1 +p(—..5)> (3.23)
Cp L, + qg/m

Being Sh* andNu* the modified Sherwood and Nusselt numbers caledlas:

Sh—2
Sh*=2+ (3.249)
Fn
Nu-—-2
Nu*=2+ (3.25)
Fy

ShandNu in Equations (3.24) and (3.25) are calculated ftbencorrelations proposed by Clift
et al. (1978) for a sphere immersed in a fluid, wherEgsand F; are obtained from the
correlations presented by Abramzon and Sirignarg89g), aiming to take into account the
change of the film thickness due to the Stefan ftoeated by the evaporation process. It is
worth to note that, for the case of zero slip vityo(Re=0), the resultingsh and Nu numbers
would equal 2 and therefore the analytical solugoamen by Equations (3.14) and (3.15) for the

perfectly 1-D case would be recovered from Equati@?22) and (3.23).

As for the liquid phase, the introduction of a sliplocity between the droplet and the gas

ambience would result in the creation of interr@lvection transport in the liquid. For the case

2vg

of high Péclet numbersPé, = =227 ), this convective transport inside the droplestionger

ay
than thermal diffusion, appearing vortex structusdsgch break the 1-D symmetry also in the
liquid phase analysis. The use of the 'effectivedemtivity' model proposed in (Abramzon and
Sirignano (1989)) is a well-known approach to owere this complication by assuming that the
heat is transferred within the droplet only by thal conduction with an effective liquid
thermal conductivity K. which accounts for the transport enhancement tduénternal
circulation. This model has proven to correctlydicethe temperature at the surface as well as
the evaporation rates, although it obviously canpmdict in a correct fashion the real
temperature distribution inside the droplet. Acaogdto Abramzon and Sirignano (1989),
convection effects in the liquid phase are intratl@ the model by replacing by k¢ in
Equations (3.16) and (3.17), being:

kierr = ki Xt (3.26)
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Xr = 1.86 + 0.86 tanh (2.245logy (P “s0)) (3.27)

An analogous approach was proven in (Sirignano@pad be valid for taking into account the
effect of internal convection for the mass diffusiprocess. This is called the ‘effective
diffusivity' model, and is based on the substitutas D, by D, ¢ in Equations (3.19) and (3.20),
being:

Dierr = Dy Xm (3.28)

X = 1.86 + 0.86 tanh (2.245logy (Relscl/30)) (3.29)

With the inclusion of forced convection effectsg timodel would be closed both for the gas and
the liquid phases. This model was implemented itldbaalong with a property database which
allowed for the estimation of the different gas &iqdid properties required by the model both
for pure fuels and mixtures. All the properties e&véemperature-dependent, and followed the

mixture rules summarized in Addendum A4.

The previously presented equations were numericallyed, assuming a constant droplet size
during the very short time stégt), used for the integration. Starting from theialitonditions,
the fuel's vapor mass fraction at the surficecould be determined through Equation (3.11),
which in turn allowed for the calculation of theagorated mass flow rate (kg/s) by means of
Equation (3.22). Knowingih enabled to obtain from Equation (2.23) the seadilglat gained or
lost by the dropletj,; (W), which was introduced in Equation (3.17) as Hioundary condition
at the surface for the differential heat diffusiguation. Similarly, the knowledge of and the
fuel's mass fraction distribution in the liquid awmepor phases permitted to calculate the
boundary condition stated by Equation (3.20) far thass diffusion equation. Both differential
equations were numerically solved by using a 1-DERDIver integrated in Matlab and based
on (Skeel and Berzins (1990)). For that purposeeahing of the droplet radius in 50 nodes
with separations inversely proportional tr* was applied. The obtained changes in
temperature and composition distributions withie tigquid droplet during the evaluated time
step 4t provided the initial conditions for the next itdom, whereas the droplet mass was

diminished by subtracting the produdtAt.

This model implementation was found to provide aatiresults for monocomponent liquids,
given that sufficiently small time steps were apgliHowever, for the case of liquid mixtures
numerical errors frequently appeared in the ma$ssitbn equation irrespective of the time step
used. This was especially true when the simulatbomsidered high gas temperature conditions

such as those found at the DCF experiments. Feetbases, the direct application of Equations
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(3.19)-(3.21) consistently presented numericalasscaused by the assumption of a constant
droplet size during the evaluated time step. Thifhought to be caused by the very low values
of the liquid mass diffusion coefficients, causithgit the migration speed of species become
comparable to the receding velocity of the dropleface. To avoid this problem, a coordinate
transformation proposed in (Sirignano (2010)) waspliad, transforming the PDE from an
equation with a moving boundary to a fixed boundargblem with dimensionless variables.

The new variables were calculated as follows:

E=r/a (3.30)
_at
T= p (3.31)
a(r) =a/ay (3.32)
1 d(a%
B = R (3.33)

The mass diffusion equation based on these dimales®variables becomes:

ﬂ(azﬂ_ %)=ii( z%> 334
With the following boundary conditions:
Yy, pD Vs — Yoo
B A A = 3.35
& oo™ <1 tooy, JUwsme) €=1 (3.35)
0& ’

The use of Equations (3.34)-(3.36) instead of (3(321) allowed to solve the mass diffusion
equation without the aforementioned numerical issdée fact that this transformation of the
PDE to a fixed boundary problem was not requiredtie case of the heat equation is due to the

much higher thermal diffusion coefficient in comigan to the liquid mass diffusion coefficient.

Actually, the liquid Lewis numberLe; = al/Dl) for common liquid mixtures can usually

located in the order of 100 (e.g., see (Rapp (20.16)
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4. Results and discussion

This chapter summarizes the main results obtaineer the course of the thesis. The
presentation is divided in two sections, correspundo the two approaches followed in the
study: experimental droplet combustion tests andetmog exercises. A third and last section
addresses the use of the isolated droplet configaréor the development of surrogates, a study

which required the combined use of both experimantstheoretical models.

4.1 Experimental characterization of droplet evaporation and
combustion

The experimental results obtained at the DCF agegmted here and have been divided in two
sub-sections. The first one deals with the testihgure compounds of well-known properties,
whereas the second one summarizes the resultsethtir real fuels of relevance for heat and
stationary energy production. This distinction &séd on the different purpose of the results as
well as on the different kind of behaviors that ¢enobserved in each group, since real fuels

can display distinct features due to their chencoahplexity.

For any given fuel, the droplet evolution with #indal distance from the injection plarlg (vas
monitored by means of Camera 1 (Figure 3.1). Deakfmsure shots provided detailed curves
of both droplet diameted) and velocity §) as a function ok, such as those displayed in Figure
4.1 for the case of the evaporation of n-butanopléts. It is worth mentioning that the number
of experimental points in Figure 4.1.a is the deubkn that of Figure 4.1.b, since each picture
of Camera 1 allows for two droplet measurementsobiyt one droplet velocity estimation (see

Figure 3.3.a).

160 . : : . ; ; 0.7
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%, 06} &0

100} %Q 1 P
S e} @ 1 Eoss| o
o > <>

60 o

05 0()
40} ] OO
i % | 0.45 0000
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Figure 4.1. Axial profiles of droplet diameter @)d velocity (b) obtained at the DCF for the evagion
of 150um droplets of pure n-butanol.
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Even if the curves displayed in Figure 4.1 areaedévance for the description of the droplet
evaporation process, it is preferred to work witd tesidence time as the independent variable
since, unlike the axial distante it is not affected by the droplet velocity. A chimation of
both curves in Figure 4.1 allowed to create thalfidroplet size evolution curve shown in
Figure 4.2.a which, following common practice ire theld, is expressed in terms of squared
droplet diameter versus residence tire This is due to the well knowd*law (Spalding
(1950)) which stems from the analytical descriptajrthe problem as stated Section 3.2: for
any liquid monocomponent droplet subjected to sstaom temperature ambience, and assuming
that all the heat input to the droplet is emplojredvaporating, the droplet diameter squared is
found to linearly decrease with time. This lineaitan be indeed experimentally observed in
Figure 4.2.a, where the droplet evaporation cuovebtitanol at the 0% rondition is shown.

As it can be noticed, both axes in this plot hagerbnormalized by the initial droplet diameter

2
squareddy).
12 0.5
1 @%% 1 04k
0.8 e
o OQ)% @ 03f
o 06 () E
3z Q)@ E
% ¥ 02F
04T @ 4" order polynomial
9-points moving average
0.2t - L Quasi-steady value
0 . g 0 L . * : .
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 25 3
t/ d? (s/mm?) t/ d? (s/mm?)
a) b)

Figure 4.2. Normalized droplet size evolution wiitme for the evaporation of 150m droplets of n-

butanol (a), and the subsequent estimation of eatipa rates through different methods (b).

Analyzing in greater detail the slope of tiifet plot or, as it is usually named, the evaporation
rate K=-d(d?)/dt) reveals thaK does not show a fixed value throughout all theptirolifespan,

but displays a transient behavior. Typically, themoration rate is close to zero at the injection
point, quickly growing as the droplet heats-up t® quasi-steady state, where it reaches the
constant value predicted by tlélaw. For that reason, the results presented m Sction
include different manners of expressing the evamwrar burning (if oxygen is present) rate. If
only an average and global value correspondingeajuasi-steady state is sought, the points in
Figure 4.2.a betweeml/f;)>=0.6 and 0.2 were fitted to a straight line, beting globalk value

estimated from the line's slope. These boundariese whosen because they are thought to

18



T_. lZJniversidad Report Summary
[11] . . . . .
- Results and discussion: Experimental characterizations

exclude both the initial heat-up phase and thel foaat of the curve, where the very small
droplet sizes lead to higher experimental unceresn On the contrary, if the temporal
evolution ofK is sought, the’-t curve in Figure 4.2.a can be adjusted t8 gnade polynomial,
whose derivative yielded the burning rate evolutwith time. The polynomial grade was
always chosen as the minimum one which allowed dourately capture the droplet size
evolution, as the derivation of higher order polymals can introduce numerical artifacts, as it
is discussed in the Appendix A of (Liet al. (2012)). These two ways of extracting the
evaporation rate are compared in Figure 4.2.b, evitetan be observed that the quasi-steady
value predicted by the first method (red dotte@)liprovides quite close values to the logal
values calculated by the second method (black slitid) for the quasi-steady region.
Additionally, a 9-points moving average Kfwas added to Figure 4.2.b in order to confirm,that
despite the higher uncertainty and scatter obtaimeen differentiating the experimentdd-t

data, all the methods appear to concur reasonadly w

The evaporation behaviors described in Figure 4& @ly a part of the experimental
characterization performed for liquid fuels in thsection. However, since this aspect is
common for all of them, an introductory descriptiseems appropriate at this point. Further
analysis on other behaviors such as flame sizeume@agnts, soot shell appearance, occurrence
of microexplosions or soot sampling will be presenat the place of first appearance of such

phenomena.

4.1.1 Pure compounds

The experiments on pure compounds were primartinitied for the validation of the droplet
evaporation model detailed in Section 3.2. The ltespresented here are organized in

accordance to the different chemical families esédcohols, linear alkanes and aromatics.

4.1.1.1 Alcohols
The three alcohols tested at the DCF were ethdrbltanol and glycerol. Their evaporation
results are presented in Figure 4.3 for the thkygen conditions explored (0, 3 and 10%). The

temperature profiles measured for each of thesgeyxgonditions were displayed in Figure 3.2.
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Figure 4.3. Normalized droplet size (a) and burniatge (b) evolution for the three pure alcohols at

different oxygen conditions. The experimental pwiint (a) were fitted to4order polynomials in order to

obtain the time-derivative plotted in (b).

As it can be observed in Figure 4.3, glycerol sha@wguite distinct behavior compared to

ethanol and butanol, with a considerably longett-igainitial transient and lower quasi-steady

burning rates. The first feature is primarily alsed to the high boiling point of glycerol: 287 °C
vs. 78°C for ethanol or 117°C for 1-butanol (NISA020)). The negligible vapor pressure of
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glycerol at low temperatures causes that, duriegfitist heat-up instants, the droplet increases
its volume due to a decrease in the liquid den@itgyagamet al. (2018)). This thermal
expansion can be also observed by the initial negaialues ofK, although the progressive
increase of the vaporized mass as the dropletitsésmperature quickly overcomes this initial
swelling. The lower burning rate of glycerol, onetlther hand, is a consequence of a
combination of different properties affecting tluisaracteristic, such as the liquid density, the

latent heat of vaporization or the vapor condutstigee Equations (3.14) and (3.15)).

In Figure 4.3 it is also noteworthy that, for anyem fuel, an increase of the oxygen availability
in the coflow leads to a clear enhancement of tmaibg rate. Since evaporation is driven by
the heat input to the liquid, the formation of &udion flame around the droplet when oxygen
Is available causes a distinct increase in the ¢eatpre gradient in the liquid vicinity. A
composition of the gas richer in oxygen increabesflame temperature and also approximates
the flame front to the droplet surface, boostingstithe burning rate and decreasing the total
conversion time, as it can be verified in Figurg. &or a clearer comparison among fuels and

conditions, the quasi-steady burning rates estinfmteeach case is presented in Table 4.1.

Table 4.1. Quasi-steady burning rates #sinextracted for the three alcohols by fitting

all the experimental points betweetidp)>=0.6 and 0.2 to a straight line.

Fuel 0% O, 3% O, 10% O,

Ethanol 0.4003 0.4467 0.5516
Butanol 0.4371 0.4787 0.5769
Glycerol 0.3124 0.3527 0.4692

Regarding the visual aspect of the burning alcahioplets, different imaging methods were
used to characterize this aspect. As already ddtalamera 1 (Figure 3.1) was in charge of
capturing the close-up pictures aimed to extragteaporation behavior summarized in Figure
4.3 and Table 4.1. Since all alcohols showed a #meeaporation until total conversion, this
kind of images are not thought to provide furth@oimation, and therefore are not included
here. The macroscopic traces of the free-fallingpliits were captured with a DSLR camera
(Nikon D5000). As expected, these pictures disglaye luminosity at all for the evaporation
case, whereas a subtle blue trail appeared for3ttend 10% @ conditions due to the
chemiluminescent flame emission. These flame séread displayed in Figure 4.4 for the three
alcohols at the 10% {atmosphere. Interestingly, all of them show amgish spot marking the
point of droplet depletion. This spot was deterrdirte arise from sodium emission, as

corroborated through the use of a spectrometer g@dc@ptics HR2000) which revealed a
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marked peak at 589 nm (D-lines of sodium). Evehigh quality alcohols were used for this
study (laboratory grade, purity > 99%), the preseoicvery small amounts of sodium in these
polar compounds could create such emission witltausing any significant impact on the

droplet evaporation and combustion processes.

0- *

204

30

L (mm)

40

504

60+

70-

Ethanol Butanol Glycerol

Figure 4.4. Long exposure pictures recorded fortkiree alcohols at the 10%,0O
condition. All the camera setups are coincident tlee three pictures, with an

exposure time of 2 seconds (50 injected droplets).

Further insight into the droplet diffusion flamesncbe gained from the pictures obtained from
the monochrome Camera 2 (Figure 3.1), which usemteshexposure times and a much
narrower field of view. The evolution of these flasnfor butanol is presented in Figure 4.5,
where quite spherical envelope flames can be obdemhis sphericity supports the previously
discussed closeness of the evaporation and corobystbcess to a 1-D configuration, despite
the fact that the DCF tests were performed undemalogravity. However, pictures in Figure

4.5 also display low signal-to-noise ratio causgdhe weak intensity of the chemiluminescent

emission and the high magnification required bytdiemicroscope.
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| L=15.00 mm

Figure 4.5. Individual envelope flames of butanbthe 10% Q condition. All the

images are binned in order to increase their sithrabise ratio.

Finally, the individual envelope flames recordedhwCamera 2 were measured in order to
compare the flame sizes of the different alcohdtsvever, due to the close behaviors between
the examined alcohols and the low quality of themié images, the uncertainties in those
measurements are believed to be too high to dramcanclusion in this aspect. Flame size
measurements will be provided further on for ofiaets with more defined flame shapes.

4.1.1.2 Alkanes

Four different linear alkanes were also testechat@CF, namely n-heptane, n-dodecane, n-
hexadecane and n-eicosane. This wide range offiparafom G to G, is expected to cover
interesting compounds which are usually studiedcambustion science because of their
presence in conventional liquid fuels. Most testsrevperformed under the usual coflow
conditions already described for alcohols in thevimus sub-section (and whose temperature
profiles were displayed in Figure 3.2). A completaey study aimed to characterize the
differences found for a given alkane when varyiofjowv variables such as the gas composition
(conventional combustion vs. oxy-combustion) otetsiperature (by modifying the kind of fuel
or the composition of the oxidizer fed to the McKarburner). For the sake of conciseness and
clarity, these tests are not included here, alth@aamne of them will be used in Section 4.2.

The droplet evaporation results extracted for ithealr alkanes under the four oxygen conditions
explored (0, 3, 5 and 10%) are summarized in Figuée It is worth to note that the heavier

paraffin (n-eicosane) was only tested for the peweaporation case, whereas a mixture of
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heptane and hexadecane (70-30%, by volume) hadetso added to the comparison, since it

introduces some first interesting results regardirgevaporation of a multicomponent fuel.

As it can be observed in Figure 4.6, the diffeqgunte alkanes display significant differences in
the initial heat-up period but fairly similar quadeady burning rates. These results are
consistent with the physicochemical properties hd tompounds tested, as they are close
among them with the notable exception of the bgiloint, which increases from 98 °C for
heptane to 343 °C for eicosane (NIST (2020)). Bhiglarity in the quasi-steady among fuels
can be noted in Figure 4.6.a because the drogetcsirves run practically parallel, as well as
from the fact that all alkanes show quite closeu@alofK during the final stages of droplet
lifetime in Figure 4.6.b. Analogously to the resulsted in Table 4.1 for the alcohols, the quasi-
steady burning rates estimated for each pure alisamesented in Table 4.2 in order to provide
a clearer comparison among fuels and conditionseMdomparing alkanes and alcohols, the

former compounds consistently show higher burnatgs.

The only mixture displayed in Figure 4.6.a showslearly distinct behavior, with two
evaporation stages separated by a transition plaiéd#s behavior has also been observed in
other experimental studies addressing binary mestwvith significantly different boiling points
such as (Wanget al. (1984)), and it is explained by the transitionnfrca preferential
vaporization of the more volatile compound to adtestate where the surface is enriched in the
heavier species while the composition of the ditopbee remains frozen at the initial value. The
slow mass diffusion mechanism is not capable ofplsipg heptane to the surface at the
required rate, and therefore this region is pragvedy enriched in hexadecane to a point where
the droplet temperature becomes dominated by thi@dppoint of this compound (Wanet al.
(1984)). The drop in evaporated mass due to thikckement in hexadecane at the surface
implies a second heat-up transient, creating tla¢e@l shown in Figure 4.6.a. Up to this
transition plateau, both the droplet size curved #re burning rates obtained for the-Gg
mixture are quite similar to those of pure heptaromfirming the preferential vaporization of
this compound during the first stage. Finally,stworth to note that the relatively complex
shapes of the experimental curves in Figure 4d.¢he G-Cyc blend made necessary to uée 6
order polynomials to adequately fit them, introchgcthe aforementioned numerical artifacts

which can be observed in Figure 4.6.b, especialboth extreme ends of the- t/dy’ curves.
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Figure 4.6. Normalized droplet size (a) and burniaig (b) evolution for the examined paraffinsta t
different oxygen conditions. The experimental pwiof all pure alkanes in (a) were fitted t drder
polynomials in order to obtain the time-derivatipltted in (b), whereas a"6order polynomial was

required for the heptane-hexadecane mixture.
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Table 4.2. Quasi-steady burning rates @fsjnextracted for the pure alkanes by fitting h# experimental
points betweend{d,)?>=0.6 and 0.2 to a straight line.

Fuel 0% O, 3% O, 5% O, 10% O,
Heptane 0.5453 0.5687 0.5798 0.7105
Dodecane 0.5349 0.5686 0.5878 0.6530
Hexadecane 0.5317 0.5633 0.6000 0.6611
Eicosane 0.5355 - - -

Regarding the flame aspect, the burning of alkanopléts under an oxygen-rich atmosphere
provided very similar pictures to those presentethe previous sub-section for alcohols. That
is, the long exposure pictures of the macroscapicet at the 10% Lcondition showed weak
chemiluminescent blue traces (such as those inré-iggd) and the short exposure images of the
individual flames displayed spherical envelope #amery similar to those illustrated in Figure
4.5. This latter set of pictures could be post-pssed because of their slightly higher signal-to-
noise ratio, and the flame size evolution couldgo@ntitatively extracted. These results are
presented in Figure 4.7 for all the alkanes whiehentested at the 10%, @tmosphere. As it is
common practice in the field, flame sizes are presk normalized by the droplet diameter,
yielding the flame standoff ratio (FSRdr/ d).
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Figure 4.7. Flame standoff ratio evolution of thffedent alkanes
tested at the 10% &ondition.

In spite of the uncertainties associated with flameasurements, the experimental data in
Figure 4.7 point to larger flame sizes for the feghalkanes and also to a sustained increase in

the FSR of all fuels during their burning. Thistéat behavior is due to the fuel vapor
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accumulation effect (Lawet al. (1980)), particularly relevant for low ambient dizer
concentrations such as those used here. The hdmaadecane mixture shows an interesting
behavior, with initial flame sizes very similar tilose measured for neat heptane until a sharp
decrease in the flame diameter takes place. Thidesuflame contraction occurs at the same
residence time where the plateau appeared in Figgéra for the 10% Ocase £€0.75 s/mm),

and thus it is ascribed to the aforementioned setmat-up transient, where the heat input to
the droplet was used to increase its temperatahershan in vaporizing. After this transition
phase, the FSR shown in Figure 4.7 display anrnmdiate behavior between heptane and
hexadecane, as expected from the fact that inrelgisn the evaporated products are a mixture
of both.

As previously stated, the flame images of thesarsdkcompounds were qualitatively similar to
those presented for alcohols in Figures 4.4 andHb%ever, the pure vaporization case (0% O
coflow) showed significant differences, since abtiyellowish emission appeared in the long-
exposure traces (while for alcohols no luminosigsviound). This yellowish emission appears
in Figure 4.8 for all the pure paraffins in oxygeee conditions, and it is ascribed to the
formation of soot particles. The high temperaturel aeducing conditions of the 0%,0O
atmosphere promoted gas-phase pyrolyzation reactitwch broke the vaporized hydrocarbon
molecules, yielding soot aggregates as final proditeese solid carbonaceous particles glowed
with a black-body emission when hot (as confirmeaugh the spectrometer measurements),
and descended unoxidized towards the exit of thmbogtion chamber, where they showed
their characteristic black color at colder tempaned. When comparing among fuels in Figure
4.8, it is clear that the heavier alkanes displagegreater soot formation tendency, with a
monotonic rise in sooty luminosity as the carboaichncreased. It is worth to note that, under
this condition, the total droplet evaporation tinaied between 24 mm (heptane) and 37 mm

(eicosane), reaching thus the sooty traces longaf distances than the droplets themselves.
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Figure 4.8. Long exposure pictures recorded forfthue pure alkanes at the 0% ©ondition. All the

camera setups are coincident, with an exposuredfriesecond (25 injected droplets).

4.1.1.3 Methylnaphthalene and its mixtures

The last chemical family explored in this Sectientlat of aromatic hydrocarbons, namely
through the study of 1-methylnaphthalene. It islvkelown that aromatic hydrocarbons are
responsible for an important part of the soot poediuin the combustion of conventional liquid
fuels because of their strong soot generation teride (e.g., see (Dagt al. (2018))). Taking
into account the main objectives of this work, lHmynaphthalene was selected as a good
representative of the aromatic family because fphysicochemical properties, highly sooty
behavior (Daset al. (2018)), and its recognition in the combustioarbtture as a compound of
interest for the study of conventional liquid fuédsg., see (Farreét al. (2007), Muelleret al.
(2016))).

For that purpose, five mixtures of methylnaphthal€MNP) and eicosane were tested within
the frame of a broader study (published in PapgrA48 determining the soot propensity of the
different blends was among the main objectivedefdtudy, it was studied in pure evaporation
tests (0% @ atmosphere), in order to increase the soot yieltl facilitate the soot sampling

process. The droplet evaporation results for theiggures are presented in Figure 4.9.
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Figure 4.9. Normalized droplet size (a) and burniate (b) evolution for methylnaphthalene and its
mixtures with eicosane at the pure vaporizationd@@n. The experimental curves in (a) were fitted

4™ order polynomials in order to obtain the time datives plotted in (b).

As it can be observed in Figure 4.9, the binarytames display a monotonic behavior with
composition. As the percentage of MNP increases, itfitial droplet heat-up transient
accelerates, starting the vigorous droplet evaporaearlier. However, the quasi-steady
evaporation rate decreases, being that of pureymetphthalene (0.4531 nirfs) noticeably
lower than that of eicosane (0.5355 ffsnTable 4.2). The same multicomponent evaporation
mechanism described in Section 4.1.12 for the Ineph@xadecane blend is expected to be valid
here, although in this case the evaporation cushesv a quite different behavior, without a
transition plateau for any of the mixtures dispthye Figure 4.9.a. This is ascribed to the closer
boiling points of methylnaphthalene and eicosanenmtompared to heptane-hexadecane. This
closeness in boiling points causes that when thelelr surface is being depleted in the most
volatile compound, the interface temperature i ktgh enough to promote a significant
evaporation of the heavier compound, being thermkbeat-up period much more progressive

and distributed over time.

Regarding the propensity to form soot of these wneg, their flame traces displayed very
strong luminosities, significantly brighter thanosie illustrated for alkanes in Figure 4.8. In
order to quantify the amount of soot yielded byhebkend, Probe B (Figure 3.6) was used to
collect all the soot particles generated by eaadl fluring a given time. The subsequent
weighing procedure allowed to calculate the Isalddeoplet Soot Yield (IDSY, in grams of

soot per gram of injected fuel). This informatienpresented in Figure 4.10 for all the studied
mixtures, where a quite linear relation was fouetiveen the IDSY and the MNP percentage.

This compound was responsible for practically ladl soot generated from the mixtures, as pure
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eicosane yielded negligible values of IDSY, whenesat methylnaphthalene produced an IDSY
of 0.56 (meaning that, under the specific set ofdamons applied, 56% of the injected MNP

mass was converted to soot particles).
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Figure 4.10. Isolated Droplet Soot Yield measurétt Wrobe B for
all the eicosane-methylnaphthalene mixtures. Theenainty bars
indicate + SD (Standard Deviation) of the experitaén

measurements.

4.1.2 Real fuels
This Section aims to summarize the experimentatatierizations performed on real fuels of

interest for heat and energy generation. Besidasirigeoil, which was chosen as a reference
conventional fuel, several alternative fuels westested for study: Used Cooking Oil (UCO)
biodiesel, different pyrolysis oils obtained fronaste materials as well as crude glycerol and its
mixtures with two kinds of acetals. Therefore, tBisction is subdivided in the corresponding
three sub-sections, each of them addressing thaathezation of a different novel fuel. Since
these results were published papers |, 1l, 1l &ndonly a brief summary of the main results
will be provided here, being the interested reawelirected to the corresponding paper for

further details.

4.1.2.1 UCO hiodiesd, heating oil and their mixtures

Due to the already discussed relevancy of the mastibiodiesel - heating oil, a study to
experimentally characterize the isolated droplenlmestion of these fuels and two of their
mixtures was devised. As the blends commercialppBed for domestic use in boilers typically

contain up to 20% by volume of biodiesel, the twiatares tested in this study were B10 and
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B20 (10 and 20% vol. of biodiesel respectively)isTiwork was the first to be published in the
framework of the thesis (Paper 1), and therefordetailed description and discussion of the

experimental conditions was also included.

The droplet evaporation curves displayed in Figdrel show distinct behaviors between
heating oil and biodiesel, with a longer heat-upqueand a more marked volumetric expansion
for the latter. This is consistent with the highmoiling point of the main components of
biodiesel (methyl esters) in comparison with thghter fractions of heating oil. Hexadecane
was also included in Figure 4.11 as a referencepoamd, showing a quite similar heat-up
transient to that of heating oil. Once the drophe¢rcame this initial transient, its evaporation
proceeded at a different rate for each fuel. This loe better seen in Figure 4.11.b, where the
quasi-steady evaporation rate,d for biodiesel and hexadecane are found to bee cgirhilar,
being that of heating oil noticeably lower. Thisgler evaporation rate for biodiesel
compensates the slower initial heat-up transiegijgothe droplet burnout times of heating oil
and biodiesel akin, whereas hexadecane droplemaglighe quickest conversion. The two
studied mixtures, B10 and B20, showed practicatlgistinguishable vaporization behaviors
from those described for heating oil, although e of B20 for the combustion cases was

slightly higher than that of heating oil and B10.
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Figure 4.11. Normalized droplet size (a) and bugmiate (b) evolution for the examined fuels at the
different oxygen conditions. All the experimentairees in (a) were fitted to™4order polynomials in

order to obtain the time-derivatives plotted in. (b)
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Despite the differences in experimental conditioieg behaviors described in Figure 4.11
qualitatively concur with those presented in presiovorks on biodiesel and hexadecane
droplet evaporation (Hashimotet al. (2015)) and combustion (Let al. (2011), Panret al.
(2009)), with comparable relative behaviors betwéeals. Previous studies on biodiesel
combustion often highlight the potential formatiohpolymeric residues for biodiesels rich in
unsaturated fatty acid methyl esters. The UCO bgrli studied in this work was highly
unsaturated (70.63%, see Table C1 in the Supplementaterials of Paper I). However, none
of the tests performed for biodiesel showed any bfnsuch polymeric residues, reported in
other works as an abrupt decayKijust before the droplet burnout point. The vergrslkiroplet
conversion times in this study (in the order ofr6§) are thought to be the responsible for this
since, as it is proposed in (Hashimetoal. (2015)), the polymerization reactions compete with
the evaporation process. The fast liquid evaparasignificantly reduced or even inhibited
polymerization, to a point where the identificatimirany solid residue was beyond the detection

limit of Camera 14 10 um).

As it has been previously discussed, an increafieeiy availability in the gaseous coflow for
any given fuel significantly accelerates the dromglenversion process, since the onset of an
envelope flame increases thermal gradients in tioplet vicinity. This fact can be clearly
observed in Figure 4.11, where droplet lifetimesenghorter for any given fuel as the oxygen
composition in the coflow increased from 0 to 10Besides this enhancement i the
apparition of a flame surrounding the droplet alsduced the confinement of soot particles
between the droplet surface and the flame frontt(agll be detailed further on), hindering for
some fuels and conditions the correct visualizatinod measurement of the droplet size. This is
the reason why in Figure 4.11.a several pointsrassing for heating oil and its mixtures at the
10% G atmosphere, since this condition promoted thetesi confinement of soot particles
between the droplet surface and the envelope fl&oe heating oil and B10 the scarcity of
droplet size points in Figure 4.11.a did not allmwvaccurately extract the droplet evaporation

rates in Figure 4.11.b.

It is well known that the nascent soot particles ariginated in the fuel-side of the envelope
flame (Randolph and Law (1986)), where the high peratures and reducing conditions
promote their formation. Under a perfectly 1-D dguafation, without any external convection
(either natural or forced), these soot particles poshed towards the droplet surface by
thermophoresis. These carbonaceous particles pigety agglomerate and grow in size,
reaching an equilibrium location resulting from thedance of forces between the outward drag
forces arisen from the Stefan flow and the inwarihected thermophoretic forces (Randolph

and Law (1986)). This feature has been observethany experimental studies on droplet
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combustion under microgravity conditions (e.g., 8ga et al. (2013a), Paret al. (2009), Xu
and Avedisian (2015))), where soot particles acdatauin thin layers around the droplet,
creating the so-called soot shells. However, theuwence of this feature for unsupported
droplets burning under normal gravity is very ra®the delicate equilibrium of forces required
for the soot shell to appear can be easily elirethdily buoyancy or by forced convection. Due
to the already discussed experimental conditioes! us this work @,=150 um, Re<0.2 during
quasi-steady evaporation stage) the droplet conapuprocess is expected to be close to the
sphericosymmetric case. A first proof of this wlas guite spherical envelope flames presented
in Figure 4.5 for the example of butanol droplétsecond indication of this closeness to the 1-
D configuration is the onset in this work of wedfthed soot shells for the sooty fuels (i.e.,

heating oil and its mixtures). These shells aresqmed in Figure 4.12 for all fuels at the 10%
O, condition.
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Figure 4.12. Droplet and soot shell evolution forfaels at the 10% @condition.
Pictures are organized in terms of their normaliziese after injection;t / do’

(s/mnr).

As displayed in Figure 4.12, only the fuels withigher sooting propensity formed soot shells,
without any distinguishable shell forming arounddiesel or hexadecane droplets. However,
some previous studies using microgravity conditifeg., see (Paet al.(2009))), showed this
phenomenon for both fuels. This difference is &sito two different causes. The first one is
the fact that, even if the set of conditions usedhis work minimized forced and natural

convection effects, they were still present, anglrtbccurrence could drift away a substantial
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amount of soot particles. For fuels with a strongpgnsity to form soot like heating oil and its
mixtures, this leakage of soot particles does mevgnt the onset of distinguishable soot shells
around the droplet, although for cleaner fuels lkediesel or hexadecane it could inhibit its
formation. The second cause is the relevant diffes between the experimental conditions
used in this work and in (Paat al.(2009)), namely the distinct valuesdyfused in each study.
For the specific case of biodiesel, Panal. (2009) found clear soot shells for droplets with
=528 um, and none for smaller onedy¥445 um). The shorter residence time for soot
precursors was found to be responsible for thikeihce. As this work uses much smaller
droplet sizesd;=150 um), no soot shells would be expected to occur,thacefore the results
of both works appear to be consistent. The fact tlexadecane droplets at the 10% O
condition did not show any hint of soot at all fwa completely blue envelope flame, as it will

be detailed further on) also seems to supportipsthesis.

The flame information also provided some interggtiasults regarding not only the specific
behavior of each fuel but also for describing fesduarisen from the specific set of conditions
chosen for the experimental tests. The macrosdtgite traces captured for each fuel at the
10% Q atmosphere were displayed in Figure 3.4 as an gheaaf this kind of long-exposure
photographs. Wide differences could be observedidmt heating oil (with a strong sooty
emission), biodiesel (with the first millimetersspiaying a blue trace followed by sooty
luminosity) and hexadecane (showing a dim blue gimmisthroughout all the droplet lifetime).
The short-exposure individual flames obtained fréamera 2 can provide more insight into
these distinct behaviors. To this effect, the eopel flames captured by this camera are
displayed in Figure 4.13 for this same coflow cdindi (10% Q) for two given droplet

residence times.
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Heat.Qil B10 B20 Biodiesel Hexadec.

0.75 s/mm?

1.75 s/mm2

Figure 4.13. Comparison of the envelope flamesrdsambat two fixed residence times for different
fuels at the 10% ©condition.

As displayed in Figure 4.13, heating oil and itxtenies showed practically identical envelope
flames among them for both residence times. Thengtrsooty emission allowed for the
backlight to be turned on for these cases, ancfiver the droplet was visible at the center of
the envelope flame. This is especially true forgigures at 0.75 s/mfinwhereas for images at
1.75 s/mmthe sooty emission outshined this backlight, dmddroplet and soot shell were less
clearly visible. The flame pictures of these fualdd some insight into the soot leakage
mentioned when discussing the soot shells in Figut2 since, as it can be observed in Figure
4.13, even for the case with a higher &vailability, there is indeed a drift of soot peles
outside of the envelope flame, particularly for daglier residence time. The hexadecane case is
analogous to that illustrated in Figure 4.5 foramat, with quite spherical and dim blue flames
stemming from chemiluminescence emission. Duedovéry weak signal of this kind of flame,
the backlight had to be turned off and the image hianed in order to increase its signal-to-
noise ratio. Biodiesel flames present an intergskiehavior, since they transitioned from the
bluish color associated with chemiluminescent eimis$o the orangish hue ascribed to the
black-body emission from soot particles (as it whserved in Figure 3.4). The transition from
the former to the latter kind of flame can be natethe monochrome pictures of Figure 4.13 as
a significant increase in the image quality, ashfak-body emission of soot is significantly

more intense than chemiluminescent emission.
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Analogously to the results presented in Figure fér7alkanes, in this work the flame size
evolution with time was also characterized by meaguthe envelope flames displayed in
Figure 4.13. However, and contrary to the alkarseca this occasion two different kinds of
flames images can be distinguished: for sooty f@&lgh as heating oil or its mixtures) the
flame information in the pictures is determinedthg strong thermal radiation emitted from
soot particles, whereas for cleaner fuels like degane the flame position is obtained from the
chemiluminescent emission. The case of biodiesmloe interesting, since it shows both kinds
of flame pictures, as illustrated in Figure 4.1BeTesults of these measurements are presented
in Figure 4.14.

10% 02

Heating Qil (S)
B10 (S)

B20 (S) :
Biodiesel (S)

Biodiesel (C) ¢
Hexadecane (C)
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Figure 4.14. Flame standoff ratio evolution oftak fuels tested at
the 10% @ atmosphere. Measurements based on the blue
chemiluminescent front are marked with (C), whereas
measurements referred to the outer boundary o$dbéy luminous
zone are labeled with (S).

Figure 4.14 displays clear differences betweendda extracted from both kinds of flames,
with distinctly wider flame sizes for measuremebésed on the chemiluminescent boundary.
The case of biodiesel is quite clear, since thastt@n from a bluish flame to a sooty one
involved a sudden reduction in the flame size meskut is worth to note that, in the literature,
the most common and accepted approach to expeaityetietermine the flame front location is
to associate it with the chemiluminescence emisfiom electronically excited OHradicals
(peaking around 308 nm) or with Ckadicals (431 nm). The location of these radibals been
found to occur near the maximum temperature paidtthus, their emission is a good indicator
of the flame front position (Marchest al. (1996)). When it comes to characterizing envelope
flames in droplet combustion studies, the weakniitg of such narrow-band emissions, the
required optical magnifications and the short expedimes led to several authors, such as
Alam et al. (2015) or Faroulet al.(2013), to estimate the flame size from the obtamdary of
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the blue luminous zone, that is, the combined chenimescent radiation stemming from all
radicals emitting within the blue band (primarilyHG but also others like COor G’
(Kathrotia (2011))). This approach has been aldlovied in the current work for non-sooty
fuels like alcohols, alkanes or the first stagebaidiesel in Figure 4.14. For sooty fuels,
however, the strong black-body emission from inemeent solid particles can be orders of
magnitude stronger than that generated by the retect transition of the aforementioned
radicals, completely outshining the latter. Thissvilae case for all the series marked in Figure
4.14 with a (S) label. For those cases, the medsflaene diameters were based on soot
emission, and therefore they are not directly eeldb the actual flame front. As soot particles
are formed on the fuel side of the diffusion flarteyould be expected that these flame sizes
would be somewhat smaller than those based onltlighlchemiluminescent emission, as it
was confirmed in Figure 4.14 for biodiesel. Therefdahese measurements should be taken with
caution, although they are thought to be validtfar purpose of comparing among fuels, given
that flame location was obtained following the sariterion for all of them. This approach was
followed is several droplet combustion experimestadies such as (let al. (2011), Paret al.

(2009)), and has been also used over the coutbe tfiesis for the case of sooty fuels.

The final results of this study on heating oil, di@sel and their mixtures are precisely related to
their propensity to form soot particles. The dabsaimed from the different images (i.e., soot
shells in Figure 4.12, long-exposure traces in g4 and envelope flames in Figure 4.13)
qualitatively point to a much higher soot produstfor the combustion of heating oil and its
mixtures when compared to pure biodiesel. In otdeuantify these differences, the soot probe
A displayed in Figure 3.5 was applied for thesd fueder the 3 and 10%,Q@onditions. The
amount of soot yielded by biodiesel was below teéection limit of the method, and therefore
the tests were focused on heating oil, B10 and B28.worthy to note that these three fuels
obtained practically identical results for all thehaviors explored so far in this work, and thus
it seems interesting to determine if their tendetmyform soot could be the sole relevant
difference among them. To that end, the spati&bpeived soot sampling procedure described in

Section 3.1 was applied, obtaining the results sarized in Figure 4.15.
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Figure 4.15. Soot results obtained with Probe Atfier 3% and the 10%,@onditions.
Droplets in these tests were 18t in dy to increase soot yield. For each oxygen
condition, axial profiles are presented at the tepereas the integrated values are

displayed below.

The axial profiles of soot sampled along the flanages are shown in the upper half of Figure
4.15, where clearly higher soot yields can be oteskfor heating oil, whereas B10 and B20
display similar behaviors. Contrary to the respitsvided by Probe B (obtained at the 0% O
condition), the fact that these tests were perfdroneder combustion atmospheres (3 and 10%
0O,) complicates the analysis of the results, sineeghot sampled at a given position is the
outcome of both formation and oxidation proces3$ée. distinct behavior when comparing the
axial profiles obtained at both conditions in Figur.15 is primarily ascribed to the larger soot
agglomerates formed for the 10% €ase, since soot particles were more confinedimwitie
envelope flame for this rich oxygen condition (&ssirated in Figure 4.12). Whereas the small-
sized particles produced under the 3%@a@®nosphere quickly oxidized after the droplet loutn
length (which, for these 18@m droplets occurred arounid=70 mm), the much lower specific
surface area of the large agglomerates produceer uhd 10% ©case significantly decreased
their consumption rate, with a significant soot amtaremaining after this point.

Since the main aim of this study was to charaaethe relative sooting tendency of these fuels
when tested under the same conditions, a singlanper representative of all the soot
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collected over the whole trace was sought. Toehd{ sweep measurements were performed by
continuously displacing the aspirating probe betwie two flame trace limitd.€20-80 mm).
This provided an integrated value, to be compardth Whe numerical integration of the
aforementioned axial profiles. These results aspldyed in the lower half of Figure 4.15,
where the reduction of soot due to biodiesel aolditan be clearly observed for both oxygen
conditions. However, and consistently with the quaffiles, differences between B10 and B20
are not clear, with similar soot indices for bothxtares. On a final note, although the
repeatability of these results is considered tadtbequate (as determined from comparing the
two sweep tests and the profile integral in FightEs), it is also considerably lower than that
obtained with Probe B (e.g., see uncertainty bargigure 4.10). Thus, the soot reductions
found for B10 and B20 in comparison to neat heatiilgshould take this experimental

uncertainty into account.

4.1.2.2 Crude glycerol and its blends with acetals

As it has been justified in the Introduction, theegetic valorization of crude glycerol (CG), a
major by-product of biodiesel production, impliesmarkable technical challenges due to the
CG compositional and physicochemical propertiesjciwvhsignificantly hinder its use in
conventional combustion equipment. Some basic,dost-post-treatments such as desalting or
the blending of CG with other fuels have been psegoas potential approaches to tackle this
issue. Given its relevance, the development artoh¢esf such strategies is an interesting field
of study where the droplet combustion configuratimuld contribute. In this context, a study
was developed at LIFTEC in order to characterize dbmbustion behaviors of a CG sample
and a desalted crude glycerol (DG), both neat dadded with a mixture of acetals (GF*)
yielded as a by-product of the FAGE production pesc(Lapuertat al. (2019)). These tests
were performed at two different scales: isolatedptiit combustion experiments and semi-
industrial furnace tests. The study was publisimeBaper 1V, and the main results obtained in
the droplet combustion configuration (which werefganed within this framework of the

thesis) are summarized in this Section.

The droplet combustion tests were divided in twagas, focusing the first one in characterizing
the base fuels (CG, DG, GF*), and exploring theoadmne the aforementioned mixtures with
acetals (CG-GF* and DG-GF*). As for the base fustsne relevant differences between CG,
DG and GF* could be already observed by meanseofithcroscopic flame traces. These long-

exposure pictures are displayed in Figure 4.16 ther three base fuels at the 10% O
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atmosphere. Additionally, pure glycerol (PG) wasoaincluded to the study as a reference

compound with a well-known behavior and properties.
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Figure 4.16. Long exposure pictures recorded ferlid% Q for all the base fuels. The exposure time for

all pictures was set to 2 seconds (50 injectedldtsp

In Figure 4.16, all fuels show dim blue streaksemifrom chemiluminescent emission, without
any hint of soot black-body radiation. For the caE&F* and PG, this blue trace spans for the
whole droplet lifespan, being the droplet consumptiength clearly marked by an orangish
spot. As it was documented for pure glycerol inteec4.1.1.1, this spot is ascribed to sodium
emission, as a spectrometer (Ocean Optics HR208®alked a marked peak at 589 nm
corresponding to the D-lines of sodium. Given thet that these spots were produced at the
droplet consumption point, the amount of sodiumtennin these fuels is expected to be
marginal, and its impact on the combustion progesgigible. A quite different situation is
found for CG and DG, where the subtle blue stresduddenly interrupted by a much wider and
more intense orangish umbrella, whose origin wa® aletermined to stem from sodium
emission. These two fuels contain relevant amoohs®dium (3.86 g/kg for CG and 3.80 g/kg
for DG), namely as dissolved cations of alkali saltith potassium being the major metallic
compound (25.67 g/kg for CG, 6.00 g/kg for DG).iAwill be discussed further on, these salts
are thought to be responsible for the sudden bpeakiuhe droplets due to the formation of
internal vapor bubbles which overcome the capatitthe liquid surface tension to hold the
droplet together. This microexplosion phenomenapelised the liquid across the combustion
chamber through secondary atomization, as it caobiserved for CG and DG in Figure 4.16.

The sodium contained in these fuels acts as tdeeto its orangish emission when exposed to
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high temperatures, and corroborates the fact kiealiquid droplet was dispersed in a wide area
around the microexplosion occurrence point. Thegdexposure pictures in Figure 4.16 can
provide some first insights into this bursting babg which appears to display clear
differences between CG and DG. The latter showsiehnearlier microexplosion onset, with a
more distributed and asymmetrical sodium releas# oints to low-intensity droplet
fragmentations. Crude glycerol, on the other haxsplays a latter occurrence of
microexplosion events, although in this case thdiusn emission is more centered around a
clearly more intense area, where the majority ef 30 droplets recorded in Figure 4.16 burst

into small fragments.

In order to study in more detail this bursting pb@enon, Figure 4.17 illustrates some
representative microexplosions recorded with Canlefar both CG and DG. As detailed in
Section 3.1, this camera used the multiple exposatenique to record several sequential shots

of the same free-falling droplet with a time detdyp00um between them.

L=11.6 mm L=12.5 mm L=12.9 mm L=14.8 mm
DG: ¢ - G
L=36.6 mm L=37.9 mm L=38.1 mm L=38.9 mm

s
CG: ‘; L J S
¥

© . k3
. - ke F
ﬁ 300 yum

Figure 4.17. Droplet swelling and microexplosiomgeences for DG (upper row) and CG

(lower row) at different lengths after injection) @nd at the 0% ©condition.

As it can be observed in Figure 4.17, the microesiph events recorded for DG and CG
display clear differences. Whereas CG droplets sloabrupt microexplosions (characteristic
time < 500us) which completely shattered the droplet into inagts, DG droplets underwent a
clearly different phenomenon, with a significantoplet swelling followed by a weak
microexplosion or a puffing event. The characteristme of this droplet swelling was
estimated to be in the order of a few millisecoradg] the droplet could double its size prior to

the vapor release. The low intensity of these mgstvents for DG caused that most of the
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droplets could regain their spherical shape, resgrtiieir evaporation process until eventually
reaching a second microexplosion, this one akthabdescribed for CG and, thus, being finally
shattered into fragments. This behavior is consistégth the long-exposure photographs in
Figure 4.16, where the orangish luminosity relatedsodium release was found to occur
significantly earlier and in a more distributed manfor DG than for CG. Microexplosions are
reported to be beneficial for fuel conversion inilérs or furnaces, since a secondary
atomization would not only substantially shorter tiroplet burnout time, but would also
improve the fuel-air mixing within the combustiohatnber, reducing thus pollutant emissions
(Shaddix and Hardesty (1999)).

The scarce droplet combustion studies availabkbenliterature for crude glycerol also report
the occurrence of microexplosion events, although some differences regarding the bursting
typology. A previous work at the DCF for a diffetesrude glycerol sample (Angelost al.
(2016)) yielded microexplosions akin to those désd in Figure 4.17 for CG, whereas
Setyawanret al. (2016) found swelling and puffing events of rathawr intensity which could
not induce a complete breakup of the CG dropleeséhdifferences are thought to mainly stem
from the dissimilar experimental conditions, sinBetyawanet al. (2016) relied on the

suspended droplet technique with bigger dropletssand lower ambience temperatures.

Previous fundamental works such as (Lashetad. (1979, 1980a, 1980b), Waeg al. (1984))
addressed the experimental study of these microsip phenomena for different mixtures and
emulsions of alkanes, alcohols and water. To thdt they employed the unsuspended droplet
technique, avoiding therefore the influence of thaid filament (which can act as a
heterogeneous vapor nucleation site). In these syate shattering of both mixtures and
emulsions of pure compounds were found to occur atsignificant swelling of the droplet
size, with a characteristic time in the order dew milliseconds. The remarkable similarities
with the DG microexplosions depicted in Figure 4v@uld lead to attribute to this fuel the
same mechanism proposed in (Lashetaa. (1979, 1980a, 1980b), Wamegal. (1984)), that is,
the homogeneous nucleation of the more volatilaidigfractions within the droplet. Crude
glycerol, on the other hand, displayed a clearffedént shattering typology, which is found to
concur with the microexplosions detailed in (Argelet al. (2016)), where this feature was
attributed to the decomposition of alkali saltheatthan to the evaporation of the lighter liquid
compounds. Even if further research is clearly meguin order to better understand this
phenomenon, the fact that CG modified its origiabtupt microexplosion typology for the
slower swelling and puffing breakups precisely e desalination process appears to confirm

that alkali salts play indeed a relevant role i dinoplet microexplosion mechanism.
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After this brief analysis of the microexplosion at& the droplet images from Camera 1 were
processed to quantify the evaporation rate for déacle fuel. The obtained results are presented
in Figure 4.18 for the three coflow conditions ugedhis work (0, 3 and 10% A The droplet
evaporation curves in Figure 4.18.a display veryilar vaporization behaviors between CG
and PG, at least during the first half of the devfifespan. This is consistent with the fact that
the CG sample used in this work contains 81.4%lafegol. The presence of some water and
non-glycerol organic matter in CG would justify thleghtly higher evaporation rates of this fuel
in comparison with PG during this initial regioreésinsets in Figure 4.18.a). After the droplet
completed the heat-up transient, CG significantigluced its vaporization rate, departing its
curves from those of PG for all the oxygen condgistudied. This behavior is thought to the
related to the subsequent microexplosion onsethyhie previously discussed, showed a violent
and fast shattering of the droplet into many fragree similar to the bursts described in
(Angeloni et al. (2016)). The fact that the droplet lifespan scakith d” points to a complete

conversion of the liquid fuels shortly after thecorence of this secondary atomization process.

Desalted Glycerol, on the other hand, displayedar&able droplet swelling already at the
initial heat-up transient, quickly doubling the diet size prior to the onset of the weak
microexplosions and puffing events illustrated ilgufe 4.17. As already mentioned, most
droplets recovered their spherical shape afteras@glg the internal vapor content, their
evaporation proceeding smoothly until the occureen€ a second microexplosion, this one
quite violent and similar to those described for. @Be high data dispersion found for DG after
the swelling is due to the variable intensity of fuffing and weak microexplosions which, for
most cases, achieved to propel away some liquids frasn the parent droplet. Thus, the
measurements displayed in Figure 4.18 for this $heluld only be regarded as a sample of the

range of sizes observed after this event.

As for the acetal mixture (GF*), a completely diffat vaporization behavior was observed,
without any hint of microexplosion or swelling plmnena. The heat-up transient was
completed significantly earlier than for the glyalsr revealing GF* as a high-volatile fuel able
to start its vaporization within the first instaratfter injection. In the quasi-steady evaporation
phase, GF* also displayed burning rates remarkaiglyer than those of glycerol and, therefore,
this fuel would show significantly better evapooaticharacteristics than CG or DG. However,
it is worth to note that GF* evaporated smoothlyillaacomplete droplet depletion, without the
occurrence of any microexplosion. Thus, the totaiversion times of GF* and both glycerols-
based by-products are expected to be close dueteecondary atomization displayed by the

latter fuels.
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Figure 4.18. Normalized droplet size (a) and bugnite (b) evolution for the three fuels at thdedtdnt
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oxygen conditions. All the experimental curves &) were fitted to % order polynomials in order to

obtain the time-derivatives plotted in (b).

One of the main objectives of this part of the gtwdas to experimentally determine the

combustion behaviors of the mixtures of crude gigkéboth as received and desalted) with

acetals. As it has been previously justified, thpproach could contribute to overcome the
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significant challenges posed by the bad combugti@perties of crude glycerol. To address
this, three blends of each kind of glycerol wa&l& (and DG) with GF* were prepared, with 7,
15 and 30% GF* by volume. The droplet evaporatiorves obtained at the DCF for these 6
mixtures are presented in Figure 4.19 for the 326dddition.

CG-GF* mixtures (3% O,) DG-GF* mixtures (3% O,)

0 cG
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Figure 4.19. Normalized droplet size evolution floe glycerol-acetal mixtures at the 3% €ndition.

Left: Crude Glycerol; Right: Desalted Glycerol.

The GF* addition to CG did not alter significanthis fuel's droplet vaporization behaviors, as
CG-GF* mixtures displayed close burning rates ttirse extracted for CG (Figure 4.19). The
microexplosion typology and the macroscopic flamaees were also akin to these of reported
for CG in Figures 4.17 and 4.16 respectively. Hosvea slight but yet noticeable enhancement
of the droplet vaporization process was notedHerlilends with a higher composition in GF*.
On the other hand, GF* addition to DG did modife ttombustion features reported for this
glycerol, since it suppressed the initial swelliagd puffing stages. Since these events are
thought to be caused by the homogeneous nucleattithie most volatile compounds of DG, the
compositional changes induced by the addition etas might shift the mixture compaosition
range out of the superheat limits, which were foumdLasheraset al. (1980a, 1980b)) to
depend on both the homogeneous superheat limiheotbtend and the boiling point of the
heavier compounds within the mixture. In spite led suppression of the swelling and puffing
events, the DG-GF* blends did microexplode aro(ady)’~0.45, with violent disintegrations
similar to those described for CG-GF* (j/dy)~0.66. This kind of microexplosions have been
ascribed to salt content, and therefore the faatt NG contains a lower composition in alkali
salts seems consistent with this delay in the oofstite droplet shattering. Similarly to the CG-
GF* mixtures, the addition of acetals to DG notligaaccelerated its evaporation process,
especially for the DG-GF*30 blend. Subsequent tests semi-industrial furnace showed that

GF* addition widened the range of stable conditiomghe burner, substantially improving
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flame stability and reducing CO emissions. For sicity and, since these tests were performed
in collaboration with other researchers and nattstrwithin the framework of the thesis, they

are not included here. Nevertheless, it is impdrtamote, as a relevant conclusion, that the
behaviors noted at the two different scales appedre perfectly consistent, as discussed in

Paper IV.

4.1.2.3 Pyrolysis Oils from Waste Tires, Polystyrene and Biomass

The pressing environmental concerns associatedtitidisposal of waste tires have motivated
an intense research on different technologies ®ramme this challenge. Among them, the
pyrolysis of waste tires to obtain new productshwétdded value is gaining relevance, as
detailed in the Introduction. The liquid fractiomtained, or Tire Pyrolysis Liquid (TPL) is
mainly intended for heat and power generation indaes and boilers. Given the large amounts
of tires disposed every year and the high caloritue of TPL, its potential for fossil fuel
substitution is significant. A study on single detpcombustion characteristics of a TPL was
published in Paper Il, where it was compared weéhtimg oil, a reference fuel for domestic and
industrial use. Additionally, a mixture of relevanfor heating applications named TPL5 (with
5% TPL addition) was also characterized. The magsults obtained in this study are

summarized below.

Regarding the evaporation behavior, meaningfubdifiices were found between heating oil and
TPL, as it can be noticed in Figure 4.20 for theecaf the 3% @atmosphere. TPL displayed an
earlier onset of evaporation, with higher burniages during the initial heat-up phase, which
could be ascribed to the lower boiling point of tightest fractions of this fuel in comparison
with those of heating oil. However, as the dropletnsitioned towards its quasi-steady
vaporization region, the burning rate of heatinigctgarly surpassed that of TPL, which would
show longer droplet conversion times were its cureeinterrupted aroun@l/d,)=0.40 by the
onset of microexplosions. As for the TPL5 mixtute evaporation characteristics were found to
be essentially the same as those observed forheading oil, confirming therefore that TPL
addition did not drive any relevant change. Similehaviors were noticed for the rest of coflow

conditions (0 and 5% £pexplored in Paper II.

The high propensity to generate soot of both hgaiihand TPL favored the formation of quite
spherical soot shells around the droplets, asayspl in Figure 4.21. The earlier onset of these
shells for TPL, in addition to their thicker appaace point to a higher soot yield for this fuel.
This was also qualitatively corroborated by thehbigintensity of soot emission for TPL, both

in the macroscopic traces and in the envelope 8apietures. The TPL5 blend, however,
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displayed close soot-generation characteristidseting oil. It is worth to note that this work
did not include the combustion case at the 109at@®osphere because of the thick soot shells
arising for TPL, which completely hindered the dedisualization. As already discussed, with
higher oxygen availability, soot particles are @oedl within the flame front and the droplet
surface, providing thicker and more spherical sbatls. This can be visually confirmed when
comparing the soot shells of heating oil at the G%condition (Figure 4.21) and 10% (Figure
4.12).
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Figure 4.20. Normalized droplet size (a) and bugnimte (b) evolution for the examined fuels at 3&¢
O, condition. The experimental curves in (a) weréeditto 4' order polynomials to obtain the time-

derivatives plotted in (b).
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Figure 4.21. Droplet and soot shell evolution &t %86 Q condition. Pictures are organized

in terms of their normalized time after injectiondy’ (s/mnf).

In summary, the droplet combustion characterisifc§PL were found in Paper Il to be quite
appropriate when compared to the reference heaiingvith an earlier vaporization onset, a

somewhat lower quasi-steady burning rate compemshye the occurrence of secondary
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atomizations, similar envelope flame sizes and ratesef any relevantly-sized solid residue
such as coke or cenospheres. The only drawbacldfa@s its high propensity to form soot
which, however, was only based on qualitative gbtabservations, as no measurements were

performed with aspirating soot probes.

The aforementioned behaviors for TPL significardiffer from those reported in previous
works on pyrolysis oils obtained from lignocelluloshiomass. These bio-oils have been
considerably more explored in the droplet combustiterature (e.g., see (Shaddix and
Hardesty (1999), Shaddix and Tennison (1998)))hwésults pointing to a much slower
conversion than that reported in this work for TRBhd, for some cases, with cenosphere
formation. As it was detailed in the Introductidine joint pyrolysis of biomass and a polymeric
residue (such as waste tires) has been found lb stiable and high-quality oils, being the co-
pyrolysis process a state-of-the-art technologycthis thought to produce bio-oils with
significantly improved properties. A collaboratiowith the Grupo de Investigaciones
Ambientalefrom ICB-CSIC allowed for a work assessing the ioipaf two process variables
on the final droplet combustion characteristicgha obtained bio-oils. Namely, the polymer
type fed to the pyrolysis reactor (polystyrene aste tires) and the nature of the low-cost,
Calcium-based catalyst used (Carmeuse limestotmned dolomite or an inert material such
as sand) were studied. This work led to Paperwhere all the details of this study can be

found. A summary of the main results obtained espnted below.

In order to assess the impact of the aforementitwegrocess variables, four different bio-oils
were produced in a pyrolysis pilot plant (100 KMWAII of them were obtained by pyrolyzing a
80% (wt.) of grape seeds (GS) along with 20% ofypar, either polystyrene (PS) or waste
tires (WT). The effect of the polymer type was #iere ascertained by comparing the two fuels
named GS-WT and GS-PS, both produced under exhetlgame experimental conditions and
using the same catalyst (Carmeuse). As for expattie effect of the low-cost catalyst, three
GS-WT oils were produced with the different catdyyielding GS-WT Carmeuse, GS-WT
Dolomite and GS-WT Sand. A detailed analysis ofirth@hysicochemical properties was
performed at ICB-CSIC, where a significant improesnwas noted when using a catalyst
(lower viscosity, density and oxygen content), esdly when the catalyst was the Carmeuse
limestone. Regarding the change of polymer soutlee,shift from WT to PS provided a

considerably less viscous oil, which also contaimede aromatic compounds.

The subsequent droplet combustion tests revealigd gimilar behaviors for the GS-WT bio-
oils as those previously reported in this samei@edor TPL. This outcome was not initially

expected, since waste tires accounted for only B0%ass of the total feedstock used for the
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bio-oils explored in this work. The droplet evapg@a behaviors for the four bio-oils are
compared in Figure 4.22 along with those of heatiihgvhich, given the intended use of these

liquids, was also included as a reference convealtifuel.
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Figure 4.22. Normalized droplet size (left) andriing rate (right) evolution curves for all the fsi@lt the
three studied oxygen conditions. The experimentaves in (a) were fitted to 3and 4" order
polynomials to obtain the time derivatives plotiedb).

As it can be observed in Figure 4.22, all fuelpliged a steady evaporation which reduced the

droplet size until a total droplet depletion (faating oil) or a sudden interruption in the curve,
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which marks the appearance of droplet microexptasior all the studied bio-oils. As it will be
detailed below, these microexplosions completelgttehned the parent droplet into small
fragments and, therefore, a complete conversiahebio-liquids is expected to occur shortly
after the onset of their secondary atomization. Agnohe four bio-oils, GS-PS Carmeuse
displayed the most differential behavior, with d@st@antial faster evaporation during the initial
stage that would point to a richer compositionaw Iboiling point compound®espite this
fact, the increase i was slower than for GS-WS oils, being the burneigs quite similar in
the final stages prior to the microexplosion. Wikemparing between the three GS-WS liquids,
small differences could be noticed among them, ssijagg a more limited effect of the catalyst
type in the process than the polymer feedstocknEee the liquid yielded when Carmeuse was
used as a catalyst showed a noticeable faster rome followed by GS-WT Dolomite and
GS-WT Sand.

The microexplosion onset noticeably varied betwieets, with GS-WT Dolomite showing the
occurrence of this phenomenon for bigger droplegtthe rest of bio-liquids for the three
atmospheres explored in Figure 4.22. On the cont@8-WT Sand displayed microexplosions
for the smallest droplet sizes which, in additiorits lower burning rates, resulted in the slowest
total conversion for this oil. Regarding the mictp®sion typology, all fuels displayed similar
characteristics than those reported for TPL in paipavith quick and violent bursting events
which shattered the droplet into small fragmentxoflection of representative microexplosion
pictures recorded for each bio-oil are presenteéignre 4.23, where it can be noticed that the
breakdown of the parent droplet was always achieaditiough with different degrees of
success. GS-PS Carmeuse consistently showed theeffioent and violent microexplosions,
since the original droplet was for most times dispd into a fine spray, without any relevantly-
sized child droplet. GS-WT oils, on the other hatidplayed on average less violent bursting

events, and in some cases the child droplets smdd be even measured.

Similarly to TPL, the explored bio-oils displayed hagh propensity to form soot. This
conclusion was initially based on the different gimg methods used in this work, as bio-oils
presented thick soot shells surrounding the droatet bright flames with the characteristic
luminosity stemming from thermal emission of soattjgles. To confirm and quantify this
relevant behavior, Probe B (Figure 3.6) was useshtaple the total amount of soot particles
yielded at the 0% ©Ocondition. As a result, the IDSY (Isolated Droptebot Yield) was
calculated for each oil, in terms of grams of weidisoot per gram of injected fuel. These tests
were repeated at least three times for each fadltlze mean IDSY calculated for each fuel is

displayed in Figure 4.24.
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Figure 4.23. Double-exposure pictures of individdiplets microexploding for the bio-oils
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Figure 4.24. Isolated droplet soot yield (IDSY) ahed for each
fuel through the aspirating soot probe tests. Theertainty bars

indicate + 2 SD (Standard Deviation) of repeatedsneements.

According to Figure 4.24, all the bio-liquids yielil considerably higher amounts of soot than
heating oil, confirming their aforementioned sodtghavior. Among them, the two liquids
produced with the Carmeuse catalyst displayed tgkebt soot yields, followed by GS-WT
Dolomite and GS-WT Sand. This is ascribed to thghéii aromatic content of the oils when
using Carmeuse limestone as a catalyst, mainlytadweomatization and hydrodeoxygenation

reactions in the pyrolysis reactor. Even if thighhiaromaticity leads to a significant soot
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generation, the two liquids obtained with Carme(as®l especially GS-PS Carmeuse) displayed
the best global combustion behaviors from all tkigl@ed bio-oils, reinforcing the previously
reported improvements in physicochemical properf@sally, it is worth to note that a SEM
analysis of the collected solid samples corrobar#ite absence of cenospheres or carbonaceous
particles arisen from liquid-phase reactions, atu&ily all the solids sampled corresponded to

soot agglomerates.
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4.2 Droplet evaporation modeling in high temperature conditions

This section summarizes the main results obtairved the course of the thesis in the droplet
evaporation modeling field. To that end, the conteas been distributed into three subsections.
The first one deals with the validation of the mommponent evaporation model through
experiments on pure compounds at the DCF. In lajhthe deviations found for the alkane
evaporation case, a novel analytical model takimg account the pyrolysis of the fuel's vapors
was developed in Paper V, being a summary of tlidahpresented in the second subsection.
The third and last part covers some results obdaiméh the multicomponent droplet

evaporation model for different liquid mixtures.

4.2.1 Validation of the monocomponent evaporation model

The experimental results on pure fuels presentefleiction 4.1.1 were used to validate the
droplet evaporation model described in Section Blfts initial validation was focused on the
simplest case, that is, a monocomponent liquid eamg under an inert atmosphere. The
experimental conditions of the DCF tests were ditar&ed (as detailed in Addendum A3), and
applied as boundary conditions. Because of itsvaglee in the process, two different coflow
temperature conditions were sought for these viidids. The first one, named here as 'High
corresponds to the experimental condition applietigathe thesis framework as the nominal
0% O, atmosphere (as detailed in Section 3.2). The skcone aimed to provide
complementary results, with also a 0% Kut with lower temperatures. Both temperature

profiles were measured with a bare, fine-wire trarouple and are compared in Figure 4.25.
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Figure 4.25. Axial profiles of temperature measufed the two

coflow conditions used in this section.
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As for the compounds used in this validation, tvibedent chemical families were tested: n-
alkanes and alcohols. The model theoretical predistare compared with the experimental
curves for different fuels within these families Figure 4.26. All the experiments were

performed with the higf,, coflow condition but for the case of hexadecaneictv was tested
at both temperatures.

Ethanol

0 0.5

1.5

Butanol

3 3
t/ d2 (simm?) t/ d? (simm?)
1.2 T T 1.2 T T
Glycerol Heptane

0 0.5

1

1.5

2 2.5

0 0.5 1 1.5 2

2.5
t/ dg (s/mmz) t/ dg (s/mmz)
1.2 T 1.2 T T
Dodecane Hexadecane

0.8}
N/-\
T 06f
)
04
02f
(&
. % .
0 0.5 1 15 2.5 3 0 35
t/ d? (simm?)

Figure 4.26. Experimental and theoretical dropégiorization curves for all the pure compounds deed

the model validation. Unless otherwise specifiée toflow temperature corresponded to the High

condition.
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As it can be observed in Figure 4.26, the modelbie to accurately predict the experimental
evaporation curve of the three alcohol compound®reas it displays significant deviations for
the alkanes. For these compounds, the theoretiodehtends to overpredict the evaporation
rate, clearly yielding a faster conversion thart thiaserved in the experiments. To quantify
these deviations, the quasi-steady evaporatiors @téhe different curves in Figure 4.26 are

extracted and presented in Table 4.3.

Table 4.3. Experimental and predicted quasi-steagbprization rates (mffs) for all the
cases shown in Figure 4.26, extracted by fittirgyelaporation curve betweettidy)?=0.6

and 0.2 to a straight line.

Fud Experimental Model Error (%)
Ethanol 0.4003 0.4195 4.80
Butanol 0.4371 0.4546 4.02
Glycerol 0.3124 0.3022 -3.28
Heptane 0.5453 0.6149 12.76
Dodecane 0.5349 0.6557 22.58
Hexadecane (high,)) 0.5317 0.7084 33.23
Hexadecane (low.) 0.4623 0.5409 17.01

According to Table 4.3, the theoretical overpreditttends to increase with the alkane
molecular mass, as the largest deviation is foumchéxadecane, followed by dodecane and
heptane. Similarly, a higher coflow temperature espp to increase the deviation between
model and experiment, since the relative errorlfexadecane was practically halved when

employing the lowr,, coflow.

A potential cause for these deviations was injtidliought to stem from the assumption of
constant gas-phase properties by following th& rule' proposed by Sparrow and Gregg
(1958). As discussed in the model description iotiSe 3.2, the results obtained with this
constant-property simplification were compared witimerical integrations of Equations (3.5)
and (3.6) accounting for the variation of the ghage properties with temperature and
composition. The negligible differences found coetgly justified the adequacy of the constant

gas-phase property simplification.

So, the different degree of agreement obtained@bh fuel groups could be related to some
distinct behaviors observed in the tests: wheréashals evaporating at the 0%, ©ondition

did not display any kind of luminosity, alkanes wled a bright orangish emission, which was

56



T_. lZJniversidad Report Summary
. CHIEESE Results and discussion: Droplet evaporation modeling

ascribed to the black-body radiation from incandascsoot particles. This can be visually
confirmed in Figure 4.8, where the traces of ddfégrpure alkanes evaporating at the 0% O
coflow were presented. The formation of soot urseh conditions points to the occurrence of
endothermic fuel decomposition reactions in the@asse. These pyrolysis reactions create the
precursors needed to build-up the final soot pagiand, since they are endothermic, they can
lower the gas temperature around the droplet, redubus the experimental vaporization rates.
This possibility was already discussed in (Faetd aazar (1971)), where also significant
discrepancies were found between droplet combustaperiments and a theoretical
evaporation model, especially for heavy alkanes.wlis proposed that, since heavier
hydrocarbons decompose more readily, it might bssipte that this effect has a greater
influence on this kind of fuels. This is also clgahe case in Figure 4.26, as the discrepancies
model-experiment increase with the paraffin molacutass. The traces displayed in Figure 4.8
also seem to confirm a higher soot yield for heagikanes. Consequently, the cause for the
aforementioned discrepancies was finally ascrilzethé gas-phase fuel decomposition in the
droplet vicinity, a phenomenon that is not modddgdhe theoretical model but occurs in the

experiments for the set of conditions used in tR#D
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4.2.2 Development of a model for droplet evaporation with pyrolysis

The finding that gas-phase pyrolysis reactions cediuthe evaporation rates of alkanes at the
DCF experiments served as a motivation to develma@el which took into account this effect
during the droplet evaporation process. It is Wwabbwn that soot production is detrimental for
most combustion applications, and that it primaabcurs in regions with high temperatures
and reducing conditions. However, its interactiathvihe droplet vaporization process is poorly
understood although, as it can be observed in €igug6, it might be relevant. In spray
combustion applications, an important fraction leé injected liquid fuel evolves in a group-
combustion regime (Sanchet al. (2015)), where a diffusion flame separates anrimegion
(rich in liquid and gaseous fuel, but practicallyygen-free) from an outer region which
provides the oxygen required for combustion. Witthis group-combustion region, the droplets
vaporize under high temperature and reducing ciomdit and therefore soot formation could
affect the expected droplet evaporation behaviBigen the relevance of the problem, a new
analytical model was developed in collaborationhvitie University of California San Diego.
This model is described in detail in Paper V, pdowj a novel theoretical description which

takes into account these effects in the isolategldt evaporation process.

4.2.2.1 Model for droplet vaporization with fuel-vapor pyrolysis

Under sufficiently high gas temperatures, the vegeor fuel molecules are considered to
thermally decompose through endothermic pyrolysections, lowering the gas temperature
around the droplet. Even if these decompositiorcti@as involve complex kinetics (Savage
(2000)), this work only considered a single irresilgle reaction, as its main aim is to evaluate
the global effects of these endothermic reactianthe droplet evaporation process. The main
product of the gas-phase pyrolysis was assumedetetbene (g€H;), so that the alkane

molecules decomposed according to the followingtieas:

2
CpHongz = C,H, + CH, (oddn) (4.1)

n
CaHonyz = TC2H4 + C,Hg (evenn) (4.2)

These reactions involve the following enthalpiesezfction for the alkanes examined in Figure
4.26:9=2.70 MJ/kg for heptane, 2.75 MJ/kg for dodecarn 280 MJ/kg for hexadecane. It is
worth to note that these values are one order ghihale lower than the corresponding heats of

combustion, but one order of magnitude higher tharassociated latent heats of evaporation.
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Regarding the pyrolysis reaction raie (kg/nt/s), it was modeled through the following

Arrhenius equation:
_Ea/
w=pBYre 'RT (4.3)

Being B the pre-exponential factor ark€}, the activation energy. For large valuesEyf the
chemical reaction would display a strong dependemncthe temperature, aagdwould increase
by many orders of magnitude as the temperatureeases fromTs to T.. Under such

assumption, the pyrolysis reaction would occur irthan layer centered at=r, with a

temperaturd, intermediate between andT... This configuration is illustrated in Figure 4.27.
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Figure 4.27. Scheme of the isolated droplet evdjporg@roblem under
spherico-symmetrical conditions with pyrolysis et in the gas

phase.

As depicted in Figure 4.27, the problem can bedédiinto two regions: an inner zore<{r <

r.) where the flow is chemically frozen because #ragerature is too low to produce the fuel
thermal decomposition and an outer regior r,) where all the fuel has been consumed and,
therefore, the flow is in chemical equilibrium. $hiarises from the comparison of the

characteristic times associated with mass diffus{m?ny) and fuel-consumption processes

Eq -1
(B e /ROT) in each of these regions:

—Eq D —Eq
Be /RoTs« f/az «Be RoTe (4.3)

The thickness of the reaction layefr-r, can be determined through the reciprocal of the

dimensionless activation energy:
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€= (i)_l «1 (4.9)

RoT

The problem of an evaporating droplet with pyraddysan be addressed by adding the mass and
heat sinks caused by the decomposition reactidheaight-hand side of Equations (3.5) and

(3.6):

mody 1d(,  dy RPN g @)
—_— ——— —_— = — = — 0
4nr2 dr ridr e I dr @ pElre '
m dr 1 d d Eq
— 0, ———— 1%k —)=— — —pBY,ge /Rt 4.6
412 P ar rzdr( dr) “q poirae ° (4.6)

For convenience, the following dimensionless vdeslare defined:

- % 4.7)
4nka
F=r/a (4.8)
Le = k
p cp Dy (4.9)

Being 4 and 7 the dimensionless vaporization rate and radialrdinate, respectivelyLe

corresponds to the Lewis number. Using these Masaliquations (4.5) and (4.6) take the

form:
rdy, 11d/(_dy B _Eaj,
FZW‘E?ZE(T W)“m ve (4.10)
Ad (cpT) 1df_,d (cpT)
72di\ q ) 72ar\| dr\ q
___ B ye  ReT
k/(pcpa?) (4.11)
With the boundary conditions:
TF=1)=T, (4.12)
Y, (F=1) =Y (4.14)
Y (7 > 0) =0 (4.15)
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As in the inner region the flow is chemically frozehe chemical term at the right-hand side of
Equations (4.10) and (4.11) can be neglected. Tthasintegration of these equations between
the droplet surface®(= 1) and the pyrolysis-zone positiof € 7,) yields, at leading order, the

fuel mass fraction and temperature profiles withis chemically frozen region:

Y.~ e—Le Aty _ e~ Le AT
L - (4.16)
yf's e Led/Tp _ p—Lel
T —T. e AT — g2
2 = 7 (4.17)
Tp—TS e My _ =2
Analogously for the outer region, where the flovinichemical equilibrium:
Yf+ =0 (4.18)
T —TY 1—e M
= . 4.19
T — T 1= e M ( )

p

However, these profiles depend on unknown varialsesh as the dimensionless vaporization
rate A, eigenvalue of the problem. An expression for tagiable can be obtained by the

following mass-conservation equation at the drogleface:

m=mY, —4n£ladﬁ (4.20)
Iis cple dfli=y
1 dy,
All=-Yr)=—— —= 4.21
(I=Ye)= -1 pmt (4.21)

The required derivative ofy with respect tor at the droplet surface can be provided by

Equation (4.16). Substituting in Equation (4.2¥8lgs an expression fdr

_In[1/(1 =Y )]
~ Le(1-1/%)

(4.22)

Analogously, the energy conservation at the dropletace provides an additional correlation,

this one useful to determine the sensible hgat

. . dT

ga+L,m=4nmak — (4.23)

dflp=1

daq L, dT

dmak ¢, Cditleog (4.24)

7 ¢, (T, —T,)/L
qa — p(zi ~s)/v_1 (4.25)

dmaklLy/cy e1-1/7p) _q
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Another useful correlation can be obtained fromtédmaperature and fuel mass fraction profiles
provided by Equations (4.16), (4.17) and (4.19):

=T _e Moot (et -1) (4.26)
Too — TS 1-— e"l Cp (Too — TS)
An analysis on both sides of the reaction layeldgieat leading order:
dT+ _ dT~ q/cp dY}_
ar | . di le—p.  Le dF|._. (4.27)
=ty p =fy

Thus, a fractiory of the heat reaching the reaction layer from tbieduter region is employed

to pyrolyze the fuel af,:

q/c, Yy ar+
=1 1 1
Le dar|. ./ ar|. . ° (4.28)
r—rp —rp
ATy 1
a(e ) (4.29)
Cp(Too Tp)

The analysis of the reacting layer provides thé oé€quations needed to close the problem.

One of them is the definition of the Damkdhler nemb

-2 -2 -2 E,
i < Ea ) <iz> < q ) o Ry (4.30)
Ds/a* \Ry Ty 5 cp Ty

The problem in the inner reaction layer is thataofreaction-diffusion balance, where a

correlation betweel andy is sought. This was achieved through the numeiidagration of
the boundary-value problem detailed in Paper V. fi@selting correlation is shown in Figure
4.28 for all the range of, along with the asymptotic predictions for botmits @A =
0.315236y 2 fory « 1 andA = 1.1517(1 — y3) for (1 — y) < 1).
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Figure 4.28. Variation ofA with y as obtained from the numerical
integration (solid curve) and the asymptotic prédits (dashed

curves).

With this correlation betweef andy the problem is closed, and the equations goverttiag
gas-phase process of a vaporizing droplet with Ipgi® are established (the liquid-phase
equations remain the same as those described fi0i$8c2). Starting from the initial value of
T,, the fuel's vapor mass fraction at the surfagg €an be determined through Equation (3.11).
The system formed by Equations (4.22), (4.25),64.24.29), (4.30) and the correlatidrfy)
provided by Figure 4.28 can be solved to calculaéevalues oft, ¢4, 7, T, v, andA. The
knowledge of the vaporization raté) (and the sensible heat gained or lost by the dtdp))
allows the calculation of the initial conditions fine next iteration, yielding a new droplet mass

and surface temperature, as detailed in Sectian 3.2

However, it is worth to note that the pyrolysisddic parameterg, andB are required to solve
the aforementioned system, since they appear iatieou(4.30). However, these parameters are
unknown, hindering the application of this modelthe alkanes studied in the previous sub-
section. The determination &, andB from droplet vaporization rates at differefnt would
require very high accuracies (1% or better), dudéar strong sensitivity to small changekin
Unfortunately, given the experimental uncertainti@ssociated with the isolated droplet

experiments, this level of accuracy is thoughtdaihattainable.

4.2.2.2 Estimation of the pyrolysis temperature from experimental data
A useful approximation to the Arrhenius parametBgsand B can be obtained by taking

advantage of the strong temperature sensitivitthefchemical reaction (see Equation (4.30)).
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For large values of the dimensionless activatieer@nE, /(R, T,,) » 1, the relative changes in

T, are limited to small values of ord[a’j’a/(R0 Tl,)]_1 « 1. Thus, the pyrolysis temperatufg
of a given fuel emerges as a constant kinetic pat@mindependent from the droplet size or the
ambient temperature and, therefore, it can be tsadplace at leading order the Arrhenius

parameters.

The value ofT, for the different alkanes can be readily extradtech the experimental droplet
evaporation data presented in Figure 4.26. As & described before, the droplet evaporation
process of pure compounds was experimentally féamdach a quasi-steady state at the end of
the initial heating period. During this quasi-stgadate, the droplet heating rajg = 0, and
thereforeT, Ys, A, Ty, Tpy Y andA reach constant values. Actually, the quasi-stethensional
vaporization rat&l = —d(d?)/dt was extracted from the experimental curves fothadl pure
compounds validated in Figure 4.26, with the rasdisplayed in Table 4.3. Both vaporization

rates can be related through the following expogssi

2
_pl Cp d(a ) _ P Cp K (431)

A==9% a8k

Thus, theK values shown in Table 4.3 can be used as an exgpetal input to calculate the
quasi-steady value of for each compound. Setting, = 0 in Equation (4.25) and combining

the results with Equation (4.26) yields:

Ty—Ts  (q+L)(e"=1) = cy(T = Ty)
Lv/cp q+cy (Te — T5) — Lv(e)‘L -1
Cp(Too - Ts) - Lv(e)L -1)
q

(4.32)

=27t 1+ (4.33)

The system formed by Equations (3.11), (4.22),1(4.84.32) and (4.33) can be solved by an
iterative scheme in order to determine, for eaeh, thhe values of, Y, 4, ) andTp. The latter
three parameters are displayed in Table 4.4 fothtee alkanes at the high condition. It can
be noted that, as the chain length of the alkarlecute increases, the pyrolysis temperafjyre

decreases, and therefore the reaction standadffjaéipproaches to the droplet surface.
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Table 4.4. Experimental quasi-steady vaporizataie .,,) extracted for each alkane at the high
condition along with the values obtained from thyeofysis model when using thig,,,, as an input

through Equation (4.31).

Fuel Kcxp (mm?/s) A T, p

Heptane 0.5453 2.482 1080 7.342
Dodecane 0.5349 2.389 912 4.954
Hexadecane 0.5317 2.285 841 4.142

As it was shown in the temperature profiles pre=sgnh Figure 4.25, the high, condition
reached coflow gas temperatures of ~1730 K. Silitheaalkanes display, values below this
temperature, all of them will undergo pyrolysis at@ns at the location dictated by,
modifying their temperature profiles as shown igufe 4.29 for heptane and hexadecane. The
discontinuity in the temperature profiles is naliyraharper for the latter, since it displays a
lower T, value and the pyrolysis dip occurs closer to tloplkt. It is worth to note that, for any
fuel vaporizing under g, < T,, the pure evaporation expressions described itidge8.2
would be recovered, and therefore the temperatiofilgs calculated by the pyrolysis model

would concur with those of the pure evaporatiorecas

Heptane Hexadecane
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Figure 4.29. Radial profiles of gas temperatureeptane and hexadecane simulated for the high

condition.

An especially interesting variable is the pyrolyssnperaturel;,, as it is assumed at leading

order as a constant kinetic parameter, intrinsicefich fuel. For checking the accuracy of this
assumption, a second experiment on hexadecaneesfasmed at the DCF, this one under the

so-called lowT.,, condition (Figure 4.25). The values @f and#, for hexadecane were

recalculated using the new experimental vaporipatate, yieldingl,, = 969 K and#, = 9.86.
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The difference of 128 K with the previody value (841 K, Table 4.4) would point to a

dimensionless activation energy in the ordeEof(R, T,)~10 for hexadecane.

4.2.2.3 The modified Spalding law
The pyrolysis temperatures presented in Table duldctherefore be used to estimate the

droplet evaporation process by considerfijgas a fixed kinetic parameter of the fuel. The

guasi-state dimensionless vaporization rate caraloellated from:

_ To=T) (a\(_ (T —T) )]
A—h41+ - <%>Q+¢v+%0}—n) (4.34)

Which can be rewritten as:

T, —T.
A=In [1 + M] (4.35)
Ly
Where the apparent temperatufg)(is defined as:
T,=aT,+(1—a)Te (4.36)
q
(4.37)

a =
Ly+cy(T,—Ts) +q

Equation (4.35) is analogous to the well-known gilzed Spalding solution for a vaporizing
droplet (Spalding (1950), Godsave (1953)), withahéy difference of the apparent temperature
substitutingT,,. This apparent temperature is intermediate betWgemdT,,, and is estimated
through the weighting factar (ratio of the heat employed to pyrolyze the fuethe total heat
required to vaporize the liquid fuel, heat it u@foand pyrolyize it). Ther calculated from the
results of Table 4.4 yield values of 0.48, 0.60 arkD for heptane, dodecane and hexadecane,
respectively. Again, a stronger effect of pyrolykis the heavier alkanes can be ascertained
from these values, since heavier alkanes displpprapt temperatures closerfipthan to T,

(Equation 4.36), resulting thus in a greater vagatidn reduction (Equation 4.35).

It is worth to remember that these data were obthiinom the highr,, coflow experiments.
However, assuming thE,=constant approximation, these values can prowdestiimation of

the droplet vaporization rate at different condisoFor instance, for the case of hexadecane at
the lowT,, condition, the model predictsk=0.4196 mrfYs, which differs by 9.2% from the
experimental value (0.4623 rits, see Table 4.3). This departure is again camgistith the

aforementioned errors of ordb‘j‘a/(RO Tp)]_1 introduced through the assumption of a constant
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pyrolysis temperature. Future experimental testifégrent ambient temperatures are planned

for gaining further insight on both the evaluatminthe pyrolysis temperature and the accuracy

of the model developed in this work.
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4.2.3 Multicomponent model results

The modeling exercises presented so far have le¢sied to the monocomponent case, without
attempting to cover the evaporation process of uned. However, as it was described in
Section 3.2, this behavior was also included inrtieelel, namely by following the so-called
'Effective Diffussity’ approach detailed in (Sirignano (2010)). Thalidation of this
multicomponent characteristic by means of the D&pedments displayed some difficulties
due to the pyrolysis effects occurring for hydrdars evaporating at high gas temperatures, as
the pyrolysis model described in Section 4.2.2 dexgeloped for the case of pure liquids. Even
if some simplifications to take into account thesects were employed for latter studies (as it
will be detailed in the next Section), a validatiohthe multicomponent model under pure
vaporization conditions was still thought to be es=sary prior to its use. It is worth to note that
only a brief validation with literature data is pemted here, as a more extended evaluation of
the multicomponent model through DCF experimentalonhol mixtures (which do not display

pyrolysis reactions) is planned as future work.

The simulation results published in (Gavhateal. (2016)) for binary mixtures are thought to
be useful as validation data for this purpose. Thisice is based on the fact that this work
provided with detailed information on droplet madtimponent behaviors which are extremely
difficult to obtain experimentally (e.g., temporaVolution of the evaporation rate for each
individual component or composition profiles withthe liquid). The model presented in
(Gavhaneet al. (2016)) is also very similar to the one describe8ection 3.2, as it stems from
the analytical description of the 1-D evaporatioh an isolated and quiescent droplet.
Furthermore, it includes a case of study whichhisught to be interesting for the validation
process, with 5Qum droplets of heptane-dodecane blends vaporizingjrirat relatively high
temperature condition§ (=750 K). It is worth to note that much of the detptvaporation data
in the literature (and especially the experimedtth) addresses the evaporation process under
rather low temperature atmospheres. This has afisart impact on the multicomponent
behavior since, under such conditions, the draplaporation is close to a distillation scenario
and composition gradients within the liquid are loineven non-existent. However, for high
conditions, the strong preferential vaporizatioritef more volatile species is thought to create
significant compositional gradients near the sw@f@akino and Law (1988)). As this is
expected to be the case under typical combustioditons, it seems desirable to validate the

multicomponent model under such scenario.

The case of study addressed here considers pugptare (), n-dodecane (), and three of
their mixtures with a 75, 50 and 25% by mass otdep (G-75, G-50 and G-25 respectively).

The gas surrounding the 50n droplets consists in air at atmospheric presamc 750 K.
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Figure 4.30 displays the temporal evolution ofdheplet mass for each of these liquids, both as
published in (Gavhanet al.(2016)) (left), and as obtained in the currentkn@ight).

mim.

mim,,

Figure 4.30. Temporal evolution of the normalizedpdet mass for different heptane-dodecane

mixtures afl,,=750 K, as presented in (Gavhaetel.(2016)) (a), and calculated in this work (b).

As it can be observed in Figure 4.30, the dropdetsamption times for the different fuels are
very similar in both models, especially for dodezamd the three mixtures. Pure heptane, on
the other hand, displays a slightly longer consiumnptime in the current model. Regarding the
mass evolution for a given fuel, small differenees also be noted between both models,
although in general the behaviors are found to e @¢lose. These dissimilarities are mainly
ascribed to the differences in the estimated tramgpoperties and, more specifically, in the
liquid mass diffusion coefficientD))). The estimation of this parameter implies several
assumptions, implying a relatively high uncertairfgee Addendum A4). From the results
shown in Figure 4.30, it would appear that hevalues estimated in the current model are
somewhat higher than those used in (Gavlerad. (2016)). This can be noted, for instance, in
the mass evolution curve forZ5. Looking at the first instants after the dropigection, this
curve is found to run closer to pure heptane infegt.30.b than in Figure 4.30.a. The higber

of the former simulation would enhance the transpbheptane from the droplet center towards
the surface, securing a largey I@placement rate. As in these first instants tiaerated mass
corresponds primarily to heptane, a largera€ailability would imply a greater droplet mass
loss, as depicted in Figure 4.30.b. In the same, Way G-25 mixture runs closer to pure
dodecane in Figure 4.30.a when compared to Figug®.lB due to the larger heptane

replacement rate of the latter.
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To gain more insight into the differential vapotiea of each compound, the mass evaporation
rate of G, has been plotted in Figure 4.31 for pure dodecare its mixtures. Again, the
general behavior of both models seems consistehtqarite similar. However, it should be
noted that the G evaporation rates calculated by the current magpear to be slightly shifted
towards longer residence times, as resulted froenaforementioned larger mass diffusion
coefficient for these simulations. It is worth tote that the numerical integration of the
evaporation rate curves for each individual compowere found to recover the initial mass of

each species #&t0, confirming therefore that the model compliethvihe mass balance.
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Figure 4.31. Temporal evolution of the mass evapmrarate for different heptane-dodecane
mixtures afl,=750 K, as presented in (Gavhaateal.(2016)) (a), and calculated in this work (b).

Finally, the temporal evolution of the heptane mhsastion at the surfaceY{;d was also
thought to be an interesting parameter to analyeartulticomponent behavior of each model.
These results are presented in Figure 4.32 foCth& mixture and, again, show quite similar
characteristics among both models, although withtlsudifferences ascribed to the slightly
higher D, calculated in this work. Namely, the higharin Figure 4.32.b would cause a more
delayed decrease of tNg; s as the droplet center is replacing heptane ast@ff rate. This also
causes a sharper decrease in thér&tion at the surface during the last periodhef droplet
lifespan, as the inner region of the droplet is endepleted in heptane. It is worth to note that,
contrary to a pure distillation scenario, heptamaains available in the liquid throughout all the
droplet evaporation process. In summary, the nutijmonent model described in Section 3.2
was found to provide satisfactory results, in qgiw@d agreement with those of Gavhaheal.
(2016).
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Figure 4.32. Temporal evolution of the heptane niesstion at the surfacer§;y for the G-75
mixture evaporating ak,,=750 K, as presented in (Gavhaateal.(2016)) (a), and calculated in this
work (b).
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4.3 Surrogate formulation and validation methodology

The third section of this chapter addresses theotiske single droplet configuration for the

surrogate design and validation processes. Assth®en discussed in the Introduction, the
relative simplicity of this configuration, in adutih to its resemblance to the final application of
most liquid fuels (i.e., spray combustion), poitdghis layout as a most suitable benchmark to
design and evaluate surrogates for liquid fuels.tiis end, the joint use of the droplet

evaporation experiments (Section 4.1) and modetirgrcises (Section 4.2) is thought to

provide powerful tools for developing novel methlodges in the surrogate field.

Within the framework of this thesis, a first stepvard this end resulted in the work published
in Paper VI, where both approaches were used tmuiate and validate three surrogate
mixtures aiming to emulate the evaporative andisgdiehaviors of a Spanish heating oil. As
this work intends to explore new methodologiestfe formulation and evaluation processes,
the surrogate palette was decided to consist of onb compounds: n-eicosane and 1-
methylnaphtalene (MNP). Even if binary mixturesedyrdisplay a limited ability to match
certain complex behaviors, their simplicity greatigses result analysis, being this reason the

main motivation for choosing this palette.

4.3.1 Surrogate formulation

Three different surrogates (SR1, 2 and 3) werenddfi following different criteria, and

evaluated.

As presented in the Introduction, a first surrogéd®1) aiming to match the evaporative
behavior of the target heating oil was formulateagh the multicomponent droplet model. To
this end, the vaporization curve of heating oil veaperimentally obtained at the DCF, being
afterwards parameterized in the three charactetisties illustrated in Figure 4.33. Therefore, if
these characteristic times were the design pregsectiosen as representative of the vaporization
behavior, the valuets=0.645,t,=1.126 and,=0.813 s/mrwere the property targets for SR1

to emulate.

The predictive tool required for estimating the mwation behavior of the different eicosane-
MNP mixtures consisted in the droplet multicompdnemodel described in Section 3.2.
However, as detailed in Section 4.2, the pyrolysishydrocarbon vapors under the high-
temperature conditions present at the DCF testkl doduce significant discrepancies between
the model predictions and the experiments, pagrbufor the heavier alkanes. The analytical
model described in Section 4.2.2 was only desidgoegure fuels, and therefore an alternative
way had to be devised for ensuring a good agreelmetteen the multicomponent droplet

evaporation model and the DCF tests, as it is fonegdial for a proper surrogate design process.
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In this work, this was done by introducing an egesmk in the form of a constant endothermic
heat of reaction in the heat transfer number (Egu&d.15). An empirical fitting of this heat of
reaction was performed for both pure compound gaine and MNP), in order to calibrate the
model for each particular fuel. This adjustment vedso applied in the simulation of the
mixtures, namely by weighting the heat of reacwdreach pure compound with the relative
mass flow rate vaporized from each species. Thairdd simulation results are presented in

Figure 4.34, both in terms of evaporation curv@sal extracted characteristic times (b).

AR N
o R pa— %% llllllll

" t \ -
04t : 50 : %% :
02f------- e oo % :
] ’—Y._l
. . R QD

t! dg (s/mm?)

(a/d,)?

Figure 4.33. Evaporation curve obtained at the DOPF6 O
coflow) for heating oil along with the extractedacacteristic times
t., teo, @ndty (0.645, 1.126, and 0.813 s/rnespectively).
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Figure 4.34. Evaporation curves predicted by thelehfor binary mixtures of MNP-eicosane (a), along

with their corresponding characteristic times (b).

Finally, a comparison of the characteristic timesdicted by the model in Figure 4.34 and the
data experimentally obtained for the target heabihgFigure 4.33) allowed for the selection of
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the eicosane-MNP mixture which best reproducedetreporation behavior, that is, of SR1.
This was done by defining a global error for evapion @E.), calculated as the quadratic mean
of the three characteristic time individual erres, eso, €20)- The dependency of these errors
on the binary mixture composition is shown in Fegdr35, where it can be observed that the
combined erroe,, displays a clear minimum for the MNP-49 mixturee (i 49% by mass of
MNP and 51% of eicosane). This blend was therefareed SR1, and its adequacy to emulate
the evaporative behavior of the target heatingmdil be experimentally evaluated in the next

section.

Error (-)

% MNP

Figure 4.35. Relative errors calculated for eacratteristic time
along with the global error for evaporatic®,) for all the mixtures
studied.

A second surrogate mixture, named SR2, was designeatch the sooting behavior of heating
oil. In this case, the design property used to rhtds characteristic was the Yield Soot Index
(YSI), a parameter based on the soot concentratieasured in a doped flame. The literature
offers a quite complete YSI database for both ma@mpounds (Dagt al. (2018), Daset al.
(2017)) and real fuels (Dast al. (2017)), and therefore this parameter allowed tfoe

estimation of the sooting behaviors of both heatihgnd the eicosane-MNP mixtures.

The YSI target value for heating oil was basedhnendata by (Dast al.(2017)), where the YSI

of different jet and diesel fuels were exploreddfng a good correlation between the YSI and
the total aromatic content. A chemical analysishef heating oil sample provided a 26.24% by
volume of aromatics. Thus, after checking thatrthture of the aromatic compounds present in
heating oil is similar to those in jet and dies@l§ (i.e., similar single-ring/multiring aromatic
ratio), the correlation presented in (Detsal. (2017)) was used to yield a YSI of 124.9 for the

target heating oil. As for the binary mixtures, 8l of pure eicosane and MNP was found in
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(Daset al.(2017)) to be 14.1 and 471.2 respectively, whetieadollowing mixture rule could

be applied to estimate the YSI of their mixtures:

YSI .. = 2 Y, YSI, (4.38)
i

Being Y; the mass fraction of compoundand YS]| its YSI value as a pure fuel. Thus, the
application of Equation (4.38) was enough to esegmihe YSI of all the eicosane-MNP

mixtures. The blend which minimized the error witle target value was found to be MNP-24.
The ability of this mixture (named SR2) to emultte soot production characteristic of heating

oil will be evaluated through experiments at theFO& the next section.

The last surrogate designed in this work, SR3, eraated by matching a number of rather
simple physicochemical properties which are indiyecelated to the final behaviors (i.e.,
evaporation and sooting tendency). The design ptiepechosen to match both behaviors were:
YSI, C/H ratio, molecular weight (MW), liquid demgi(p,), and distillation curve (DC). The
first two properties, YSI and C/H ratio, displaylear connection with the propensity to form
soot, whereas the MW is closely linked to the diffe properties of the fuel (Doolest al.
(2012)). The liquid density, on the other hand,pldigs a relevant impact on the droplet
evaporation process (Liat al. (2013b)), and the distillation curve has been Videsed to
describe the vaporization behavior of multicompdrigals (e.g., see (Bruno and Huber (2010),
Bruno and Smith (2010))). Even if some of thesepprtes are not directly related to the final
droplet evaporation and sooting behaviors, theychrarly relevant for these processes. Thus,
by matching them, the resulting mixture SR3 cowddelapected to emulate the final behaviors

of the target heating oil.

The liquid density, molecular weight, YSI and C/tio of heating oil were obtained by means
of a physicochemical analysis of the fuel, whemdiffierent mixture rules were used to estimate
the value of these properties for the eicosane-MMRds. The heating oil distillation curve, on
the other hand, was experimentally extracted tHiaudistillation setup based on the Advanced
Distillation Curve (ADC) described in (Bruno (200®8runo and Huber (2010)). The prediction
of this curve for the binary mixtures was obtaitieebugh a batch distillation model, which was

developed and validated as detailed in Paper VI.

Similarly to the previous surrogates, the formwiatof SR3 relied on finding the binary mixture
that minimized the deviations between its predictehaviors and those experimentally
measured for the target heating oil. As severgbgnties were used for the SR3 formulation, the
relative error of each property was divided bynitaximum deviation so that all the resulting

normalized errors spanned from 0 to 1, and cowddetiore be compared in equal terms. The so
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obtained normalized errorsg)(are plotted in Figure 4.36 for each design priyperiong with
the global error &G00a), Calculated as the quadratic mean of the indalidu As it can be
noticed, the minimum ofg by Was located in MNP-39, and therefore this wasrdeteed to be

the SR3 composition.

25

Normalized error (-)

0 20 40 60 80 100
% MNP

Figure 4.36. Normalized global errors estimated dach design
property along with the global erroegn) for all the binary

mixtures.

4.3.2 Surrogate validation

At the end of the formulation phase, three diffésanmrogate mixtures were proposed in order to
emulate the evaporative behavior of heating oill(SRNP-49), its sooting characteristic (SR2:
MNP-24) or a set of physicochemical propertiesteglavith both (SR3: MNP-39). This section
addresses the experimental evaluation of theseuraxtby means of tests at the DCF, where
both behaviors will be extracted and compared tse¢hof the target heating oil. Since the
palette chosen for this work only consists of tvamnpounds, an additional objective of this
section is to explore the full range of eicosaneNixtures. This is thought to provide results
of general interest, since it produces detailech dat the isolated droplet evaporation and
sooting behaviors of pure and blended high-MW hgdrbons under conditions representative

of those occurring in real flames.

The vaporization curve of heating oil is comparethwhose of pure eicosane, MNP and five of
their mixtures in Figure 4.37.a. In this plot, s possible to observe that the MNP-45 blend
accurately replicates the heating oil curve, wheneeat MNP and eicosane display clearly
differentiated features. A more complete deschnptal the multicomponent characteristics
found for this set of binary mixtures was presentedSection 4.1.1.3. When it comes to

evaluate the degree of agreement between the shresgates and the target fuel, the extracted
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characteristic times can provide some insight tangjfy the deviations found for each case.
This information is shown in Figure 4.37.b, whdre global error for evaporatior.{) shows a
clear minimum precisely around the SR1 surrogatepasition. As SR1 was formulated in
order to match the evaporative behavior of headihghis close agreement would support the
efficacy of the proposed formulation method. On dkiger hand, SR2 is located clearly outside
of this optimal region, primarily due to the londecaused by the rich composition in eicosane.
This deviation for SR2 could be expected beforehasdSR2 was solely formulated to emulate
the soot propensity of heating oil. Finally, SR8alays an intermediate behavior between SR1
and SR2. Even if it is located outside the optiowhposition region, its errors are significantly
lower than those of SR2, and therefore it wouldashacloser evaporative behavior to the target

fuel.
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Figure 4.37. Experimental droplet vaporization esor heating oil and the tested mixtures (a)nglo
with the extracted characteristic time errors [b)b) the compositions of the three surrogatesmaaeked

with vertical lines.

The second behavior of interest (i.e., the propgmsiform soot) was also experimentally tested
for each fuel and mixture by means of the soot @Bbllustrated in Figure 3.6. As detailed in
Section 3.1, this probe retained the totality of #oot particles generated during the droplet
evaporation tests, producing as a result the ID&WArmpeter (go{de), used to quantify the soot
yielded by different fuels when exposed to the sammerimental conditions. As it was shown
in Figure 4.10, the IDSY showed a quite linear vébrawith the binary mixture mass fraction
(Y)), pointing to a lack of significant interactionstiveen the two surrogate components that
could affect the amount of soot produced by théated droplet’s fuel vapors. As the YSI also
depended linearly oM; (Equation 4.38), a quite good linear dependencybmalso observed
between the experimentally measured IDSY and tleeigted YSI (Figure 4.38). The IDSY
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obtained for the target heating oil (0.1220 + 0:0@%.{0r.e) Was located between that yielded
for MNP-19 (0.0990 * 0.0211:8{0we) and MNP-31 (0.1560 *+ 0.0268,g0re). Thus, the
mixture that would produce the same amount of ¢bah heating oil could be estimated
through a linear interpolation between these twentt$é. The resulting optimal mixture was
MNP-24, exactly the same composition as the prapdSR2. These results support the
formulation methodology used for this surrogatesdaion the YSI, as a good alternative to
design mixtures which can accurately emulate tlotirsg propensity behavior. The other two
surrogates, SR3 (MNP-39) and especially SR1 (MNR-d8played significant higher sooting
tendencies than heating oil, as demonstrated liyHiyher IDSY.

0.7
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Figure 4.38. IDSY experimentally obtained for dleteicosane-
MNP mixtures and for the target heating oil in terof their YSI
predicted values. The uncertainty bars indicate > (Standard

Deviation) of the experimental measurements.

The fact that SR1 and SR2 are able to respectiegyoduce the heating oil evaporation and
sooting behaviors in such an accurate manner isgtitoto support the aforementioned
formulation methodologies tested in this work. @e pther hand, the third surrogate mixture
showed an intermediate behavior between SR1 (winigtthed the evaporative characteristic)
and SR2 (which was able to reproduce the soot)yi&lde simplicity of the palette used, with

only two compounds, significantly reduced the &pilof the mixtures to simultaneously

replicate different complex behaviors. Howevers thiork is thought to serve as validation for
the proposed methods, which have demonstratedristitde valid and novel approaches to
design and evaluate surrogates for complex liquilsf based on the isolated single-droplet
configuration. Thus, they could be used in futurerks, either as stand-alone methods or in
combination with others, to formulate surrogategshwa higher number of compounds,

simultaneously replicating therefore a higher nundfe¢arget behaviors.
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5. Conclusions

5.1. Summary and concluding remarks

The isolated droplet configuration has been useath&macterize the main combustion behaviors
of a wide variety of liquids, both pure compoundsl aeal fuels of interest for heat and energy
generation. As revealed by a literature review,rémilts and behaviors extracted from droplet
combustion tests can be significantly affected bg particular setup design and by the
experimental conditions. Therefore, a careful sElacand characterization of these conditions
was required for ensuring their validity and insgrd&Namely, the tests were designed to simulate
the conditions occurring in real applications, withsupported and small droplets evolving
within a hot gaseous coflow. In addition to thesmditions being representative of those
occurring in real flames, proximity with the onevginsional combustion case was also sought,
in order to yield a configuration which would alldar a more simplified result analysis while
also easing modeling efforts. The consistent oecwwe of quite spherical soot shells and
chemiluminescent envelope flames proved that diepleleed vaporized under conditions close

to spherical symmetry, despite the fact that teste performed at normal gravity.

As a result, the experiments on real fuels areghbto yield useful data on fuels and blends of
interest for which these results are scarce iditlture. This experimental information might
be either used for comparative purposes among, faglsalidation data for droplet evaporation
and combustion models, or even as the fuel-specifiat data required for the simulation of

realistic spray flames.

Heating oil, used in these experiments as a referbaseline, was found to yield essentially the
same behaviors as those noted for its two blentdshiodiesel (B10 and B20) in all aspects but
soot generation, where a remarkable decrease wameth with biodiesel addition. These
results are thought to support the use of suchum@stas drop-in replacements for heating oil.
On the contrary, a Tire Pyrolysis Liquid (TPL) dbtd from the thermal decomposition of
waste tires displayed a slower conversion rate amadnsiderably higher propensity to form
soot. Nonetheless, the consistent onset of mictosim events which shattered the droplets in

secondary atomizations allowed for a significaduion in the droplet burnout times.

A subsequent work on different liquids obtainedvirthe co-pyrolysis of biomass (grape seeds,
GS) and two different polymers (waste tires and/gtgtene, WT and PS respectively), yielded
results remarkably akin to those noted for TPL,neifebiomass accounted for a 80% of the

original co-pyrolysis feedstock. This work assesshd impact of two relevant process
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parameters of the pyrolysis liquid production oa thoplet combustion behaviors. In particular,
the kind of polymer source (WT or PS) and the retfrthe catalyst used (Carmeuse limestone,
calcined dolomite or none) were studied. The polysweirce proved to have a bigger impact on
the final combustion features, with a more volabiéhavior and more efficient microexplosions
for the GS-PS oil. The introduction of a catalysthe oil production also led to a significant
improvement in the bio-oil combustion charactecsstiespecially when using the Carmeuse
catalyst. In light of these results, the aforenwred bio-oils could be considered as drop-in
fuels (either neat or blended) for combustion ayapibns where their sooty behavior and high

sulfur content would not be an obstacle.

Finally, a crude glycerol obtained as a by-prodafcbiodiesel production was tested both as
received (CG) and desalted (DG). The results poira remarkably slow conversion for these
fuels, in agreement with their physicochemical prtips and with the difficulties reported for

their combustion in burners. Interestingly, two rogxplosion typologies were found for these
glycerols. The abrupt and violent secondary atotitina recorded for CG were ascribed to its
high salt content, whereas the swelling and puférgnts noted for DG were thought to arise
from the homogeneous nucleation of the more velditjuid fractions within the droplet. The

blending of these glycerols with another industhgtproduct of relevance (GF*) showed a

noticeable acceleration of the evaporation procesgecially for the case of DG. Subsequent
tests in a semi-industrial furnace confirmed thipliovement, as the range of stable conditions
in the burner widened, with a better flame stapiind a reduction of CO emissions for the

glycerol-GF* mixtures.

A second pillar of the thesis consisted in the tmyment and validation of a droplet
evaporation model capable of accurately predictitdleaviors observed in the experiments,
including the multicomponent features of mixturés.this effect, a variety of pure compounds
from different chemical families were tested at tir®plet combustion facility. The close
agreement found between the model predictionstaméxperimental results for alcohols served
as validation for this model, although significagviations were noted for alkanes, with
divergences increasing with the molecular weighthef compound tested. These deviations
were ascribed to the thermal decomposition of tle¢ Yapors under the high-temperature and
reducing conditions present at the experiments. rBtevance of this phenomenon for real
combustion applications motivated the developméiat movel analytical model that introduced
these gas-phase endothermic pyrolysis reactionthdoproblem of an isolated vaporizing
droplet. This model was developed in collaboratigth the University of California San Diego,
and was based on activation-energy asymptoticaufr the combination of experimental data

on droplet evaporation and the analytical modeimesantrinsic kinetic parameters of these
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pyrolysis reactions could be extracted. Namely, giiolysis temperature was identified as a
useful replacement at leading order for the unkndwnenius parameters, and its value was
estimated for different alkanes. Even if more exkpental data is still required for validating

the accuracy of the extracted kinetic paramethrs work is thought to be of clear relevance to
the field, as it develops for the first time an Igtieal description which takes into account the

impact of these reactions on the vaporizing cherestics of hydrocarbon liquid droplets.

To conclude, the combination of experiments andetvegporation model also allowed for the
introduction of the isolated droplet configuratiom the surrogate formulation and validation
processes. A preliminary work on this topic wadqrened on heating oil, with binary mixtures
of eicosane and methylnaphthalene attempting tehmg vaporization and sooting behaviors.
To that end, three surrogates were designed thrdiftgrent methods. SR1 was formulated
with the aim of emulating the evaporation featuréghe target heating oil, making use of the
multicomponent droplet evaporation model as predictool. On the other hand, SR2 was
designed to match its sooting propensity, using ¥l& as predictive instrument. The third
surrogate was created through an approach widedd us the literature, entailing the
simultaneous emulation of a number of physicochahpcoperties relevant for both behaviors
(i.e., molecular weight, liquid density, YSI, C/Htio and distillation curve). The subsequent
validation by means of droplet evaporation testgeated a very accurate emulation of the
vaporization and sooting results of heating 0il3i1 and SR2 respectively. These results not
only provided surrogate mixtures able to substitite chemically complex heating oil in
computational studies, but are also thought to srpthe efficacy of the aforementioned

methods for developing novel surrogates based@isttated droplet configuration.

5.2. Future work

From the experimental side, the strong dependeihsenae critical behaviors (microexplosions,

pyrolysis reactions, radiative heating, etc.) oa &xperimental conditions used in the droplet
evaporation and combustion tests is thought toiredurther investigation to fully understand

the differences observed among works in the liteeatTo that effect, controlled comparisons
varying key variables (gas temperature, dropldtaingsize, etc.) and even the kind of facility

(drop tube vs. suspended droplet facility) couldph® gain insight into these apparently

conflicting results.

As already introduced, the further developmenthaf tiroplet vaporization model with gas-
phase pyrolysis also requires additional experisienamely by testing alkanes at different

levels of ambient temperature. This would allowdamore accurate estimation of the extracted
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pyrolysis temperatures, as well as for a more cetaplalidation of the model. Additionally, the
extension of this model to address multicomponases would certainly be of great interest to

the field, since the vast majority of real fuelsisist in hydrocarbon mixtures.

Also in the modeling side, the development of deboptombustion models that include
microexplosion phenomena would be required in orgerfully understand this complex

behavior featured in the experiments. A model whicmsiders the potential homogeneous
nucleation of vapors within the liquid phase coloéda first step towards this goal, which would
be helpful for the interpretation of experimentatal A clear example of this is the completely
different modes of microexplosions experimentalygerved for both kinds of crude glycerols.
Additionally, and in connection with the previoustliscussed differences among droplet
combustion setups, the modeling of a case wherelitfued phase is in contact with a

suspending filament (and therefore with heterogeseaucleation sites) could also provide

insight into the aforementioned different microegibn behaviors reported in the literature.

The experimental and modeling tools developed atbaghesis could also be applied to a wide
variety of liquid fuels that pose difficulties fémeir combustion. Most of these difficult-to-burn
fuels consist in low quality fuels such as the adiye explored crude glycerol, where their
challenging combustion properties can hinder resilorization and, depending on the fuel
origin, production of renewable energy. A wide eayiof these kind of fuels (heavy oil from
refineries, process by-products, alternative bisfuestc.) could benefit from detailed

characterization methods such as those propogadiwork.

Finally, the further development of the surrogageign and validation methodologies is thought
to be an interesting field of study where severgdrovements and novel developments could be
undertaken. The more obvious one is the extendidimeomethod used in Paper VI to a greater
number of palette compounds in order to simultasklomatch several complex behaviors. The
surrogates developed through these isolated dropldtguration methodologies could also be
compared with other surrogates of the literatuitbee in droplet combustion tests or even in a
configuration closer to the final application (e.g. spray flame). The clear relation found
between the IDSY and the YSI also points to themtidl modeling of the former index, which
is thought to present a clear interest becauds pfdximity to the soot formation regime in real
flames. The development and further validation afrelations between this index and other
well-known soot indicators could also be compleradntith the proposal of empirical mixture
rules, which would allow to directly using the IDS¥ a soot predictive tool in the surrogate

formulation phase.
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Al: Impact factors and thematic units of the Journals

Editorial Impact  Thematic unit’

Journal x

factor
Combustion and Elame Elsevier 4.57 Chemical Engineering
Fuel Processing Technology Elsevier 4.98 Chemiogirieering
Experlmental Thermal and Fluid Elsevier 3.44 Physics, Fluids &
Science Plasmas
Energy & Fuels ACS 3.42 Chemical Engineering

*JCR (2019), extracted from Web of Science.

83



A2: Contribution of the doctoral candidate in each paper

Paper 1. Muelas, A., Remacha, P., Ballester, J. (2019). Eombustion and Sooting
Characteristics of UCO Biodiesel, Heating Oil andeir Mixtures under Realistic
Conditions. Combustion and Flame, 203, 190-203.
DOI:10.1016/j.combustflame.2019.02.014.

The contribution of the candidate A. Muelas in tfitst paper included an initial literature
review aimed to determine the current state oftt@f droplet combustion experiments, with a
special focus on results obtained in previous wddtsheating oil and biodiesel. He also
actively collaborated in designing the approacthefstudy and in conducting the experimental
tests at the droplet combustion facility. After lgaang the results, the candidate was in charge
of preparing the first draft and actively partidigé in elaborating the final version of the paper

as well as in the preparation of the rebuttalsHerjournal referees.

Paper Il. Muelas, A., Callén, M. S., Murillo, R., Ballestdr,(2019). Production and Droplet
Combustion Characteristics of Waste Tire Pyrol\@ik Fuel Processing Technology,
196, 106149. DOI:10.1016/j.fuproc.2019.106149.

This second paper was developed in collaboratioth whe Grupo de Investigaciones
Ambientalesfrom ICB-CSIC, which produced the TPL sample thaaswexperimentally
characterized at the DCF. The candidate undertoekdtoplet combustion tests, as well as a
specific literature review to gain insight into pieus droplet combustion experiments on
different pyrolysis oils. He also took an activéerm the results analysis, preparing a first draft
of the paper, and elaborating with the other caarstithe final version of the paper, as well as

the subsequent rebuttals.

Paper 111. Muelas, A., Aranda, D., Callén, M. S., Murillo, Reses, A., Asrardel, M., Ballester,
J. (2020). Properties and combustion characterssti€ bio-oils from catalytic co-pyrolysis
of grape seeds, polystyrene and waste tires. Endrgiyuels 34(11), 14190-14203.
DOI:10.1021/acs.energyfuels.0c02257.

This paper was also developed in collaboration WithGrupo de Investigaciones Ambientales
from ICB-CSIC. In this case, a broader study wagisgel in comparison with Paper Il, as

different bio-oil samples were characterized ineortb ascertain the effect of modifying some
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key parameters in the bio-oil production procedsusl a closer collaboration between both
research groups was required. The candidate toakctare part in the different meetings where
the approach of this study was designed. He als® iwecharge of conducting the droplet

combustion tests, with the collaboration of D. Atarand M. Asrardel. The results analysis and
the elaboration of the paper was done as a joink Wwetween both research groups, with ICB-
CSIC focusing on the sections detailing the bis-oproduction and physicochemical

characterization and LIFTEC dealing with the droptembustion results. The candidate
undertook an active role in the elaboration of ldteer kind of sections. This role included the
preparation of a first draft, the collaborationviriting the final version and also the elaboration
of the rebuttals for the journal referees (in cammton with ICB-CSIC and the other

coauthors).

Paper 1V. Muelas, A., Remacha, P., Pina, A., Barroso, J.ri8obA., Aranda, D., Bayarri, N.,
Estévez, C., Ballester, J. (2020). Combustion afd€rGlycerol and its Blends with
Acetals. Experimental Thermal and Fluid Science, 4,11 110076.
DOI:10.1016/j.expthermflusci.2020.110076.

The development of this paper was framed in a reBeproject with the company Inkemia
IUCT Group. This project aimed to characterizedbmbustion behaviors of crude glycerol and
its blends with other by-products of relevance, elgnthrough two different scales: isolated
droplet experiments and tests in a semi-industnimlace. The candidate took an active part in
the former kind of experiments, as well as in &sults analysis and related literature review. He
also collaborated in writihng a communication to tHd™ Mediterranean Combustion
Symposium, which ultimately led to the publicatiminthis fourth journal paper after a revision
process. His contribution to the writing of the papras focused in the sections addressing the
droplet combustion tests, where he was in chargereparing the first draft and actively

participated in elaborating the final version, adlas in the preparation of the rebuttals.

Paper V. Muelas, A., Carpio J., Ballester, J., Sanchez Ailliams, F.A. (2020). Pyrolysis
Effects during High-Temperature Vaporization of akle Droplets. Combustion and
Flame, 217, 38-47. DOI:10.1016/j.combustflame.202@33.

The work that led to the publication of this papexrs developed during a 3 months research
visit of the candidate to the University of Califita San Diego (UCSD). As detailed in Section

4.2, significant deviations were consistently folbetween the predicted vaporization rates of
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alkanes and those experimentally measured at th, DBereas accurate agreements were
obtained for all the alcohols examined. During thesiod at UCSD, different hypothesis that
could explain these results were tested under upersision of Prof. Antonio Sanchez and,
finally, the thermal decomposition of the hydroecarbmolecules was ascribed as responsible for
these deviations. The theoretical development ®fatmalytical model detailed in this paper was
possible thanks to the expertise of Profs. Ant@dochez and Forman Williams. The candidate
took part in the model development, collaboratinghwthe model revision, testing and
implementation. When it comes to the writing of teper, the contribution of the candidate
primarily focused on the experimental sections)abarating also in the elaboration of the

rebuttals.

Paper V1. Muelas, A., Aranda, D., Ballester, J. (2019). Atietive Method for the Formulation
of Surrogate Liquid Fuels Based on Evaporative &ubting Behaviors. Energy &
Fuels, 33(6), 5719-5731. DOI:10.1021/acs.energgt@el00737.

The study that led to this publication was origindtamed in the Bachelor Thesis of D.
Aranda, where the Ph.D. candidate figured as cessigor. During an initial phase, the
candidate undertook a thorough literature reviewsorogates for liquid fuels, with a special
focus on the works using the isolated droplet gumfition for either the formulation or
validation processes. He also took an active @don( with the other coauthors) in the design
of the study approach, in performing the experiraetgsts at the DCF and in the results
analysis that led to the elaboration of the Baah&lesis by D. Aranda. In a second phase, the
candidate applied some changes to the methodokgy, feplacement of a diffusion-limited
multicomponent droplet evaporation model by anaffe-diffusivity model, modification of
some design parameters, etc.). This reformulatfaihe study also included additional droplet

vaporization experiments, and led to the elabanaticthe sixth journal paper.
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A3: Experimental characterization of the DCF test

conditions

This addendum summarizes the methods used foratkazang the experimental conditions of
the gas phase at the DCF tests. As specified indBeg.1, the gas composition was monitored
through an online paramagnetic analyzer (Testo 350Fhe gas temperature and velocity

measurements are detailed in the following sections

A3.1. Gastemperature measurements

Gas temperature characterizations were performechdgns of a bare, butt-welded, fine wire
thermocouple of 5am in diameter (type S). This thermocouple was ht#ddo a support wire
of 500 um which was inserted into a 3 mm ceramic rod, aplayed in Figure A3.1.a. This
setup was hold by a 2-D positioner which allowespiicement in both radial directiorig @nd

R, noted in Figure A3.1l.a). The axial distance te thjection plane L) was varied by
displacing the movable frame illustrated in Fig@r&. The hot junction (i.e., the welding) was
positioned at the tip of the thermocouple (Figurg1Ab), so that the measuring location was
always well defined. Since the metallic wires cowdaly their length due to thermal expansion,
pictures of the thermocouple were obtained throGgmera 1 (Figure 3.1) in order to correct
these potential displacements for each probe posikigure A3.1.b is an example of such kind
of picture.

a) b)

Figure A3.1. Thermocouple measuring inside the @GmMbustion chamber (a). Picture (b) corresponds

to a detailed view of the thermocouple tip obtaitt@dugh Camera 1 (Figure 3.1).
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As already discussed, different coflow atmosphevese used along the course of the thesis.
The most common ones corresponded to the so-dalldd5 and 10% ©Oconditions, obtained
through the combustion at the McKenna flat-flamenleu of the gas flow rates summarized in
Table A3.1. It is worth to note that a small flow @5 NI/h of N, was supplied through the

injection orifice for all these conditions.

Table A3.1. Reactant flow rates fed to the McKebamer to yield the most

commonly used gas atmospheres at the DCF.

Gas condition Ocna (NI/h) dair (NI/h) Joz (NI/h)
0% O, 104 965 0
3% O, 104 1103 0
5% O, 104 1230 0
10% Q 104 1288 55

The gas temperature profiles corresponding to tlds®spheres were measured, both along
axial and radial directions. It is worth to noteatththe data directly provided by the
thermocouple corresponds to the temperature obalid wire Ts, (and more specifically, the
temperature at the welding), which could differnfrahe gas temperaturdy{). Since the
objective is to measurgy,, some considerations had to be taken into acctumbrrectly
estimate it. As detailed in (Shaddix (1999)), teenperature of the gas can be estimated by
considering the main heat transport mechanismept&s the thermocouple-gas configuration:
conduction, convection and radiation. Thermal catidn along the wire could be minimized
by using a sufficiently long and thin thermocouplige. For the case depicted in Figure A3.1,
the ratio of the thermocouple length to its diametas around 300, so that the potential
conduction of heat from the junction towards theoleo 500 um support wires could be
neglected (Shaddix (1999)). Thus, under a steadg sbndition, the heat balance of the system

simplifies to:

k
Nud_l (Tgas - Tsol) — & U(Ts4ol - Tvg) =0 (A3.1)
s0

Being dso the diameter of the wire at the junction7b um), & the emissivity of the
thermocouple material (assumed to be 0.2), arttie Stefan-Boltzmann constant. The wall
temperature T,) was assumed to be 600 K, and the thermal condtyctf the gas k) was
estimated as that of air. A critical issue whenlgpg (A3.1) is the selection of the Nusselt

number correlation. For the low Reynolds numbees@nt in our configuration, the correlation
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proposed in (Andrewst al. (1972)) for a flow over a cylinder was used (vdbd 0.02 <Re<
20):

Nu = 0.34 + 0.65 Re%*> (A3.2)

The numerical solving of Equation (A3.1) providée tactual gas temperaturdg.) from the
wire temperaturesT{,) recorded by the thermocouple. Since thermal tiias a heat loss
mechanism for the solid wire, it is worth to ndtattthe estimated gas temperatures were higher
than the temperatures provided by the thermocouyleéhe following results are presented in

terms of the corrected gas temperature.

The axial temperature profiles recorded along #mearline for the coflow conditions of Table
A3.1 are displayed in Figure A3.2, both for theioegof greater interest for typical droplet
combustion testsL(< 50 mm) and for the whole length of the combustbamber I < 300
mm). As it can be noticed, all conditions shareahrupt increase in the axial gas temperature
during the first 10 mm, due to the transition frahe cold injection orifice to the hot
combustion products. The heat losses across th#zdquae justify the drop iy, found for
increasing values of, being the shorter gas residence times for theexyich conditions

consistent with their lower temperature decreate ra

1800 T T T T 1800 '
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Figure A3.2. Axial temperature profiles recordedng the DCF centerline for the coflow conditions

summarized in Table A3.1.

Besides axial measurements along the combustiomhmya centerline, radial profiles of
temperature were also obtained in order to chaiaetéhe homogeneity of the flow across the
cross section. These results are presented ind=i§8r3 for the case of the 0% and 10% O
conditions. Both cases clearly show a cold regtathe centerR=0 mm) ascribed to the effect

of the injection orifice. Thermal gradients in tluentral region are progressively smoothed as
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the axial distance to the injection plane increasledcoming the radial profiles quite

homogeneous fdr>25 mm.
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Figure A3.3. Radial temperature profiles

conditions (0 and 10%
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A3.2. Gasvelocity measurements

The determination of the gaseous coflow velocity wassible thanks to Dr. Antonio Lozano,
who actively helped in this task, from the desigl anstallation phase of the PIV (Particle
Image Velocimetry) setup, to the data acquisitiod @rocessing part. This section aims to
summarize the PIV measurements that were carrie@taine DCF for two coflow conditions
displayed in Table A3.1 (0 and 10%)O

The PIV equipment was kindly provided by Dr. Antmhiozano, and consisted of:

- Double-pulsed Nd:YAG laser (PILS, Quanta Systemd)e to generate pulses of 6 ns
with a nominal maximum energy of 250 mJ (532 nm).

- Digital Delay and Pulse Generator DG 535 (Stahf@esearch Systems), with 4 delay
channels and 2 pulse channels.

- CCD Camera Hamamatsu Orca-ER C4742-95-12 fitt¢th telemicroscope Navitar
7000. This optical setup provided a field of viefaapproximately 20x27 mfn

- Interference bandpass filter Corion P-10-532-83with 10 nm FWHM.

- Alumina particles of 0.3m in nominal diameter. For its seeding, a smaltdflow of 2
NI/h was used as carrier gas, and introduced icdh@ustion chamber through the droplet

injection orifice.

The laser and pulse generator can be clearly obderv Figure A3.4.a, whereas a picture

illustrating the optical setup used for the PIV swaments is shown in Figure A3.4.b.

Figure A3.4. Pictures showing the PIV setup inethlhext to the DCF (a), and a detailed view of the
optical system (b).

The laser pulse was diverged into a vertical pldimeugh a combination of spherical and
cylindrical lenses, focalizing the plane at the bastion chamber centerline. The camera was
located perpendicularly to this illumination plangacing the interference bandpass filter
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(centered at 532 nm) in front of the Navitar leBamera and laser were synchronized through
the DG 535 delay and pulse generator. The systesnpn@grammed to obtain two sequential
pictures, delayed between 500 and 8%@lepending on the flow velocity. Series of 10Gaf
images were obtained for each camera positiongsponding to, approximately, a window of
20 mm in height). Since the region of interest Watermined to b&=0-100 mm, five camera
positions were explored, yielding a total of 50@rpaf images for each coflow condition.

The processing of these images was carried outrbyABtonio Lozano through the program
CCDPIV (Monash University), specifying a square a@aw of 32 pixels with an overlapping of
50%. It is noteworthy that a background image (tedufrom averaging 5 pictures) was
subtracted for each position prior to the estinmatd instantaneous velocities to minimize the
influence of a reflection of the laser sheet in¢benbustion chamber wall. Figure A3.5 shows a
vector map featuring the average velocity at eamhtdor both coflow conditions. To reduce
experimental noise, only the points which displayeore than 50 correlated pairs positively
validated (over the total of 100) were includedrigure A3.5.

20! 20}

st st
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3 Tid4
60 60
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100 100
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Figure A3.5. Vector map of gas velocities extractedboth coflow conditions (0 and 10%;,)OEach

map is composed by the superposition of 5 camesgiqus, each one depicted by one color.

As displayed in Figure A3.5, the total field of wiexplored was to 27x100 nincorresponding
each color to a given camera position (27x20%mifhe only region of this field of view with
enough correlated points was clearly=& mm-wide strip located aroung=0. SinceR=0
denotes the center of the injection orifice (whire alumina particles were introduced), these
results were somehow to be expected, as the fldoecitye appears to only display a downward

axial component.

Thus, after their injection in the combustion chamlthe alumina particles were not dispersed

but followed a straight path along the chambereanine. This clearly marks the trajectory and
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velocity of the gas flow which would surround theed-falling droplets, as in droplet
combustion tests they are also introduced throbghimjection orifice. For any given distance
to the injection planeL, it was possible to estimate a representativecitgl of this coflow
through averaging the velocity values found in 3h@m-wide strip centered aroufF=0. The
resulting axial profiles of velocity are preseniedFigure A3.6 for both oxygen conditions,
being these profiles introduced as an experimengalt to the simulations in Section 4.2
(namely, in order to calculate the Reynolds nuniietween the droplet and the coflow). In
Figure A3.6, it is worth to note that the gas flovas rapidly accelerated from very low
velocities close to the injection plane to a maximalue of around 0.65 m/s (0%)@r 0.85
m/s (10% Q). After that point, the flow velocity steadily gyped due to the gas temperature
decrease already discussed in Figure A3.2.

0% 0,

]

]

]
;
0 20 40 60 80 100 0 20 40 60 80 100
L (mm) L (mm)

Figure A3.6. Axial profiles of velocity along thermterline for both coflow conditions (0 and 10%).0

The velocity value for eadh was obtained as the median calculated from alptiets contained in the 3
mm-wide strip centered aroun®=0 in Figure A3.5. Each median value is accomparigdan
uncertainty bar representing = SD (Standard Deoiigti
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A4: Methods for the estimation of thermophysical and

transport properties

The droplet evaporation model described in SecBdh required estimating a number of
thermophysical and transport properties for botte mompounds and mixtures. This addendum

details the methods and sources used for the aéitmulof each of those properties.

A4.1. Properties of liquids

A4.1.1. Density.

The liquid density 4;) of pure compounds was extracted from (NIST (2p2@)d (Perry and
Green (2008)). As for the estimation of the of mixtures, the following mixture rule was
applied (Polinget al.(2001)):

1
Y:
2?21 l/ P

Pimix =

(A4.1)

BeingY; the mass fraction of compouind

A4.1.2. Specific heat

The specific heat of pure liquids)(evas extracted from (NIST (2020)) and (Perry arnde@

(2008)). The calculation of the af mixtures was done through the following expi@ss
N

Cume = ) (Y 1) (A4.2)
i=1

A4.1.3. Latent heat of vaporization

The latent heat of vaporization of pure liquitlg) fvas extracted from (NIST (2020)) and (Perry
and Green (2008)). The calculation of the of mixtures was done through the following

expression:

N
Lymix = ) (€1 Lu) (A4.3)
i=1

Beinge; = Y;/(XV, Y;), the mass fraction of compoundver the total fuel in the vapor phase.
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A4.1.4. Viscosity

The viscosity of pure liquids was obtained from $NMI(2020)) and (Perry and Green (2008)).
The mixture rule of Grunberg and Nissan (Poletgal. (2001)), widely used in the literature,
was used for estimating the viscosity of liquid tanes. Since the blends tested in this work
always corresponded to mixtures of chemically simdompounds, the interaction factor was
neglected, resulting in the expression:

Wi = i1 (XiIn (1) (A4.4)

With X; being the molar fraction of compound

A4.1.5. Thermal conductivity

The thermal conductivity of pure liquidk)(was extracted from (Perry and Green (2008)) and
(Yaws (1995)). For binary mixtures, the Filippoweatijon recommended in (Perry and Green
(2008)) was used:

kl'mix = Ylkl,l + szl,z - 0.72 Y1Y2|kl'2 - kl'1| (A45)

On the other hand, for mixtures of more than twongounds, (Perry and Green (2008))

recommends using the Li method:

N N
K =Zz 2kt (A4.6)
L mix ]kll+ kl} .

=1=

Xi/pui
Where¢i = m

A4.1.6. Mass diffusion coefficient

The binary liquid diffusion coefficients at infieitdilution D%g) were estimated through the
Wilke-Chang method (Polingt al.(2001)):

7410712 Jo MW T

Up Vf;) .

DY, = (A4.7)

Being ¢ the association factog the viscosity of the solvent (B) amg the molecular volume
of the solute (A). From the calculated valueD8fs, the Sanchez-Clifton formula was used to

estimate the mass diffusion coefficiebt). As detailed in (Polingt al.(2001)):
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D;=(DRaXs+ D Xp)(1—m+ma) (A4.8)

Beinga a thermodynamic correction factor (dependent eretttivity coefficient and the molar
fraction), andn a parameter specific for the explored mixture itAs common in the literature
(e.g., see (Sazhiet al.(2010))), a thermodynamically ideal mixtuke € 1) was assumed, and

therefore the value ofi was not required.

It is worth to note that the Sanchez-Clifton formis only applicable to binary mixtures. The
estimation ofD, for liquid blends with more species becomes mudntentumbersome, with
very complex and detailed methods requiring a wialege of chemical parameters of the
mixture. As a compromise between accuracy and giityplthe Wilke-Chang approximation

proposed in (Sazhiet al.(2014)) was employed for such cases:

7410715 /MW, T
D, = 0.6
w

mix

(A4.9)

A4.2. Properties of gases

A4.2.1. Density.
As the model assumes ideal gas, the vapor dersitpe readily calculated through:

P MW i

Pmix = —= (A4.10)

A4.2.2. Specific heat at constant pressure

The specific heat at constant pressurg) (©f pure gases and vapors were extracted from
(McBride (1993)) and (Perry and Green (2008)). Takeulation of ther,, of mixtures was done

through the following expression:
N
Cpmix = Z(Yl Cp,i) (A4.11)
i=1

A4.2.3. Viscosity

The dynamic viscosityu) of pure gases and vapors was obtained from (MeB{1993)) and
(Perry and Green (2008)). As for estimating theasity of mixtures, the Wilke rule (Kest al.
(2005), Polinget al.(2001)) was applied:
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l I’l'l
e = Z ST (A4.12)

Being:
-05 0.5 0.25\
1 MW; ; MW;
dj=—(1+—+ 14 (B (—’) (A4.13)
V8 MW; K MWw;

A4.2.4. Thermal conductivity

The thermal conductivityk() of pure gases and vapors was estimated throwgkirietic theory

of gases, namely by following the method detailad(Kee et al. (2005)). The different
parameters involved in these calculations (Lendaries potential well depth, Lennard-Jones
collision diameter, dipole moment, rotational relian collision number, etc.) were obtained
from different sources depending on availabilityniversity of California San Diego (2020)),
(Poling et al. (2001)), and (Keeet al. (1999)). For some heavy molecules, these kind of
transport parameters could not be obtained in thkography. In such cases, the empirical
relations proposed in (Kest al. (2005)) were employed to estimate them basedropler and

well-known physical properties (i.e., critical ppand boiling temperature).

As for the estimation of the thermal conductivity lmends, the mixture average formula

recommended in (Keet al.(2005)) was used:
1
kmix = ZX k; + N T X/ ki (A4.14)

A4.2.5 Mass diffusion coefficient

The binary mass diffusion coefficientSg} for any pair fuel-gas (e.g., fuel;Nfuel-CG,, fuel-
H,0, etc.) were estimated through the kinetic themfrgases detailed in (Keet al. (2005)).
Analogously to the gas thermal conductivity, theapaeters required for this calculation were
obtained from different sources depending on aldiite: (University of California San Diego
(2020)), (Polinget al. (2001)), and (Keest al. (1999)). For the cases where no specific data
could be found, the empirical relations proposedKae et al. (2005)) were used to estimate

them from simpler physical properties.
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For the case of multicomponent gas mixtures, timebooation of the different binary diffusion

coefficients Dy;) through the Wilke approximation recommended imiffanks and Wilke

(1950)) provided the final mass diffusion coeffiui€D):

1-X;

D=—_"T

X
X l/Dﬂ (A4.15)
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