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Resumen 

A pesar de su indudable importancia como fuente de energía, es bien conocido que los procesos 

de combustión pueden llevar aparejados serios inconvenientes, como la emisión de 

contaminantes o el agotamiento de recursos. Con el objetivo de reducir al máximo su impacto 

en el medio ambiente y en la salud humana, la industria de la combustión se halla inmersa en un 

proceso de evolución continua, donde una serie de desarrollos y medidas complementarias se 

están llevando a cabo. Claros ejemplos de ello son la reducción gradual de los niveles de 

emisión de contaminantes mediante la optimización de los procesos de combustión, o el 

reemplazo de los tradicionales combustibles fósiles por combustibles más respetuosos con el 

medio ambiente. Es indudable que ambos enfoques requieren de un profundo conocimiento de 

los procesos de combustión. Por tanto, para implementar este tipo de estrategias con éxito, se 

hace necesaria una precisa caracterización de los complejos comportamientos que típicamente 

se encuentran en las aplicaciones de combustión. 

Una revisión bibliográfica reveló claros retrasos en el desarrollo de este tipo de estrategias para 

combustibles líquidos destinados a la generación de calor y energía en comparación con el 

carbón, gas natural o incluso combustibles líquidos destinados al transporte. Este diagnóstico 

fue la principal motivación para comenzar esta tesis, cuyo principal objetivo es el desarrollo de 

metodologías experimentales y de modelaje que permitan caracterizar el comportamiento de 

combustibles líquidos bajo condiciones representativas de su uso real. Aunque estas 

metodologías podrían en principio aplicarse a cualquier combustible líquido, en esta tesis se ha 

hecho especial hincapié en los combustibles líquidos destinados a la generación de calor y 

energía. 

Para este objetivo, se ha elegido como idónea la configuración de gota aislada. Una de sus 

principales ventajas es su simplicidad, que permite un buen control de todos los parámetros 

relevantes para el proceso, de forma que los resultados obtenidos pueden ser intrínsecamente 

atribuidos al combustible ensayado. Una instalación de combustión de gotas denominada DCF 

(Droplet Combustion Facility) fue desarrollada con el objetivo de caracterizar 

experimentalmente diferentes combustibles líquidos de interés. Las condiciones experimentales 

utilizadas en la DCF (tamaños de gota, composición del gas, temperatura, etc.) se diseñaron para 

ser similares al rango de condiciones que habitualmente se pueden encontrar en llamas reales, 

tratando además de minimizar la convección, tanto natural como forzada. Esto permitió 

conseguir una configuración cercana a 1-D en los alrededores de la gota, facilitando 

significativamente la comparación entre los experimentos y los modelos teóricos. 
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En cuanto a los combustibles líquidos caracterizados, distintas revisiones bibliográficas 

revelaron claras oportunidades de estudio, como la glicerina cruda (subproducto de la 

producción de biodiesel) o distintos aceites de pirólisis, entre otros. La valorización energética 

de la glicerina cruda se considera una solución viable para abordar el importante problema 

ambiental causado por el gran exceso de este subproducto. Sin embargo, es bien conocido que 

sus propiedades causan dificultades a la hora de valorizarla en calderas y quemadores. Una 

caracterización detallada de las propiedades de combustión de este combustible en la instalación 

DCF revelaron bajas tasas de evaporación, así como la aparición de microexplosiones, tanto 

para la glicerina cruda original (GC), como para la muestra sometida a un proceso de 

desalinización (GD). Es interesante señalar que la tipología de estas microexplosiones difirió 

entre GC y GD, reforzando la hipótesis de que el contenido en sales puede jugar un papel 

relevante en el mecanismo de aparición de este fenómeno. 

También se ha abordado la caracterización de distintos aceites de pirólisis producidos a partir de 

residuos tales como neumáticos usados, poliestireno y biomasa. Los graves problemas 

ambientales causados por algunos de estos desechos hacen de la pirólisis una alternativa 

atractiva y realista para eliminarlos, convirtiéndolos en productos con valor añadido. De entre 

estos productos, la fracción líquida es de especial interés para su combustión en calderas y 

quemadores destinados a la generación de calor y energía. Por consiguiente, una serie de aceites 

de pirólisis producidos a partir de diferentes materias primas y mediante varios catalizadores se 

caracterizó experimentalmente en la instalación DCF, generando información acerca de los 

comportamientos de combustión de estos aceites. Análogamente, otros combustibles y mezclas 

de combustibles, como biodiesel, gasóleo de calefacción o bio-butanol fueron ensayados, 

generando una base de datos con las características de combustión de una amplia variedad de 

combustibles de interés. 

Además de combustibles reales, varios líquidos puros de distintas familias químicas fueron 

caracterizados experimentalmente en la DCF. Los datos obtenidos en estos ensayos sirvieron 

para validar el modelo de evaporación de gotas desarrollado, basado en la teoría clásica. Este 

modelo fue capaz de conseguir un buen acuerdo con los experimentos para los compuestos de la 

familia de los alcoholes pero, inesperadamente, sobreestimaba las tasas de evaporación de todos 

los alcanos evaluados. Estas divergencias fueron atribuidas a la descomposición endotérmica de 

vapores de combustible cerca de la superficie de la gota, ya que las altas temperaturas presentes 

en los experimentos pueden favorecer la pirólisis del los vapores de hidrocarburos, 

especialmente de aquellos con largas cadenas de carbono. La aparición de partículas de hollín 

en los alrededores de la gota parece respaldar esta hipótesis. Como resultado de estas 

observaciones, se desarrolló un nuevo modelo analítico que introduce estas reacciones de 
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pirólisis en fase gas al problema de una gota aislada evaporando en un ambiente infinito. Este 

modelo se basó en un estudio asintótico, y se considera de clara relevancia para el campo de la 

combustión, ya que aborda un fenómeno poco estudiado que, sin embargo, es de claro interés 

para aplicaciones reales. 

Finalmente, un trabajo que combina los métodos experimental y de modelaje anteriormente 

descritos se desarrolló con el objetivo de formular y validar distintos surrogates diseñados para 

emular las características evaporativas y de producción de hollín de un combustible 

químicamente complejo, como es el gasóleo de calefacción. Este estudio puede considerarse 

como un trabajo exploratorio que pretende proponer nuevas metodologías que introduzcan la 

configuración de gota aislada al proceso de diseño de surrogates. Los resultados obtenidos 

respaldan el interés de esta línea de trabajo, que podría ser especialmente beneficiosa para el 

caso de combustibles líquidos que, en su aplicación real, presenten una combustión en fase gas 

sustentada por la evaporación de gotas dentro de la cámara de combustión. Es decir, para 

aplicaciones en las que el combustible líquido no se pre-evapora, como puede ser el diesel en 

MACI o el fuel-oil en calderas. Para este tipo de combustibles y aplicaciones, el uso de una 

configuración simplificada y, al mismo tiempo, realista como la configuración de gota aislada 

puede contribuir al diseño de surrogates que reproduzcan fielmente los comportamientos 

deseados, siendo este un paso fundamental para el diseño de estrategias de optimización que 

precisen de una completa descripción de la composición y propiedades del combustible, como 

habitualmente ocurre en la mayoría de métodos computacionales. 
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Abstract 

In spite of its undeniable importance as energy source, it is well known that combustion can 

entail significant drawbacks, such as pollutant emission or resource depletion. To mitigate its 

impact on both environment and human health, the combustion industry is immersed in a 

continuous evolution process, where a series of complementary measures and developments are 

being adopted and implemented. Examples of these are the gradual reduction of pollutant 

emission levels through the optimization of combustion processes or the replacement of 

conventional fossil fuels with novel, more environmentally-friendly fuels. Both approaches 

require a comprehensive knowledge of the combustion process, and therefore a key step towards 

their successful implementation is a precise characterization of the complex behaviors typically 

found in combustion applications. 

A literature review revealed a clear gap in the development of this kind of strategies for liquid 

fuels aimed to heat and stationary energy production in comparison with coal, natural gas or 

even liquid fuels for transportation. This diagnosis was the main motivation for starting this 

thesis, whose main objective is to develop experimental and modeling methodologies that allow 

the characterization of the complex behaviors of liquid fuels when burning under representative 

conditions. Although these methodologies might in principle be applied to any liquid fuel, a 

particular focus has been placed on liquid fuels for heat and stationary energy production. 

To this end, the isolated droplet configuration was chosen as a suitable canonical setup. Its 

simplicity allows for a good control of all the parameters relevant to the process, and therefore 

the obtained results can be attributable to the tested fuel under the well-known experimental 

conditions. A free-falling droplet apparatus, named droplet combustion facility (DCF) was 

developed in order to experimentally characterize different liquid fuels of interest. The 

experimental conditions applied at the DCF (droplet sizes, gas composition, temperature, etc.) 

were designed to be close to the range of conditions found in real flames, while also minimizing 

forced and natural convection. This enabled a configuration close to 1-D in the droplet vicinity, 

significantly easing the comparison with theoretical models. 

As for the liquid fuels tested, different literature reviews highlighted clear opportunities of 

study, such as that of crude glycerol, a by-product of biodiesel production, or pyrolysis oils, 

among others. The energetic valorization of crude glycerol could arise as a viable solution to 

tackle the environmental problem caused by its large surplus. However, its properties cause 

well-known difficulties in boilers and furnaces when using it as a fuel. A detailed 
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characterization of its combustion behaviors through DCF tests revealed low burning rates and 

the consistent occurrence of microexplosions for crude glycerol droplets, both as received (CG) 

and after a desalination process (DG). Interestingly, the microexplosion typology was found to 

differ between CG and DG, strengthening the hypothesis that alkali salts might play a 

significant role in these bursting events. 

This study has also addressed the characterization of pyrolysis oils produced from residues such 

as waste tires, polystyrene and biomass. The environmental concerns associated with the 

disposal of some of these wastes promote the pyrolysis process as a feasible and interesting 

alternative, since it transforms these residues into products with added value. Among these 

products, the liquid fraction is of particular interest for heat and stationary energy generation in 

boilers and furnaces. Thus, a series of pyrolysis liquids obtained from different feedstocks and 

with different catalysts were experimentally tested at the DCF, gaining insight into the 

combustion behaviors of these novel fuels. Similarly, other fuels and mixtures such as UCO 

biodiesel, heating oil or bio-butanol, were extensively tested, as to generate a complete database 

with the droplet combustion characteristics of a wide variety of fuels of interest to the field. 

Besides real fuels, a test matrix with pure compounds of different chemical families was also 

experimentally characterized at the DCF. The obtained data served to validate the developed 

droplet vaporization model, which was based on the classical theory. Unexpectedly, the model 

was able to achieve a good agreement with the experiments for pure alcohols, whereas it 

overestimated the evaporation rates of all the alkanes tested. This fact was ascribed to the 

endothermic decomposition of hydrocarbon vapors near the droplet surface, as the high 

temperatures present at the DCF tests favored the pyrolysis of the vaporized fuel. The onset of 

soot particles in the droplet vicinity supported this hypothesis. In the wake of these 

observations, a new analytical model was developed, aiming to introduce the gas-phase 

pyrolysis reactions to the well-known problem of an isolated evaporating droplet. This model 

was based on activation-energy asymptotics, and it is thought to be of clear relevance to the 

field, since it addresses a quite unstudied phenomenon that, however, is of clear interest for real 

application conditions. 

Finally, a work combining the aforementioned experimental and modeling methodologies was 

developed in order to formulate and validate different surrogates designed to emulate the 

vaporization and the sooting tendency of a chemically complex fuel such as heating oil. This 

study can be considered as an exploratory step aiming to propose new methodologies that 

introduce the isolated droplet configuration to the surrogate design environment. The obtained 

results seem to support the interest of this line of work, which could be particularly beneficial 
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for the case of liquid fuels whose gas-phase combustion in real applications is sustained by 

droplet evaporation inside the combustion chamber (i.e., non-prevaporized cases, such as diesel 

in compression-ignition engines, or fuel-oil in furnaces). For these fuels and applications, the 

use of a simplified yet realistic configuration such as the isolated droplet could contribute to the 

design of accurate surrogates, a fundamental step towards the design of optimization strategies 

that require a complete description of the fuel composition and properties, as it typically occurs 

in most computational tools. 
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General introduction 

Motivation 

It is widely accepted that the combustion of fossil fuels entails significant drawbacks, such as 

resource depletion, emission of pollutants harmful to the human health and to the environment, 

as  well as the release of greenhouse gases responsible for climate change. However, the 

importance of combustion as a technology able to meet the growing energy demands of 

humankind is undeniable. According to the International Energy Agency, more than 90% of the 

global primary energy supply in 2017 was based on either coal, oil, natural gas or biofuels (IEA 

(2019)). Therefore, even if other renewable technologies such as wind or solar are expected to 

grow their share, combustion is expected to remain the predominant energy source in the 

foreseeable future (Kijewska and Bluszcz (2016)).  

In this context, a fundamental goal of the combustion industry is to mitigate its impact on both 

environment and human health. For that purpose, different complementary approaches are being 

adopted. The first of these consists in the reduction of pollutant emission levels by optimizing 

combustion processes, whereas a second approach aims to gradually replace conventional fossil 

fuels with new, alternative fuels which display more environmentally friendly characteristics. A 

large fraction of these alternative fuels derives from biomass, and therefore their carbon 

footprint is substantially reduced in comparison to their equivalent fossil fuels.  

Both the optimization of combustion-related applications and the introduction of novel biofuels 

require a comprehensive knowledge of the process, being therefore the development of 

experimental and modeling strategies aiming to characterize the complex behaviors typically 

found  in these applications a key step towards their successful implementation. It is clear that 

these strategies have achieved a significant reduction of the negative effects of combustion in 

both human health and the environment during the last decades. Without pretending to be 

exhaustive, the increasingly restrictive emission regulations applied to internal combustion 

engines for transportation or the fact that in 2018 biofuels already accounted for 7.1% of all the 

energy used in transport in the European Union (Flach et al. (2019)) are proofs of the gradual 

improvements achieved during the last years. However, most of these developments have been 

applied to the transportation sector or, in the case of the stationary energy generation industry, 

to solid and gaseous fuels. There is currently a clear gap in the development of such strategies 

and improvements when it comes to liquid fuels for stationary energy production in boilers, 

furnaces or even gas turbines. Admittedly, this is partly due to the lower relevance of these 
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liquid fuels for energy production in comparison with natural gas or coal, although it is also a 

consequence of the lack of systematic methods for the generation of knowledge in the field. The 

deficiencies in the understanding of the complex and interconnected phenomena occurring in 

these systems significantly hamper the design of new technologies and combustion equipment 

adapted to novel fuels or new conditions. 

This diagnosis has been the main motivation for the research work wherein this thesis is framed. 

Therefore, the aim of the thesis is to develop experimental and modeling methodologies for 

characterizing the combustion behavior of liquid fuels when burning under representative 

conditions. Although the aforementioned methodologies could in principle be applied to a wide 

variety of liquid fuels, a particular focus will be placed on liquid fuels for heat and stationary 

energy generation, as it will be specified further on. 

 

Thematic unit outline 

When aiming to characterize the combustion behavior of a liquid fuel, different approaches can 

be followed. Probably the most extended one is to test the fuel at its final application, e.g., at 

boilers, furnaces or engines. For that purpose, a wide spectrum of facilities might be used, 

ranging from small experimental rigs to large industrial facilities. For the case of liquid fuels for 

stationary energy production, small-scale or semi-industrial facilities reproducing the main 

features of real applications have been used in a number of studies. Examples of such works are 

(Ballester and Dopazo (1994), Ballester et al. (1996)) for heavy oil and its emulsions with water 

at a semi-industrial furnace, or (Bohon et al. (2011)) for crude glycerol at a laboratory-scaled 

furnace. This approach has the advantage of providing information of clear interest and 

applicability for real combustion equipment, although it also entails the drawback that the 

obtained results depend not only on the fuel tested, but also on the experimental facility used. 

The geometrical complexity of real combustion rigs such as furnaces or boilers gives rise to a 

vast number of interrelated phenomena, many of them being non completely controllable during 

the experiment. This greatly hampers the interpretation of results, since a global effect observed 

in one of the measured parameters (e.g., a change in the flame stability) could be a result of a 

variety of causal factors, such as fuel properties, atomization quality, burner aerodynamics, etc.  

This dependence on the experimental facility limits the validity of the results, and it is not 

uncommon in the literature that different studies aiming to characterize the same effect yield 

dissimilar (and sometimes even contradictory) results. An example of this is the study of the 

NOx emission in residential boilers when adding biodiesel to conventional heating oil. Whereas 

some works display a decrease in NOx emission levels when using biodiesel (e.g., (Tashtoush et 
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al. (2003)), (Batey (2003)) or (Ghorbani et al. (2011))), others report an increase (e.g., (Kermes 

and Bělohradský (2013)) or (Ng and Gan (2010))). The differences in combustion equipment or 

in the test conditions used in those works can explain the dissimilar results, and significantly 

restrict the generalization of the results when aiming to explore new fuels or conditions. 

A completely different approach to characterize the combustion of liquid fuels is through the 

study of simplified configurations such as the isolated droplet setup, where a single fuel droplet 

evaporates and burns under fixed and well controlled conditions. The simplicity of this 

configuration allows for a precise knowledge of all the parameters affecting the process (gas 

temperature, composition, etc.) and therefore, the combustion characteristics obtained are solely 

attributable to the tested fuel under the well-known experimental conditions. The dependency of 

the results on the particular facility is eliminated, and this allows for comparative studies where 

the differences in the observed behaviors can be related to the particular experimental conditions 

or, if kept constant for different fuels, can be intrinsically attributable to the tested substances. 

Furthermore, if the droplet combustion rig is designed to reproduce the range of conditions 

found in real flames (in terms of droplet size, gas composition, temperature, etc.), the obtained 

results can also be comparable to those occurring in real applications. In this respect, the 

literature displays a wide variety of single droplet combustion setups, ranging from 1 mm sized 

droplets suspended in filaments and burning in air (Yang and Wu (2017)) to small droplets in 

the order of 60 µm free-falling within an inert hot gaseous coflow (Garcia-Perez et al. (2006)). 

Most of the studies are performed under normal gravity, although some of them aim to 

eliminate buoyancy effects by running tests under microgravity conditions achieved through 

free-falling apparatus (Xu and Avedisian (2015)), parabolic flights (Chauveau et al. (2011)) or 

even by performing the experiments at the International Space Station (Dietrich et al. (2014)).  

This wide variety in experimental setups and conditions provides complementary descriptions, 

although sometimes can also lead to some discrepancies. For that reason, as it will be detailed in 

the overview of Paper I, special care was taken when designing the experimental conditions of 

our single droplet tests, as to approximate them as much as possible to those existing in real 

flames while also minimizing other undesired effects such as forced convection. For that 

purpose, droplets of small size (approximately 150 µm in diameter) were chosen, free-falling 

within the combustion products of a flat-flame burner with temperature and compositions which 

aim to emulate typical flame conditions. The very small Reynolds numbers and the practically 

negligible natural convection effects occurring under that small-sized scale assured a 

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

with models. 

After acknowledging that spray combustion is far too complex to be used for a detailed 

characterization of liquid fuel combustion, the isolated droplet has been used by many authors 

as a canonical configuration for that purpose. Its simplicity greatly facilitates the interpretation 

of results and the comparison with models, and the fact that the isolated droplet configuration is 

nothing else but the fine-grid structure of sprays (Avedisian (2014)), favors the extrapolation of 

results to the conditions in the final application, where a complex spray comprising a large 

number of droplets is burned. This simplified configuration has been applied for a detailed 

characterization of both conventional and alternative liquid fuels, although a literature review 

reveals that a majority of these works target the experimental characterization of liquid fuels of 

interest for transportation (i.e., diesel, gasoline, biodiesel, kerosene, bio-alcohols, etc.), being 

the studies addressing fuels for heating and energy generation comparatively less common.  

Without aiming to be exhaustive, some of the works found in the literature addressing the 

experimental characterization of conventional and alternative fuels are summarized in this 

paragraph. Both Pan et al. (2009) and Li et al. (2011) studied the distinct characteristics of 

diesel and biodiesel when burning under well controlled conditions. Whereas the former 

employed 500 µm droplets suspended on very thin (7 µm) filaments and under microgravity 

conditions, the latter used free-falling droplets of around 250 µm and almost negligible forced 

convection conditions (Re<1). Both studies highlighted the higher burning rate of biodiesel and 

its lower propensity to generate soot when compared to conventional diesel. Another fuel type 

of clear interest for transportation engines is gasoline and its prospective blending with bio-

alcohols. Xu and Avedisian (2015) studied the single droplet combustion behaviors of gasoline 

and butanol under strictly controlled microgravity conditions, using droplets of  520-630 µm in 

diameter suspended on thin (14 µm) filaments. The results point to very similar burning rates 

between both fuels, but with substantial differences in the rest of the studied characteristics 

(soot formation, relative position of the droplet and the flame, etc.). Similar works using this 

same droplet combustion rig can be found for the study of an aviation kerosene such as Jet-A 

and two biofuels considered as a potential replacement for conventional jet fuels (Liu et al. 

(2013a)). In this case, in spite of the clear differences in compositional characteristics, with both 

biofuels showing a much richer composition in paraffins, practically all the studied behaviors 

were very similar, with the only exception of Jet-A forming significantly thicker soot clouds. 

These results supported the use of the mentioned biofuels as a partial replacement for 

conventional kerosene in aviation, as confirmed by actual turbine and flight tests where blends 
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of these biofuels were noted to yield essentially indistinguishable performance when compared 

to neat Jet-A (Rahmes et al. (2009)). 

When it comes to fuels for stationary energy generation, there are both alternative and 

conventional fuels which could undoubtedly benefit from these characterization methodologies, 

which until now have been rather focused on liquid fuels for transportation. The reference fossil 

fuel in this regard can be considered to be fuel-oil (FO), in its different grades: from FO #2 or 

heating oil for use in rather small-scale burners for domestic heating, to the high-viscosity FO 

#6 or heavy fuel oil for use in power generation and big-scale industrial heating. These 

applications offer the advantage of allowing a much greater variety of blending or even total 

replacement with novel alternative fuels, as furnace and boilers are typically less demanding 

than internal combustion engines or aircraft turbines when it comes to fuel properties. This 

broader flexibility is a great advantage for addressing challenging issues with great 

environmental impact, where the generation of waste-based fuels is sometimes the best option 

to tackle the problem.  

A clear example of this backdrop is the case of crude glycerol (CG), a major by-product of the 

biodiesel production whose large surplus, difficult management as waste, little economic value 

and lack of higher added value alternatives, point to its energetic valorization in boilers as a 

feasible solution to address this serious environmental problem (Bohon et al. (2011), Quispe et 

al. (2013), Thompson and He (2006)). CG displays major differences between its 

physicochemical properties and those of conventional fossil fuels (e.g., high viscosity, low 

calorific value, high water and mineral content, etc.), resulting in well-known difficulties when 

used as a fuel. A few studies such as Bohon et al. (2011), Queirós et al. (2013), and Steinmetz 

et al. (2013), have addressed the combustion of CG, either neat or blended with premium fuels 

at laboratory-scale furnaces, providing valuable information regarding the possibilities and 

limitations of this fuel when burning in a final application. However, as discussed above, this 

kind of studies is significantly restricted by the experimental setup used when it comes to 

extrapolating the results to other facilities or conditions, and therefore it would be most 

desirable to complement them with other approaches and methodologies which are able to 

extract general characteristics intrinsically linked to the fuel. For that purpose, the isolated 

droplet configuration can act as a useful benchmark, as it has proved for the case of liquid fuels 

for transportation.  

Besides crude glycerol, a wide variety of potential fuels for stationary energy production could 

benefit from this characterization methodology. Another clear opportunity of study comprises 

the different kinds of pyrolysis oils, whose development has drawn considerable scientific 
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attention during the last years (Brassard et al. (2017)). Pyrolysis is a thermochemical process 

where an organic feedstock is heated at temperatures between 350 °C and 700 °C under an inert 

environment, converting the raw material into gas, liquid and a carbonaceous solid or char. 

Normally, the feedstock is biomass-based, and therefore the obtained liquid (pyrolysis oil) can 

be considered a bio-oil. The conversion of the solid biomass to a liquid fuel significantly eases 

its transportation, increases its volumetric calorific content and also enables it to be 

conveniently used in existing equipment such as boilers or furnaces (Dhyani and Bhaskar 

(2018)). Furthermore, the biomass used as raw material for the pyrolysis process is often of 

residual nature (e.g., agricultural or forestry wastes), and thus the obtained bio-oils would be 

considered as second generation biofuels. This fact points out their clear advantages in terms of 

environmental impact, as the European Union recently approved the Directive (EU)2015/1513 

to transition from conventional crop or food-based biofuels to these second generation, or 

advanced biofuels (Woltjer et al. (2017)). These benefits have motivated the spread of multiple 

initiatives in Europe, with some of them reaching the commercial scale. An example of this is 

the Empyro plant in the Netherlands, commissioned in 2015, which converts 5000 kg/h of wood 

residues into pyrolysis oil and process steam through the fast pyrolysis technology (BTG-BTL 

(2020)). 

Nevertheless, bio-oil obtained from pyrolysis processes also displays some serious drawbacks 

when it comes to its use in combustion applications, most of them related with its oxygenated 

nature. This causes storage and transportation issues due to corrosion and aging reactions, poor 

miscibility with conventional hydrocarbons, high water content and low calorific value (Alvarez 

et al. (2019), Uzoejinwa et al. (2018)). An intense research is being carried out in order to 

improve the bio-oil characteristics through different technologies: hydrogenation, 

hydrodeoxygenation, catalytic cracking, catalytic pyrolysis or steam reforming, among others 

(Uzoejinwa et al. (2018)). Another strategy to obtain a high-grade liquid is to pyrolyze a blend 

of the biomass with another carbon-rich polymeric residue, such as plastics or waste tires. This 

co-pyrolysis technique benefits from the synergistic effects occurring during the joint 

pyrolyzation of these feedstocks, yielding a stable and deoxygenized oil with significantly 

improved properties (Abnisa and Daud (2014)). Furthermore, the co-pyrolysis technology 

allows for the valorization of residues like plastics and waste tires which pose serious 

environmental problems. Especially beneficial is the valorization of scrap tires, whose huge 

volume (estimated in around 1 billion units/year worldwide, Martínez et al. (2013)), challenging 

recovery or recycling (Sienkiewicz et al. (2017)), and the ban of their disposal in landfills due to 

the high risk of dangerous and extremely pollutant fires (Council Directive EU 1999/31/EC 

(1999)), points to their pyrolysis as a promising alternative to cope with this problem, while also 
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allowing for the production of a high-grade fuel (Martínez et al. (2013)). A number of recent 

studies aim to develop and improve this process, both by using only scrap tires as feedstock 

(Aylón et al. (2010)) or blended with biomass in a co-pyrolysis process (Sanahuja-Parejo et al. 

(2019)). These state-of-the-art experimental studies generate a variety of different pyrolysis 

liquids, whose combustion characteristics are a key aspect when evaluating the suitability of a 

certain process, since the final liquid is intended for a combustion application.  

As it was the case for crude glycerol, the use of the isolated droplet configuration appears to be 

a most appropriate technique for assessing these combustion characteristics, since it allows for 

the extraction of intrinsic behaviors for the tested fuel. This was the motivation for Papers II, III 

and IV, which (as it will be detailed further on) aimed to study the single droplet combustion 

characteristics of different pyrolysis oils and of crude glycerol, respectively. These two 

opportunities of study were considered to be of special pertinence and relevance to the field, 

although they are not the only ones which would benefit from a detailed experimental 

characterization by means of this simplified configuration. Another example is the case of 

heating oil and its blends with biodiesel. Although of a lower magnitude than diesel-biodiesel 

mixtures, several companies have recently started to supply heating oil-biodiesel blends, 

primarily intended for domestic use and with biodiesel additions typically up to 20% by volume. 

In addition to the aforementioned detailed characterization of the single droplet combustion 

experiments, this subject was complementarily addressed in Paper I, as it will be explained 

below. Similarly, the main droplet combustion features of a conventional kerosene such as Jet-A 

and its blends with different alcohols (ethanol and butanol) was found to be of interest for 

contributing to the lack of these data in the literature, which however has pointed to the 

potential of such blends in stationary engines for power generation (Mendez et al. (2012, 

2014)). The main findings of these studies were presented to various international conferences, 

as detailed in the Prologue. 

Due to the simplicity of the isolated droplet configuration and to its many applications in several 

fields of study (not limited to, but primarily in combustion science), the theoretical modeling of 

evaporating and burning droplets has been extensively studied since the 1950s with the pioneer 

works of Spalding (1950) and Godsave (1949). Starting with these early analytical 

developments, the field of the single droplet modeling has shown an intense activity over the 

last decades, investigating different aspects such as the enhancement of the droplet evaporation 

rates due to convection effects, the treatment of heat and mass transport within the liquid phase 

or the impact of thermal radiation on the liquid temperature evolution. These considerations 

have been addressed through different approaches, from analytical models such as those of 
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Spalding and Godsave to numerical simulations such as (Farouk and Dryer (2011)) or (Reutzsch 

et al. (2020)). Recent developments in modeling the heating and evaporation processes of fuel 

droplets were comprehensively reviewed by Sazhin (2006, 2017). In these review works, a 

myriad of models and submodels are examined, each of them addressing different phenomena 

that might occur in the evaporation or combustion process of a single droplet, and placing a 

special emphasis on the identification of unsolved problems. 

Before developing a model, it is useful to be aware of the range of conditions that are going to 

be applied in the simulations, since they significantly affect the phenomena that ought to be 

considered. In this sense, the model should be regarded as a complementary tool to the single 

droplet experiments described above. The combined use of experiments and theoretical models 

appears as a particularly suitable approach to progress towards the main objective of the thesis, 

which is the development of novel methodologies to characterize the combustion behavior of 

liquid fuels.  As previously stated, the experimental conditions were carefully selected and 

characterized in Paper I for the droplet combustion tests, and therefore the theoretical model 

should be able to take into account all the phenomena that might occur under such conditions. In 

particular, the small droplet sizes and low relative velocities between the droplet and the coflow 

minimize both forced and natural convection effects, assuring therefore a configuration close to 

1-D and greatly simplifying the model and the results interpretation. The use of droplets in the 

range of 150 µm also implies a negligible effect of thermal radiation on the evaporation 

behavior, both when the droplet is evaporating in a hot atmosphere (Long et al. (2015)) and for 

the case of a droplet burning at room temperature (Liu et al. (2016)). These considerations, as 

well as others which will be detailed further on, were used as the basis for designing a suitable 

droplet evaporation model. 

The droplet evaporation model finally implemented was based on that of Abramzon and 

Sirignano (1989), and thus on the standard theory of droplet vaporization with some additional 

features such as the possibility of simulating multicomponent fuels by following the discrete 

component approach presented by Maqua et al. (2008), Sazhin et al. (2010) and Sirignano 

(2010). Therefore, the model allowed for the simulation of blends by taking into account the so-

called Effective Thermal Conductivity and Effective Diffusivity for addressing respectively the 

heat and mass diffusion processes in the liquid phase. The validation of this model with the data 

obtained in the experimental tests yielded some unexpected results, as the model was able to 

achieve a good agreement with the experiments for different pure alcohols (ethanol, butanol, 

glycerol), whereas it consistently overestimated the evaporation rate of all the alkanes tested (n-

heptane, n-dodecane, n-hexadecane). A literature review revealed a lack of experimental 
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validation data for the evaporation of these compounds under similar conditions, which 

hindered the problem identification. Also, it should be noted that the high temperature 

conditions explored here are representative of those prevailing in real applications and, hence, it 

was rather surprising that they had not been covered by previous experimental studies. The 

appearance of soot particles in our alkane droplet vaporization tests suggested that the 

hydrocarbon vapors were undergoing endothermic thermal decomposition reactions which 

ultimately led to soot formation. This behavior is perfectly consistent with the known pyrolysis 

chemistry, as a hydrocarbon vapor exposed to a high temperature and inert environment favors 

thermal decomposition reactions. The fact that discrepancies between model and experiments 

increased with the molecular weight of the alkanes (in accordance with a higher soot yield for 

heavier paraffins) also supported this hypothesis.  

A collaboration with the University of California San Diego (framed in a predoctoral research 

visit) was focused on studying this issue which, to the best of our knowledge, has not been 

addressed so far in the extensive droplet evaporation literature. As a result, a new analytical 

model was developed, aiming to introduce these endothermic pyrolysis reactions to the problem 

of a single vaporizing droplet. This model was based on activation-energy asymptotics, and its 

description is included in the next Chapter as Paper V. By combining the experimental data and 

the analytical model, it was possible to extract kinetic parameters of these decomposition 

reactions, such as a characteristic pyrolysis temperature for each fuel. Due to the particularities 

of obtaining gas-phase kinetic data from the single droplet configuration, this pyrolysis 

temperature was identified in Paper V to be a useful replacement at leading order for the more 

common Arrhenius parameters. This work is thought to be of relevance to the field, since it 

addresses a rather unstudied phenomenon which is of clear interest for real applications 

condition. As detailed in (Sánchez et al. (2015)), in spray combustion an important fraction of 

liquid droplets burn in a group-combustion regime where the droplets do not feature individual 

diffusion flames, but are vaporizing within a low-oxygen and high-temperature atmosphere. 

Thus, the study of this gas-phase reactions and their impact on the vaporizing characteristics of 

different hydrocarbons is thought to contribute to the scarce data available for these phenomena 

(both from the experimental and theoretical modeling sides), presenting therefore a clear interest 

for many liquid fuel combustion applications. 

Finally, it is well known that most real fuels are chemically complex mixtures comprising 

hundreds or even thousands of different compounds. This is not only the case of conventional 

petroleum-derived fuels such as fuel oil or diesel, but also of alternative fuels such as tire 

pyrolysis liquids or jet biofuels. Even if it would be possible to perfectly identify all individual 
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compounds, the combustion modeling of such complex mixtures would be impractical and even 

unfeasible due to the lack of detailed information for all the constituents and huge computation 

costs (Kim and Violi (2018), Pitz and Mueller (2011)). This fact further complicates the 

development of the aforementioned strategies aiming to characterize the complex behaviors of 

liquid fuels. A well-known approach to tackle this problem is through the use of surrogates, i.e., 

mixtures comprising a small number of pure compounds whose characteristics emulate selected 

behaviors of a target fuel. After a proper formulation process followed by validation tests, a 

simple mixture of compounds of well-characterized properties (named surrogate) is proven to 

display certain behaviors close to those of the complex target fuel, allowing thus for its 

substitution by the surrogate in computational studies. The use of surrogates not only 

significantly eases the modeling of complex fuels (Farrell et al. (2007)), but also offers 

experimental advantages such as the creation of standardized fuels with fixed compositions. 

This enhances experimental reproducibility, as it is well known that the variability typically 

found in real fuels is a factor that complicates comparisons between experiments (Pitz and 

Mueller (2011)). An example of this effort to obtain standardized fuels is the recent 

development by the US Department of Energy of various sets of gasoline fuels, named Fuels for 

Advanced Combustion Engines (FACE), with clearly defined compositions and properties (e.g., 

see (Elwardany et al. (2016))). 

Most of the surrogate developments in combustion science have been so far related to the gas 

phase characteristics and, more specifically, to the emulation of gas phase kinetic phenomena 

such as the autoignition behavior or the laminar flame velocity (e.g., see (Dooley et al. (2012)) 

or (Naik et al. (2011))). The configurations typically used in this kind of works consist in a 

single-phase layout, where the liquid fuel is completely vaporized prior to its study (e.g., shock 

tubes, rapid compression machines, counterflow burners, etc.). In spite of the relevance of these 

gas-phase kinetic aspects, several authors have also noted the importance of physical behaviors 

such as the evaporation for applications where the liquid fuel is not completely vaporized before 

ignition, and therefore the combustion reactions are sustained by the phase change (Avedisian 

(2014), Chen et al. (2016), Liu et al. (2013b), Su and Chen (2015)). In addition to this, given the 

multicomponent nature of most real fuels, the liquid and vapor compositions are not fixed (as it 

happens for the case of a prevaporized fuel), but they would change along the liquid residence 

time in the combustion chamber, with a preferential vaporization of the light-end compounds 

near the spray injection. This has a significant impact on the combustion characteristics of the 

fuel that, however, cannot be predicted through the use of surrogates which only take into 

account chemical aspects (Su and Chen (2015)). Therefore, for designing surrogates that can 

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

volatility characteristic as a design property to match is highly desirable.  

In order to take into account this liquid-vapor phase change, it seems important to use a 

configuration that can provide conditions close to those existing in the final application. To this 

effect, the single droplet approach displays some advantages when compared to other setups 

commonly used to extract the vaporization behavior of multicomponent mixtures, such as the 

distillation curve. The very high vaporization rates typically found in combustion applications 

imply that the evaporation process of a droplet inside a real flame is far from the distillation 

scenario, where very low evaporation rates favors the diffusion of all the components within the 

liquid (ideally to the point where its composition is always kept spatially uniform). However, 

under real combustion conditions, the droplets are exposed to a huge heat input which causes a 

strong vaporization rate at the surface, quickly depleting the more volatile compounds in that 

zone. Typically, the slow liquid mass diffusion mechanism is not capable of supplying the 

different species at the required rate, and relevant compositional gradients appear near the 

surface (Makino and Law (1988)). Thus, if the surrogate should match the vaporization 

characteristics of a multicomponent fuel, using an application-oriented configuration such as the 

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

In fact, several works have recently used this approach for either designing or validating 

surrogates, with a special focus on targeting fuels for transportation such as diesel or gasoline. 

For instance, Liu et al. experimentally examined the droplet combustion characteristics of 

different surrogates which were previously designed to replicate certain gas phase combustion 

characteristics of commercial Jet A (Liu et al. (2013b)) and gasoline (Liu and Avedisian (2012), 

Liu et al. (2012)). For that purpose, they used an isolated droplet apparatus which promoted 

spherical symmetry, allowing for a completely one-dimensional configuration which greatly 

facilitated evaluating the surrogate fuel performance (Avedisian (2014)). Other works relied on 

multicomponent droplet evaporation models, such as those of Elwardany et al. (2013, 2016), 

which validated the ability of different surrogates in matching the evaporation characteristics of 

gasoline. The joint use of droplet evaporation experiments and models is thought to provide a 

powerful approach to the surrogate field, as it is shown by Chen et al. (2016), where the 

evaporation behavior estimated through a droplet evaporation model for a 4-component 

surrogate was compared with experimental results for a real kerosene. In this work, the 

surrogate aimed to emulate both chemical and physical aspects, being the evaporation 

characteristic included in the formulation process through an inverse distillation method. 
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As previously detailed, this thesis has focused on developing novel ways to characterize the 

main combustion behaviors of liquid fuels through the use of the single droplet environment. 

This resulted in six publications, being papers I to IV devoted to the experimental approach, 

whereas paper V focused on the modeling front. The last one, paper VI, combined both 

approaches to formulate and subsequently validate different surrogates aiming to match the 

evaporative and sooting characteristics of a conventional Spanish heating oil, which has been 

used as a reference fuel over the course of the thesis (its experimental characterization was 

extensively detailed in paper I). To this end, the multicomponent droplet evaporation model was 

used as a predictive tool which allowed estimating the behavior of a broad range of potential 

surrogate mixtures. The comparison of the predicted vaporization curves with that of heating oil 

(experimentally obtained), was the base for a surrogate design methodology designed to match 

this characteristic. A second behavior of interest for a fuel such as heating oil was the soot yield 

under the reducing and high-temperature environments typically found in boilers. The design 

property used to emulate this behavior was the Yield Soot Index or YSI, a well-known parameter 

based on the soot concentration measured in a doped flame. The literature offers a quite 

complete database for this index (Das et al. (2018), Das et al. (2017)), and therefore it was 

possible to estimate the sooting behaviors of both heating oil and the range of studied mixtures 

through this parameter. Two different surrogate blends based on these design methods were 

formulated, whereas a third one was created by following a more standard methodology (i.e., 

matching a number of relatively simple physicochemical properties related to the final complex 

behaviors). After this design process, the three surrogates were validated by means of single 

droplet tests, assessing the closeness of each surrogate to the experimental behaviors of the 

target heating oil. For this purpose, the vaporization curves and the amount of soot collected 

with a sampling probe were used for determining the behavior of each fuel under conditions 

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

The work summarized in paper VI has been a first step towards introducing the single droplet 

configuration to the surrogate design and validation environment. If it is experimentally verified 

that the resulting mixtures of simple compounds display close behaviors to those of the target 

fuel, these blends could be used in methodologies that require a complete description of the fuel 

composition and properties, as it typically occurs with most computational tools. Thus, the 

chemically complex fuels that are so common in combustion applications could benefit from 

these modeling and computational tools as a way to devise optimization strategies that reduce 

their impact on human health and on the environment (either through an optimization of the 

combustion processes or by means of their replacement with novel and less harmful fuels). 

Given the complexity of most combustion applications, this is undoubtedly a challenging 
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objective for which the isolated droplet configuration can contribute, as it provides a simplified 

and, at the same time, realistic environment for studying the combustion of liquid fuels. 
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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 0, 

3, 5 and 10%. In particular, the 0% O 2 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 2 . 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 Aragón 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 Carboquímica (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. 



192 Á. Muelas, P. Remacha and J. Ballester / Combustion and Flame 203 (2019) 190–203 

Table 1 

Selected properties of the fuels investigated. 

Fuel Molecular 

formula 

MW 

(g/mol) 

C 

(%mass) 

H (% 

mass) 

O (% 

mass) 

Boiling point 

( °C) 

LHV 

(MJ/kg) 

Density at 

20 °C (kg/m 

3 ) 

Viscosity at 

40 °C (cP) 

UCO Biodiesel 

C 17.32 H 32.41 O 1.96 

271.7 76.5 11.9 11.6 340–353 b 36.95 881 3.80 

Heating Oil (FO No.2) C 13.21 H 24.63 184.5 86.5 13.5 0.0 271–352 b 41.92 861 3.43 

Hexadecane a C 16 H 34 226.4 84.9 15.1 0.0 286 44.20 773 2.26 

a Properties extracted from ref. [20] . 
b Distillation curve (20–80% mass distilled). 

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 ( D 0 ) of 150 mm (150.3 ± 0.5 μm). A generation 

rate of 25 Hz 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 D 0 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 D 0 calculated from these verifications was found to be 

0.48 μm, indicating negligible changes in D 0 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 2 ) 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 50 μm 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 μs 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 ± 0.9 μm 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 2 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. 

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 ( R 2 > 0.99 in all cases), also shown. 

(Sartorius CP225D, repeatability ± 20 μg). 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. 3 a 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 ( D 0 ) 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. 3 a: K = -d(D 

2 /dt) . As in 

[23–25] , the already displayed D 

2 - 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 K steady 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. 3 b, 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 2 , 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 (T ∞ 

-T droplet ), where 

T ∞ 

is the temperature of the coflow for 0% O 2 , 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 2 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 2 

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 2 ) as 

well as for combustion (3, 5 and 10% O 2 ). 

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 / D 0 ) 
2 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% 

O 2 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 ( K steady ) are displayed 

in Fig. 5 for all the studied fuels and oxygen conditions. Heating oil 

and B10 at 10% O 2 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 K steady 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 K steady 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 2 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. 4. Evolution of normalized droplet sizes and burning rates for FO No.2, B10, B20, biodiesel and hexadecane at the four oxygen conditions. 
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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 = 40 mm 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 2 ) and Fig. 8 (10% O 2 ) 

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 

Fig. 7. Droplet and soot shell evolution for all fuels at the 5% O 2 condition. Pictures 

are arranged according to their normalized time after injection, t/D 0 
2 (s/mm 

2 ). 

Fig. 8. Droplet and soot shell evolution for all fuels at the 10% O 2 condition. Pic- 

tures are arranged according to their normalized time after injection, t/D 0 
2 (s/mm 

2 ). 

Fig. 6. Flame traces recorded for all the studied fuels at the 10% O 2 condition. The exposure time used for FO, B10 and B20 is 500 ms (12.5 injected droplets), whereas 

biodiesel and hexadecane required 2 s (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.) 



Á. Muelas, P. Remacha and J. Ballester / Combustion and Flame 203 (2019) 190–203 197 

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 2 condition, the soot shells 

were so faint that no results could be accurately extracted from 

the pictures, and the 0% O 2 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 

Fig. 9. Evolution of the soot standoff ratio ( D s /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 μm, 

it was not detected for 445 μm 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 μm 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, ( D s / D ), is a widely used metric de- 

scribing sooting behavior. The measured SSR for FO droplets in 5 

and 10% O 2 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 2 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 2 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 μm Jet-A droplets in micrograv- 

ity, room air) or [28] (1.15 mm 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 2 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 D 0 , 

as larger flames reduce thermophoretic forces. The experimental 

conditions used in Fig. 9 (small 150 μm droplets in a 5–10% O 2 hot 

coflow), although very different from those of the cited works (big- 

ger droplets in a 21% O 2 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% 

O 2 ) 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 2 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% 

O 2 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 × 2), 

and the exposure time had to be increased to 1 ms. 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 (0.75 s/mm 

2 ), and a second one ascribed 

to soot emission (1.75 s/mm 

2 ). 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 μs, 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 (0.75 s/mm 

2 ). 

At 1.75 s/mm 

2 , 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 2 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 2 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 2 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 2 condi- 
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Fig. 10. Comparison of the flames recorded at two (normalized) timesfor different fuels and 10% O 2 . 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 × 2) and their backlight switched off. 

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/D 0 
2 (s/mm 

2 ). 

tion. For the 10% O 2 , 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% 

O 2 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. 

Soot confinement within the diffusion flame for the 10% O 2 

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 2 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 2 condition (1.50, 1.75 and 

2.00 s/mm 

2 ). 

Fig. 13. Evolution of the flame standoff ratio ( D f /D ) for FO at the 3, 5 and 10% O 2 
conditions. Even though there is no actual flame for the 0% O 2 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% 

O 2 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 2 

case (2.50 s/mm 

2 ). This behavior was also observed for B10 and 

B20 at the 10% O 2 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 ( D f /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, 

Fig. 14. Evolution of the flame standoff ratio ( D f /D ) for all fuels at the studied com- 

bustion conditions. For the 10% O 2 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 2 condition. Droplets in these tests were 180 μm 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 2 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 2 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 2 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 2 condi- 

tions, with FSR values considerably smaller than those of FO and 

its mixtures. However, for the 10% O 2 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 2 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 2 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% 

O 2 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% O 2 profiles display dome-like curves, with soot yields close 

to zero some millimetres after droplet depletion (which occurs at 

L ∼70 mm). The 10% O 2 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 2 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 = 80 mm). The displacement velocity of the soot probe was small 

enough (less than 1 mm/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 = 20–80 mm). 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 μm) 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% O 2 ). 

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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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)2
[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 SO2,
NO2 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, García-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

solid residue. The works cited so far relied on the suspended droplet
technique, where roughly ~1mm 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 μm 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 μm, 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 μm) 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.
N2 was used as carrier gas at 5 NL/min. The waste tire mass flow rate
was 6.7 ± 0.1 kg/h, and the residence time of the feedstock inside the
reactor was 3min. 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, (60m×0.25mm
i.d.× 0.25 μm film thickness) was used. An initial oven temperature of
40 °C was maintained for 4min. Then, a ramp rate of 4 °C/min was
implemented to reach a final column temperature of 300 °C. This
temperature was maintained for 21min. The carrier gas was He (BIP
quality) at a constant column flow of 1mL/min. The injector, detector,
and transfer line temperatures were 280, 200, and 300 °C, respectively.
Samples volumes of 1 μL (50 μL diluted to a final volume of 500 μL in a
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mixture of 1:1 CH2Cl2:C2H6O) were injected applying a 25:1 split mode,
with a solvent delay of 7.5min. 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

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, D-
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 (D0) of 150 μm (150.1 ± 0.5 μm)
were formed at a piezoelectric apparatus at a 25 Hz rate, providing an
interdroplet spacing long enough (> 100 D0) 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% O2 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

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%a) 86.19
H (wt%a) 10.33
O (wt%a) 0.00
N (wt%a) 0.79
S (wt%a) 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/m3) 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 (wt%) ASTM 6379/04 for diesel 65.2
Polars (wt%) 29.3
Cold filter plugging point (°C) EN 116 9
Lubricity (lm WS 1.4) EN 12156 162.59
Water content (ppmsb) 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.
a As received.
b 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 (%)a Boiling point (°C)b

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

a RSD= relative standard deviation for samples injected by duplicated in the
GC–MS.

b According to the simulated distillation with ASTM D2887.

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 μs 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% O2 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

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
2.20 s/mm2) 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 0.2 s/mm2. 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/mm2), and maintaining similar thickness
throughout all the droplet combustion lifespan. Pure TPL, on the other
hand, already displays a distinguishable soot shell by 1.00 s/mm2,
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% O2 condition, the registered soot
shells were much fainter, and the evaporation case (0% O2) 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

Table 3
Selected properties of heating oil (FO) and hexadecane.

Fuel Molecular formula C (wt%) H (wt%) S (ppm) Boiling point (°C) LHV (MJ/kg) AFR (kg/kg) Density at 20 °C (kg/m3)

FO C13.21H24.63 86.5 13.5 < 10 271–352b 41.92 14.5 861
Hexadecanea C16H34 84.9 15.1 0 286 44.20 14.9 773

a Extracted from [36].
b Distillation curve (20–80% mass distilled).
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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 μs, 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 μs, 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 d2-law, droplet lifetime ap-
proximately scales with its diameter squared, the occurrence of mi-
croexplosions such as those displayed in Fig. 3a or c 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% O2 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% O2 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% O2), the ab-
sence of any soot emission for hexadecane allowed the visualization of a

Fig. 2. Droplet and soot shell evolution for the examined fuels at the 5% O2 condition. Images are organized in accordance with their normalized time after injection:
t/D0

2 (s/mm2).

Fig. 3. Different microexplosion typologies registered with Camera 1: a) TPL
droplet, L= 27mm, 5% O2; b) TPL droplet, L= 31mm, 0% O2; c) TPL droplet,
L= 29mm, 3% O2.
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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% O2 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% O2, 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% O2

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 (D0). At a first glance, the curves are in
accordance with the d2− 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 D2-t curves were fitted to a
polynomial function (4th order), whose derivative provides the burning
rate dependence with time: K=-d(D2)/dt. These results are displayed

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 D2-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% O2), nor in combustion
(3 and 5% O2). 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 (40.49MJ/kg according to Table 1, whereas bio-oils in [25]
displayed 16–19MJ/kg) and also a significantly lower density (917 kg/
m3 in contrast to 1210–1230 kg/m3 in [25]).

As it can be noted in Fig. 5, the TPL curves suddenly terminate at
values in the range of (D/D0)2≈ 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

Fig. 4. TPL flame evolution at the three studied oxygen conditions. Images are organized in accordance with their normalized time after injection: t/D0
2 (s/mm2).
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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/mm2. 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= Df/D) is a widely used parameter in droplet
combustion studies as a metric describing flame behavior. The

Fig. 5. Normalized droplet size and burning rate evolution for FO, TPL5, TPL and hexadecane at the three studied oxygen conditions.

Table 4
Observed intervals of microexplosion occurrence for TPL droplets.

First microexplosion Last microexplosion

(D/D0)2 t/D0
2 (s/mm2) (D/D0)2 t/D0

2 (s/mm2)

0% O2 0.40 2.3 0.33 2.4
3% O2 0.44 2.1 0.34 2.3
5% O2 0.51 1.8 0.41 2.0
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measured FSR for both combustion conditions (3 and 5% O2) 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

recorded for FO, TPL5, TPL and hexadecane (3% O2 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 100mm, the signals recorded after 35mm for TPL and after
50mm 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

Fig. 6. Flame standoff ratio (Df/D) evolution for all the studied fuels at the 3 and 5% O2 condition.

Fig. 7. Flame traces pictures and luminosity profiles for the 3% O2 condition. The exposure time used in the displayed images is 200ms (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 TPL5 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/D0)2≈ 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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recovery and recycling,18 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.13,19 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 reactor21,22 and in a technology readiness level 5
(TRL-5) auger reactor.13,23 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,24,25 kerosene and aviation bio-fuels,26 or
gasoline and butanol,27 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.28,29 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 μm 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
μm), was used by Garcia-Perez et al.30 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.30 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 work34 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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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 μm) obtained from the
calcination at 900 °C of limestone (Carmeuse) and dolomite were
selected based on their low cost, environmental friendliness (CO2
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 described13,23 by the following techniques: X-ray
diffraction (XRD), N2-physisorption, mercury porosimetry,35,36

temperature-programmed desorption of ammonia (NH3-TPD),
temperature-programmed desorption of carbon dioxide (CO2-
TPD),37 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

Table 1. Main Properties of Grape Seeds (GS), Polystyrene
(PS), and Waste Tires (WTs)

GSa PSa WTa

moisture (wt %) 6.3 0.3 0.9
ash (wt %) 4.3 0.9 7.0
volatile matter (wt %) 65.1 98.4 63.0
fixed carbon (wt %) 24.3 0.4 29.3
ultimate analysis (wt %)

C 53.9 92.1 84.1
H 6.6 7.75 7.4
N 2.2 0.12 0.5
S 0.1 0.0 1.7
O 37.2 0.03b 3.4

HHV (MJ/kg) 22.1 41.1 37.3
LHV (MJ/kg) 20.5 39.4 35.7
aAs received (air-dried basis). bCalculated from the ultimate analysis
by difference.

Figure 1. Process flow drawing of the pilot plant used for catalytic co-pyrolysis experiments.
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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 kWth) consisting of an auger reactor working at
atmospheric pressure, using N2 as the carrier inert gas, with a
feedstock feeding of 2 kg/h at 550 °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) <5%. Extended
information about the pilot plant can be found elsewhere.13 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.38,39

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,13,23 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 T50), 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 μm). 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 μL of sample was injected, where 1:25
wt % was mixed with CH2Cl2/C2H6O (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.40 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 (d0) of 150 μm 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

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).
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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% O2) and two
combustion cases, with 3 and 5% O2 (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 O2 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% O2 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 μg. 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.13 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
(33.2 wt %).13 In addition, a lower total basicity of the
Carmeuse catalyst (0.04 mmol CO2/g at 550 °C) compared to
that of the dolomite catalyst (0.11 mmol CO2/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.13,23 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

Table 2. Properties of the Organic Fractions after the Noncatalytic and Catalytic Co-Pyrolysis Processesa

properties elemental analysis (wt %)

experiment H2O (wt %) pH
viscosity
(mPa·s)

density
(g/mL) C N H S O

LHV
(MJ/kg)

GS−WT (80:20) sand 1.07 ± 0.1 9.5 16.3 ± 0.8 1.11 83.6 ± 0.9 2.6 ± 0.2 9.5 ± 0.2 0.4 ± 0.02 3.9 ± 0.2 38.8 ± 1.2
GS−WT (80:20)
Carmeuse

0.62 ± 0.1 9.1 3.5 ± 0.2 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

GS−WT (80:20)
dolomite

0.76 ± 0.1 9.1 5.6 ± 0.3 0.98 84.9 ± 0.4 2.8 ± 0.2 10.0 ± 0.1 0.6 ± 0.03 1.8 ± 0.2 40.1 ± 1.4

GS−PS (80:20)
Carmeuse

0.74 ± 0.1 8.7 2.3 ± 0.1 0.94 88.6 ± 0.6 1.8 ± 0.1 8.5 ± 0.1 0.1 ± 0.01 1.0 ± 0.1 40.9 ± 1.6

aLHV = lower heating value.
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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,42,43 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
compounds13 being styrene, ethylbenzene, toluene, xylene,
and benzene.13

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 reactions13 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,22 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 H2 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
obtained44,45 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.46

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

Table 3. Chemical Composition of the Organic Fractions Analyzed by GC-MS in the Co-Pyrolysis and Catalytic Co-Pyrolysis
Processesa

experiment aromatics olefins linear HC cyclic HC phenols esters ketones fatty acids others

GS−WT (80:20) (sand) 64.5 2.7 0.4 23.6 5.0 0.8 0.1 1.0 1.8
GS−WT (80:20) (Carmeuse) 70.9 2.3 0.9 16.0 1.4 1.5 2.1 1.6 3.6
GS−WT (80:20) (dolomite) 58.0 5.0 1.8 18.1 3.9 2.9 3.9 2.5 4.0
GS−PS (80:20) (Carmeuse) 96.9 0.2 0.3 0.4 0.8 0.2 1.2

aHC: hydrocarbons.

Figure 3. Long-exposure flame traces pictures captured for all fuels at the 3% O2 coflow. The exposure time for all images is 200 ms (five droplets
injected during the exposure interval).
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isolated droplet characteristics were explored in detail40 and
even some surrogates were formulated to match them.41 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% O2 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
O2 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,40 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.47−49 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% O2 condition.
The pictures are arranged in terms of their residence time
normalized by the initial droplet diameter squared (t/d0

2), as it

Figure 4. Individual droplets surrounded by their diffusion flames captured for all fuels at the 5% O2 condition. The images are organized in
accordance with their normalized time after injection: t/d0

2 (s/mm2).
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is common practice in the droplet combustion literature to
minimize the differences arising from slight variations in d0.
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/
mm2 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/mm2,
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/mm2), 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/

mm2). 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 5, where a set of representative droplet
images are presented according to their normalized residence
time for all fuels at the 5% O2 condition.
An interesting characteristic shared by all fuels in Figure 5 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

Figure 5. Individual droplets surrounded by soot shells for all fuels at the 5% O2 condition. The images are cropped from the original double-
exposure photographs and organized in accordance with their normalized time after injection: t/d0

2 (s/mm2).
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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 O2 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%
O2 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 5 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 μs, 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

Figure 6. Double-exposure pictures of individual droplets microexploding for the bio-oils evaporating and burning under all oxygen conditions (O2
level indicated for each image).
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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% O2 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.50

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 (d0), so that any small difference in d0 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(d2)/dt) are displayed in the right column, also in terms of
normalized time. The K values were calculated by fitting the
d2−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

Figure 7. Normalized droplet size (left) and burning rate (right) evolution curves for all of the fuels at the three studied oxygen conditions.
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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 d2-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 (df) 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
= df/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,

Figure 8. Flame standoff ratio evolution curves for all fuels at both combustion conditions.
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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 O2
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 μm droplets
evaporating and pyrolyzing in 0% O2 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 (σ).

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

Figure 9. Isolated droplet soot yield (IDSY) obtained for each fuel
through the aspirating soot probe tests. The uncertainty bars indicate
±2σ of the experimental measurements.
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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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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.

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 μm 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 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
NGOMa (% m/m) 7.5
Sulfur (% m/m) 1.1
HHV (MJ/kg) 12.7–15.8b

Density, 30 °C (kg/m3) 1290
Viscosity, 80 °C (cP) 67

a 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.

Table 2
Salt content in the crude and desalted glycerol samples.

Parameter CG DG

Al (g/kg) 0.013 < D.L.a

Ca (g/kg) 0.041 < D.L.a

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

a 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 µs 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

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 μm) 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 O2, 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

Liquid fuel + 
Atomization air

Spray

Fig. 1. Burner used for combustion tests in the semi-industrial furnace.
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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(D2)/dt) provided in the right
one. It should be noted that the droplet size curves are normalized by
the initial droplet diameter (D0), so that any small difference in D0

among tests is automatically corrected. The K-t/D0
2 curves are obtained

as the time-derivatives of the size curves. For this purpose, the latter
data was fitted to a 4th 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% O2

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% O2 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% O2, 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

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%).
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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 d2-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% O2 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% O2 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% O2,
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 D2, 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

Fig. 3. Droplet swelling and microexplosion sequences for DG (upper row) and CG (lower row) at the 0% O2 condition. For each sequence, the normalized time after
injection (t/D0

2) for the upper droplet is provided.
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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% O2 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 D0 (e.g.,
153 μm for t/D0

2 = 0.708 s/mm2 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/D0

2 = 0.763 and 0.902 s/mm2. On the other hand, mi-
croexplosions recorded for CG occur after a significant evaporation has
already taken place (droplet sizes ~120 μm), 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% O2 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

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.
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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% O2 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% O2 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.

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/D0)2 ~ 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/D0)2 ~ 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
Nm3/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 Nm3/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%1 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

Fig. 5. Emission spectrum recorded in the combustion test of CG-GF*7 droplets
(10% O2 condition).

1 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.

A. Muelas, et al. Experimental Thermal and Fluid Science 114 (2020) 110076

7



Fig. 6. Normalized droplet size and burning rate evolution for CG-GF* and DG-GF* blends at the 3% O2 condition.

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 Nm3/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
Nm3/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% O2) 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 Nm3/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

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
Nm3/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 CO2.
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

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 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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(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

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

Fig. 9. Flame images with DG (a) and its blends with 15% GF* (b) and 30% GF* (c). 0.5 Nm3/h of propane in all cases. Oxygen concentrations were 3.6, 4.0 and
2.9%, respectively.

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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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 ( a 0 ) of 72.5 μm for ethanol 

and butanol and 75 μm 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 a 0 as low as 0.3 μm throughout the course of 

the experiments (rms value for all the tests). Glycerol had to be 

preheated to 100 o 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 CH 4 , H 2 , 

O 2 , CO 2 , and air, as to provide a coflow gas mixture of N 2 , CO 2 , 

and H 2 O 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-μm 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. 1 b 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 T ∞ 

= 1730 K by means of the PIV technique using a 

Nd:YAG laser with Al 2 O 3 0.3 μm 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 μm/pixel, allowing us to capture with good accuracy droplets 

above 25 μm 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. 1 c. 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 2 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 

d a 2 /d t , achieved when the droplet reaches a uniform constant tem- 

perature. 
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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 ˜ r 

to the droplet center. The evolution of the temperature inside the 

droplet T l ( ̃ r , t) from its initial uniform value T l ( ̃ r , 0) = T 0 was com- 

puted by integration of the energy equation 

ρl c l 
∂T l 
∂t 

= 

1 

˜ r 2 
∂ 

∂ ̃  r 

(
κl ̃  r 2 

∂T l 
∂ ̃  r 

){
˜ r = 0 : ∂T l 

∂ ̃ r 
= 0 

˜ r = a : 4 πκl a 
2 ∂T l 

∂ ̃ r 
= 

˙ q d 
(1) 

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

of the continuity equation 

d 

d t 

(
4 π

∫ a 

0 

ρl ̃  r 2 d ̃

 r 

)
= − ˙ m , (2) 

subject to the initial condition a (0) = a 0 . The density ρ l , specific 

heat c l , and thermal conductivity κ l of the liquid fuel are functions 

of the temperature. 

The droplet vaporization rate ˙ m and the droplet heating rate 

˙ q d 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 s , related to the surface value of the fuel-vapor mass 

fraction Y s by the Clasius–Clapeyron relation 

Y s = 

[ 
Y s + 

M F 

M I 

(1 − Y s ) 
] 

exp 

[ 
L v 

R F T B 
− L v 

R F T s 

] 
(3) 

involving the molecular masses of the fuel and the inert M F and 

M I , the boiling temperature T B , the latent heat of vaporization L v , 

and the fuel constant R F = R o /M F , with R o representing the univer- 

sal gas constant. To facilitate the description, the analysis is carried 

out by assuming that the gas thermal conductivity κ , specific heat 

at constant pressure c p , and fuel Lewis number L = κ/ (ρc p D ) , 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 κ , c p , 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 s and Y = Y s at ˜ r = a 

and T = T ∞ 

and Y = 0 as ˜ r → ∞ , leads to the familiar expressions 

λ = 

˙ m 

4 πκa/c p 
= 

1 

L 
ln 

(
1 

1 − Y s 

)
(4) 

for the dimensionless vaporization rate λ and 

˙ q d 
4 πκaL v /c p 

= λ

[
c p (T ∞ 

− T s ) /L v 

e λ − 1 

− 1 

]
(5) 

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 T ref = T s + (T ∞ 

− T s ) / 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 ref = 2 Y s / 3 . For example, the density ρ is computed 

at T ref as that of an ideal gas mixture of fuel and inert with mass 

fractions Y ref and 1 − Y ref , respectively. The thermal conductivity 

κ 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 T ref . The specific heat c p is 

taken to be that of the fuel vapor at T ref [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 v � R F T B 
for all fuels tested here, with the injection droplet temperature 

T 0 being significantly below the boiling temperature T B (i.e. for 

(T B − T 0 ) /T B � [ L v / (R F T B )] −1 ), the fuel-vapor mass fraction at the 

droplet surface is initially negligible. During this initial stage it 

is thus found from (4) that λ � 0, while the droplet heating 

rate is ˙ q d = 4 πκa (T ∞ 

− T s ) , as follows from (5) . During this heat- 

up period the droplet mass, 4 π
∫ a 

0 ρl ̃  r 2 d ̃ r , remains constant, but 

its radius increases as a result of the decreasing liquid-fuel den- 

sity ρ l ( T l ). Significant vaporization begins to occur as T s reaches 

values such that (T B − T s ) /T B ∼ [ L v / (R F T B )] −1 . 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 s and 

the reduced vaporization rate reaches the familiar Spalding value 

[5,6] 

λ = ln 

(
1 + 

c p (T ∞ 

− T s ) 

L v 

)
, (6) 

as follows from (5) when ˙ q d = 0 , with corresponding constant val- 

ues of T s and Y s , determined from (3) and (4) . During this final 

vaporization stage the mass-conservation Eq. (2) reduces to the so- 

called d 2 −law 

d a 2 

d t 
= − 2 κ

ρl c p 
λ, (7) 

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 −d a 2 / d t . 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 ≤ ( a / a 0 ) 
2 ≤ 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 −d a 2 / d t 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 −d a 2 / d t (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 n H 2 n +2 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 C 2 H 4 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 C n H 2 n +2 → 

n −1 
2 C 2 H 4 + CH 4 (when n is odd) or C n H 2 n +2 → 

n −2 
2 C 2 H 4 + C 2 H 6 (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 n H 2 n +2 , C 2 H 4 , CH 4 , and 

C 2 H 6 to give, for instance, q = (2 . 70 , 2 . 75 , 2 . 90) MJ/kg for heptane, 

dodecane, and hexadecane, respectively. These values are much 

smaller than the associated heat of combustion, slightly above 47 

MJ/kg for all three fuels, but much larger than their latent heat 

of vaporization at T B , given by L v = (0 . 313 , 0 . 261 , 0 . 224) MJ/kg for 

heptane, dodecane, and hexadecane. 

The fuel decomposition rate ω (mass of fuel consumed per unit 

volume per unit time) will be modeled with the Arrhenius expres- 

sion 

ω = ρBY exp 

(
− E a 

R o T 

)
, (8) 

where ρ is the density and B and E a are the preexponential fre- 

quency factor and activation energy, respectively. For constant val- 

ues κ , c p , and L = κ/ (ρc p D ) the problem reduces to that of inte- 

grating 

λ

r 2 
d Y 

d r 
− 1 

L 

1 

r 2 
d 

d r 

(
r 2 

d Y 

d r 

)
= − B 

κ/ (ρc p a 2 ) 
Y exp 

(
− E a 

R o T 

)
, (9) 

λ

r 2 
d 

d r 
(c p T /q ) − 1 

r 2 
d 

d r 

(
r 2 

d 

d r 
(c p T /q ) 

)

= − B 

κ/ (ρc p a 2 ) 
Y exp 

(
− E a 

R o T 

)
, (10) 

with boundary conditions 

T (1) − T s = Y (1) − Y s = 0 and T (∞ ) − T ∞ 

= Y (∞ ) = 0 . (11) 

Here r = ̃  r /a represents the radial distance to the center of the 

droplet scaled with the droplet radius. The rescaled vaporization 

rate λ defined in the first equation of (4) appears as an eigenvalue, 
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to be determined with the additional mass-conservation condition 

λ = λY s − 1 

L 

d Y 

d r 

∣∣∣∣
r=1 

(12) 

at the droplet surface, where energy conservation provides 

˙ q d 
4 πκaL v /c p 

+ λ = 

c p 

L v 

d T 

d r 

∣∣∣∣
r=1 

, (13) 

which serves to determine ˙ q d , thereby completing the solution. 

In solving (9) –(11) it is sometimes convenient to replace ei- 

ther (9) or (10) by the chemistry-free combination 

d 

d r 

{
λ
[ 

c p T 

q 
− Y 

] 
− d 

d r 

[ 
r 2 

(
c p T 

q 
− Y 

L 

)] }
= 0 , (14) 

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 

Y s 
= 

1 − e −Lλ/r 

1 − e −Lλ
and 

T − T ∞ 

T s − T ∞ 

= 

1 − e −λ/r 

1 − e −λ
, (15) 

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. 

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 2 / [ κ/ (ρc p )] = a 2 /D to the characteristic value of the 

fuel-consumption time { B exp [ −E a / (R o T )] } −1 . For large values of 

the activation energy E a the chemical reaction displays a strong 

dependence on the temperature, so that for configurations with 

T ∞ 

− T s ∼ T ∞ 

, the case considered here, the fuel-consumption rate 

increases by many orders of magnitude as the temperature in- 

creases from T s to T ∞ 

. 

For low ambient temperatures such that 

B exp 

(
− E a 

R o T ∞ 

)
� D 

a 2 
(16) 

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 

B exp 

(
− E a 

R o T s 

)
� D 

a 2 
� B exp 

(
− E a 

R o T ∞ 

)
, (17) 

when pyrolysis occurs in a thin layer centered at r = r f where 

the temperature is close to a value T = T f , intermediate between 

T s and T ∞ 

. The thin reaction layer separates an inner region for 

1 ≤ r < r f where the flow is chemically frozen from an outer region 

for r > r f where the flow is in chemical equilibrium. The reciprocal 

of the dimensionless activation energy 

ε = 

(
E a 

R o T f 

)−1 

� 1 (18) 

determines the characteristic thickness of the reaction layer r −
r f ∼ ε as well as the associated characteristic values of the fuel 

mass fraction Y ~ ε and temperature variation T − T f ∼ εT f . Dif- 

fusion and chemical reaction are balanced in the reaction layer, a 

condition that leads to 

B 

D/a 2 

(
E a 

R o T f 

)−2 

exp 

(
− E a 

R o T f 

)
∼ 1 . (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 T f 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 − = Y −0 (r) + εY −1 (r) + · · · and T − = T −0 (r) + εT −1 (r) + · · ·
(20) 

in the frozen region 1 ≤ r ≤ r f and 

Y + = Y + 0 (r) + εY + 1 (r) + · · · and T + = T + 0 (r) + εT + 1 (r) + · · ·
(21) 

in the equilibrium region r f ≤ r < ∞ , together with the reaction- 

layer expansions 

Y = 0 + εϕ 1 (ζ ) + · · · and T = T f + εθ1 (ζ ) + · · · (22) 

involving the rescaled coordinate ζ = (r − r f ) /ε. 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 d T + / d r| r= r f > 0 on the equilibrium side of the reaction layer 

prevents fuel leakage at all orders, with the result that Y + 
0 

= Y + 
1 

= 

· · · = 0 . On the other hand, defining the pyrolysis-zone position r f 
as the apparent fuel-depletion point as seen from the frozen region 

yields 

λ

r 2 
d Y −

d r 
− 1 

L 

1 

r 2 
d 

d r 

(
r 2 

d Y −

d r 

)
= 0 

{
Y −(1) = Y s 
Y −(r f ) = 0 

. (23) 

Substitution of the expansion for Y − followed by integration of the 

problems found at increasing orders in powers of ε provides 

Y −

Y s 
= 

Y −
0 

Y s 
= 

e −Lλ/r f − e −Lλ/r 

e −Lλ/r f − e −Lλ
, (24) 

with all higher-order terms becoming identically zero (i.e. Y −
1 

= 

Y −
2 

= · · · = 0 ). The result can be used in (12) to give 

λ = 

ln [1 / (1 − Y s )] 

L (1 − 1 /r f ) 
, (25) 

relating the droplet vaporization rate λ = λY s − L −1 d Y −/ d r| r=1 , 

equal to the fuel pyrolysis rate −(r 2 
f 
/L )d Y/ d r| r= r f , with the flame 

location r f . Formally, the asymptotic problem in the limit ε � 1 is 

posed as that of finding the value of B that leads to a given value 

of r f (or λ). 

The outer temperature functions T ±n for n = 0 , 1 , 2 , . . . satisfy 

the linear equations 

λ

r 2 
d T ±n 
d r 

− 1 

r 2 
d 

d r 

(
r 2 

d T ±n 
d r 

)
= 0 , (26) 

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

conditions on the frozen side are T −
0 

− T s = T −
1 

= T −
2 

= · · · = 0 at 

r = 1 and T −
0 

− T f = T −
1 

− θ−
1 

= T −
2 

− θ−
2 

= · · · = 0 at r = r f , while 

the boundary conditions on the equilibrium side are T + 
0 

− T ∞ 

= 

T + 
1 

= T + 
2 

= · · · = 0 as r → ∞ and T + 
0 

− T f = T + 
1 

− θ−
1 

= T + 
2 

− θ−
2 

= 

· · · = 0 at r = r f , where the constants θ−
1 

, θ+ 
1 

, etc are to be de- 

termined by matching the outer solution with the inner reactive 

layer. Straightforward integration of (26) provides 

T −
0 

− T s 

T f − T s 
= 

T −
1 

θ−
1 

= 

T −
2 

θ−
2 

= · · · = 

e −λ/r − e −λ

e −λ/r f − e −λ
(27) 
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and 

T ∞ 

− T + 
0 

T ∞ 

− T f 
= 

T + 
1 

θ+ 
1 

= 

T + 
2 

θ+ 
2 

= · · · = 

1 − e −λ/r 

1 − e −λ/r f 
. (28) 

The temperature description on the frozen side (27) can be 

used in (13) to evaluate the droplet heating rate, yielding at lead- 

ing order 

˙ q d 
4 πκaL v /c p 

= λ

[
c p (T f − T s ) /L v 

e λ(1 −1 /r f ) − 1 

− 1 

]
. (29) 

Additional useful 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 ε � | r − r f | � 1 where the outer expansions are 

valid. At leading order it is found that 

d T + 
0 

d r 

∣∣∣∣
r= r f 

= 

d T −
0 

d r 

∣∣∣∣
r= r f 

− q/c p 

L 

d Y −
0 

d r 

∣∣∣∣
r= r f 

, (30) 

while at the following order 

λT −1 
∣∣

r= r f 
− r 2 f 

d T −
1 

d r 

∣∣∣∣
r= r f 

= λT + 1 

∣∣
r= r f 

− r 2 f 

d T + 
1 

d r 

∣∣∣∣
r= r f 

. (31) 

Eq. (30) , stating that a fraction 

γ = − q/c p 

L 

d Y −
0 

d r 

∣∣∣∣
r= r f 

/
d T + 

0 

d r 

∣∣∣∣
r= r f 

< 1 (32) 

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 

T f − T s 

T ∞ 

− T s 
= 

e −λ/r f − e −λ

1 − e −λ

[
1 − q (e λ/r f − 1) 

c p (T ∞ 

− T s ) 

]
, (33) 

which can be used, together with (25) , to determine T f as a func- 

tion of r f . Similar evaluations of (31) and (32) provide 

−θ−
1 

e λ − e λ/r f 
= 

θ+ 
1 

e λ/r f − 1 

, (34) 

and 

γ = 

q (e λ/r f − 1) 

c p (T ∞ 

− T f ) 
, (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 

d 

2 y 1 
d ζ 2 

= 

BL 

κ/ (ρc p a 2 ) 

(
E a 

R o T f 

)−2 

exp 

(
− E a 

R o T f 

)
y 1 e 

θ1 /T f , (36) 

d 

2 

d ζ 2 

(
θ1 −

q/c p 

L 
y 1 

)
= 0 . (37) 

Note that the factor affecting the reaction term reflects the antici- 

pated scaling (19) . Matching with the outer solutions provides the 

boundary conditions 

y 1 = 

( 

d Y −
0 

d r 

∣∣∣∣
r= r f 

) 

ζ ; θ1 −
( 

d T −
0 

d r 

∣∣∣∣
r= r f 

) 

ζ = θ−
1 as ζ → −∞ , 

(38) 

y 1 = 0 ; θ1 −
( 

d T + 
0 

d r 

∣∣∣∣
r= r f 

) 

ζ = θ+ 
1 as ζ → + ∞ . (39) 

Integrating (37) readily yields 

θ1 −
q/c p 

L 
y 1 = 

( 

d T + 
0 

d r 

∣∣∣∣
r= r f 

) 

ζ + θ+ 
1 

= 

( 

d T −
0 

d r 

∣∣∣∣
r= r f 

− q/c p 

L 

d Y −
0 

d r 

∣∣∣∣
r= r f 

) 

ζ + θ−
1 , (40) 

relating the temperature and fuel mass fraction in the reaction 

layer. The condition θ+ 
1 

= θ−
1 

, stemming from the above expression 

and (30) , and that stated in (34) can be simultaneously satisfied 

only if θ+ 
1 

= θ−
1 

= 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 θ+ 
1 

= θ−
1 

= 0 and introducing for convenience 

the rescaled variables 

ϕ = 

q 

c p T f 

y 1 
L 

and η = 

λ

r 2 
f 

q 

c p T f 
ζ (41) 

along with the rescaled Damköhler number 

� = 

B 

D/a 2 

(
E a 

R o T f 

)−2 (
λ

r 2 
f 

)−2 (
q 

c p T f 

)−2 

exp 

(
− E a 

R o T f 

)
(42) 

results in the boundary-value problem 

d 

2 ϕ 

d η2 
= �ϕe ϕ+ η/γ ;

{
ϕ + η = 0 as η → −∞ 

ϕ = 0 as η → + ∞ 

. (43) 

Note that the condition ϕ + η = 0 as η → −∞ effectively implies 

that d ϕ/ d η − 1 must approach zero, so that for a given γ the 

above second-order equation must satisfy three boundary condi- 

tions, which is possible only for a single value of �( γ ), the eigen- 

value of the problem. The mathematical problem defined in (43) is 

similar to that encountered in Liñán’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 γ � 1, in which the 

solution to (43) can be related at leading order to one of the lim- 

iting cases considered by Liñán, as shown below. 

5.4. Solution to the canonical problem 

For a given positive value of γ < 1, defined in (32) , the profiles 

of ϕ( η) and corresponding values of � were obtained by a shoot- 

ing integration scheme initiated at −η � 1 . The resulting variation 

of � with γ is shown in Fig. 3 along with selected profiles of ϕ( η) 

for γ = 0 . 2 and γ = 0 . 99 . The numerical integration is more dif- 

ficult for γ � 1, when the reaction layer becomes very thin, and 

also for 1 − γ = (d T −
0 

/ d r| r= r f ) / (d T + 
0 

/ d r| r= r f ) � 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 �( γ ) in these two limiting cases are pre- 

sented below. 

For γ � 1, introducing the rescaled variables ϕ̄ = ϕ/γ , η̄ = 

η/γ , and �̄ = γ 2 � and neglecting small terms of order γ re- 

duces (43) to the linear problem 

d 

2 ϕ̄ 

d ̄η2 
= �̄ϕ̄ e η̄;

{
ϕ̄ + η̄ = 0 as η̄ → −∞ 

ϕ̄ = 0 as η̄ → + ∞ 

, (44) 

which can be written in the standard form 
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Fig. 3. The variation of � with γ as obtained from numerical integration of the eigenvalue problem (43) (solid curve) and the asymptotic predictions � = 0 . 315236 γ −2 for 

γ � 1 and � = 1 . 1517(1 − γ ) 3 for 1 − γ � 1 (dashed curves). The insets show the profiles of reduced fuel mass fraction ϕ( η) for γ = 0 . 2 and γ = 0 . 99 , with the dashed 

lines representing the asymptotes ϕ = −η. 

d 

2 ϕ̄ 

d z 2 
+ 

1 

z 

d ̄ϕ 

d z 
−ϕ̄ =0 ;

{
ϕ̄ = −2 

[
ln (z/ 2) − ln ( ̄�) / 2 

]
as z → 0 

ϕ̄ = 0 as z → ∞ 

, 

(45) 

involving z = 2 
√ 

�̄e ̄η 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, ϕ̄ = 

C K K 0 (z) + C I I 0 (z) , involving the constants of integration C K and C I . 

The boundary condition as z → ∞ requires that C I = 0 , while the 

boundary condition as z → 0 provides C K = 2 and 

�̄ = e −2 γE 	 0 . 315236 , (46) 

where γ E � 0.577215 represents Euler’s constant. It is worth not- 

ing that the same mathematical problem was encountered by 

Liñán in one of the limiting solutions to the premixed-flame 

regime, namely, the limit −m → ∞ discussed in Appendix C 

of [16] . As seen in the comparison of Fig. 3 , the leading-order re- 

sult � = 0 . 315236 γ −2 predicts the Damköhler number for γ � 1 

with small relative errors of order γ . 

As illustrated in the upper inset of Fig. 3 , for 1 − γ � 1 the 

solution exhibits a fuel-depletion layer with order-unity thickness 

centered about η = ηo � 1 . As is apparent from (43) , this dis- 

placement is consistent with a small value of � � 1, such that 

ηo ~ ln (1/ �), as needed to enable a diffusion-reaction balance to 

be preserved. The rescaled fuel mass fraction, of order ϕ ~ 1 for 

η − ηo ∼ 1 , increases towards the frozen side, giving characteristic 

values of ϕ + η ∼ ln (1 / �) at distances −η ∼ 1 . The chemical re- 

action continues in a region that extends for −η ∼ (1 − γ ) −1 � 1 

with ϕ + η ∼ 1 . In this weakly reactive region, which ultimately 

determines the value of �, the diffusion-reaction equation takes 

the form 

d 

2 ˆ ϕ 

d ̂  η2 
= − ˆ � ˆ ηe ˆ ϕ + ̂ η (47) 

when written in terms of the rescaled variables ˆ ϕ = ϕ + η, ˆ η = 

(1 − γ ) η, and 

ˆ � = �/ (1 − γ ) 3 . The solution must satisfy ˆ ϕ = 0 

and d ̂  ϕ / d ̂  η = 0 as ˆ η → −∞ and must match as ˆ η → 0 with the so- 

lution encountered for −η ∼ 1 . 

Integration of (47) from − ˆ η � 1 reveals that for ˆ � larger than 

a critical value ˆ �c 	 1 . 1517 the solution develops a singularity be- 

fore reaching ˆ η = 0 , i.e. ˆ ϕ → + ∞ at a negative value of ˆ η, while for 
ˆ � < 

ˆ �c the integration reaches η = 0 with ˆ ϕ ∼ 1 . It is clear that a 

consistent asymptotic description, including matching with the so- 

lution in the intermediate region −η ∼ 1 where ˆ ϕ ∼ ln (1 / �) � 1 , 

is only possible for ˆ � = 

ˆ �c 	 1 . 1517 , for which the singularity 

of the outer solution develops exactly at ˆ η = 0 . The analysis of 

the weakly reactive region therefore provides the asymptotic pre- 

diction � = 

ˆ �c (1 − γ ) 3 for 1 − γ � 1 . It is remarkable how this 

leading-order result can be derived without analyzing in detail the 

multi-layer structure of the solution near η = 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 � = 1 . 1517(1 − γ ) 3 , 

demonstrated by the comparison seen in Fig. 3 . 

6. The pyrolysis temperature 

For known values of the pyrolysis-rate parameters B and E a , 

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 d ( ̃ r , 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 Y s as a function of the instantaneous droplet- 

surface temperature T s . The result can be used in solving (25), (29), 

(33), (35) , and (42) , supplemented by the function �( γ ) shown in 

Fig. 3 , to determine λ, ˙ q d , r f , T f , γ , and �. The analysis simplifies at 

the end of the droplet-heating period, when the droplet tempera- 

ture reaches a uniform constant value T d = T s , close to T B when 

L v /( R F T B ) � 1. During this stage the droplet heating rate ˙ q d is iden- 

tically zero, while λ, Y s , T s , r f , T f , γ , and � 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 E a /( R o T f ) � 1 the relative 

changes in T f are limited to small values of order [ E a / (R o T f )] −1 �
1 . Therefore, at leading order in the limit E a /( R o T f ) � 1 the py- 

rolysis temperature T f 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 ∞ 

< T f . 

The value of T f can be obtained from measurements of the con- 

stant slope of the curve d a 2 /d t reached at the end of the droplet- 

heating period. The computation begins by writing (7) in the form 

λ = −ρl c p 

2 κ

d a 2 

d t 
, (48) 

while setting ˙ q d = 0 in (29) , and combining the result 

with (33) provides 

T f − T s 

L v /c p 
= 

(q + L v )(e λ − 1) − c p (T ∞ 

− T s ) 

q + c p (T ∞ 

− T s ) − L v (e λ − 1) 
(49) 

and 

r f = λ ln 

−1 

[
1 + 

c p (T ∞ 

− T s ) − L v (e λ − 1) 

q 

]
. (50) 

The above three equations, together with (3) and (25) , constitute a 

coupled system of equations that determine T f along with the as- 

sociated values of λ, Y s , T s , and r f . The solution can be obtained by 

a simple iterative scheme. Since κ has a very weak dependence on 

Y s , while T B − T s � T B , as follows from (3) when L v /( R F T B ) � 1, one 

may use (48) with ρ l , c p , κ evaluated with use made of T s = T B and 

an estimated value of Y s to compute λ, which can be substituted 

into (49) to determine T f in the first approximation. A correction 

can be obtained by using the value of r f given by (50) to evaluate 

Y s from (25) and substituting the result into (3) to obtain T s . These 

new values of Y s and T s can then be used in (48) to recompute λ, 

leading to a more accurate evaluation of T f from (49) . 

This simple iterative procedure was used to determine the val- 

ues of T f corresponding to the three alkanes of Fig. 2 from the 

slope of the curve d a 2 /d t corresponding to T ∞ 

= 1730 K, yield- 

ing the values T f = (1080 K, 912 K, 841 K) for heptane, dodecane 

and hexadecane, respectively, with associated reaction-zone stand- 

off radii given by r f = (7 . 34 , 4 . 95 , 4 . 14) . Because of the strong tem- 

perature sensitivity of the pyrolysis reaction, it is expected that the 

values of T f evaluated from the experiments at a different value of 

T ∞ 

should differ by a small relative amount of order [ E a / (R o T f )] −1 

from the values given above, whereas the corresponding value of 

r f could in principle differ by an amount of order unity. To check 

for consistency, the values of T f and r f corresponding to hexade- 

cane were recomputed using the slope −d a 2 / d t corresponding to 

T ∞ 

= 1311 K, yielding T f = 969 K and r f = 9 . 86 , to be compared 

with the values T f = 841 K and r f = 4 . 14 obtained at high temper- 

ature. The differences in T f , 128 K, appear to be consistent with 

the effective dimensionless activation energy being on the order of 

E a /( R o T f ) ~ 10 for hexadecane. 

The fraction γ 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 v and with T f 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 r f , which 

depends strongly on T f , 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 [ E a / (R o T f )] −1 , predictions of droplet vapor- 

ization histories based on treating T f as a fixed kinetic property of 

the fuel can make use of (25) and (33) to obtain λ and r f for given 

values of T s , Y s , and T ∞ 

, with ˙ q d following from (29) . In particu- 

lar, the constant value of λ reached when ˙ q d = 0 at the end of the 

droplet-heating period is given by 

λ = ln 

[
1 + 

c p (T ∞ 

− T s ) 

L v 
−

(
q 

L v 

)(
c p (T ∞ 

− T f ) 

q + L v + c p (T f − T s ) 

)]
, (51) 

as can be seen by solving (49) for λ. If the approximation T s = T B 
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 q / L v that vanishes at T ∞ 

= T f . 

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

alternative form 

λ = ln 

[
1 + 

c p (T a − T s ) 

L v 

]
, (52) 

where the apparent temperature of the atmosphere is 

T a = αT f + (1 − α) T ∞ 

(53) 

with 

α = 

q 

L v + c p (T f − T s ) + 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 a , intermediate between 

T f and T ∞ 

. As seen in (54) , the weighting factor α 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 T f , and pyrolyze it. The values 

of α corresponding to T f = (1080 K, 912 K, 841 K) can be evaluated 

using an approximate specific heat c p = 3 . 7 × 10 3 J/(kg K) along 

with T s = T B = (371 K, 489 K, 560 K) to give α = (0 . 48 , 0 . 60 , 0 . 70) 

for heptane, dodecane, and hexadecane, respectively (evaluations 

of α accounting for departures of T s from T B and using the “1/3 

rule” [13] for computing c p 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 T f = constant approx- 

imation, the value of α = 0 . 70 evaluated for hexadecane with T f = 

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 −d a 2 / d t, evaluated from (7) , 

was found to be −d a 2 / d t = 0 . 1049 mm 

2 /s, which differs by 9.2 % 

from the value −d a 2 / d t = 0 . 1156 mm 

2 /s determined experimen- 

tally. This small departure is again consistent with the errors, of 

order [ E a / (R o T f )] −1 , 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 T f is seen to emerge as a useful ki- 

netic approximation that replaces at leading order the Arrhenius 

parameters B and E a . Determination of E a 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 f . Formulas are developed for the vaporization and heat- 

ing rates of droplets vaporizing in high-temperature atmospheres 

with T ∞ 

> T f . 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 T a = αT f + (1 − α) T ∞ 

, involving the 

fuel-specific energetic weighting factor α 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 T f . 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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accounted for in tests with prevaporized fuel.7 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.7 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 tests7−9 and through the use of
multicomponent droplet evaporation models.10−14 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.17,18 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
15 constituents in ref 13). This allows for the simulation of the

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 index19,20 or the yield
sooting index (YSI).21,22

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.11−13 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,7 and also to compare some standard
reference fuels for gasoline (such as indolene or heptane−
isooctane mixtures) with a commercial gasoline.8,9 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.14 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, i.e., 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 tests21,22).
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.23 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

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 Carboquiḿica (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.

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 Bruno24 rather
than using the more common ASTM D86 technique.25 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.4,6,16,24 Two sequential
ADC atmospheric distillation curves were acquired for heating oil,
both displayed in Figure 1 along with their least-squares fitting.

Two pure fuels were used in this work as surrogate palette
compounds: n-eicosane (EICO, C20H42, >99% purity) and 1-
methylnaphtalene (MNP, C11H10, >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,26−28 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 μm. 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

Table 1. Main Properties of the Studied Heating Oil

molecular formula C13.21H24.63 LHV (MJ/kg) 41.92

MW (g/mol) 184.5 density at 20 °C (kg/m3) 861

C/H (-) 0.54 viscosity at 40 °C (cP) 3.43

Figure 1. Experimental distillation curves extracted for the target
heating oil.
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interaction between droplets can be considered as negligible.29 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 μs) pulses of light every 500 μs, freezing
the motion of the backlighted, free-falling droplets. By working with
an exposure time of 1200 μs, the same droplet was recorded twice in a

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.7,8 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

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).

Figure 3. Soot sampling probe: (a) diagram depicting its operation; (b) schematic detailing the main parts.
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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 μg). 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 equilibrium30,31

=f fi i
L V

(1)

with f i
L and f i

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

γ= Φf x P Ki i i i i i
L 0 0

(2)

with γi being the activity coefficient of component i in the liquid
mixture, xi the molar fraction of i in the liquid, Pi

0 the vapor pressure
of pure i at the evaluated temperature, Φi

0 the fugacity of pure i at the
evaluated temperature and vapor pressure, and Ki the Poynting
correction factor (close to 1 for atmospheric pressure). The vapor
fugacity is obtained through

= Φf y Pi i i
V V

(3)

with Φi
V being the fugacity coefficient for i in the vapor mixture, yi 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 yiP = xiPi

0 would be a particular case of (1), where the total
pressure is low (K = 1), the gas is considered to be ideal (Φ = 1) and
the liquid mixture behaves also as an ideal solution (γ = 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.33

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 conductivity33 and
effective diffusivity models,34 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, αl the
liquid thermal diffusivity, Dl the liquid mass diffusivity, and Yli the
liquid mass fraction of the component i. The values of αl and Dl 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 αl and Dl in eqs 4 and 5 with

α α= Xeff T l (6)

=D X Deff D l (7)

As XT and XD increase from 1 to 2.72 when the Pećlet number (either
thermal or mass transfer based) increases from 0 to infinity, the
enhanced transport coefficients 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.12,34

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.36,37 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.36

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
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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,4 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

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 DCF 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.

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 (tc)
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 (t60) 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(D2)/dt. As the shape of the curve in this region can
significantly vary among fuels and conditions, the design
property is arbitrarily simplified to t60, 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 t20, as it is

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.

Figure 5. Experimental droplet vaporization curve obtained in the
DCF for heating oil along with its extracted characteristic times tc, t60,
and t20 (0.645, 1.126, and 0.813 s/mm2 respectively).
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graphically reflected in Figure 5. The curve points after (D/
D0)

2 = 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 (tc, t60, and t20) 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

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 (i.e., 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, tc 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 t60, whereas t20 remains
quite flat, as the quasi-steady evaporation rates calculated are
quite close for both pure palette compounds. The increase of
t20 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 t20. The sensible heat necessary for rising
up the droplet temperature would be responsible for the
mentioned increase in t20 for such mixtures. Therefore, these

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
(eev) is calculated for each mixture i
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with tcho, t60ho, and t20ho being the characteristics times of the
target fuel (heating oil). The evolution of eev with the binary
mixture composition is presented in Figure 8. Although

individual times display different trends, the combined error eev
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.

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.

Figure 7. Characteristic times extracted for the simulation of EICO−
MNP mixtures in terms of their EICO content (% mass).

Figure 8. Errors in the various calculated characteristic times for all of
the studied EICO−MNP blends along with the global error for
evaporation (eev).
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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),21,22 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,

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

∑=
=

WYSI YSI
i

M

i imix
1 (9)

withWi being the mass fraction of compound i and YSIi 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

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.4 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:

• YSI: as explained in Section 3.2.2.
• Liquid density (ρ): using the following mixing rule31

ρ
ρ

=
∑ = W

1
/i

M
i i

mix
1 (10)

• Molecular weight (MW) and C/H ratio: from simple
stoichiometric calculations.

• 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
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with i being the evaluated EICO−MNP mixture, ho the target
heating oil, and P any design property (YSI, ρ, 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

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.
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with j denoting a point in the evaluated distillation curve (for
instance, the point for 50% distilled mass), Nj the total number
of evaluated points for each curve, and Ti,j and Tho,j the
temperature at point j for the blend i and the heating oil,
respectively.
It is noteworthy that for most design properties (YSI, ρ,

MW, and C/H ratio), a binary mixture EICO−MNP can be
found that makes the corresponding eP 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

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 eDC
(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.16 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 ePi 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

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 (ε) are calculated as follows

ε =
e

emax( )P i
P

P
,

i

(13)

with i being the evaluated EICO−MNP mixture and P being
YSI, ρ, MW, C/H ratio, or DC. The global normalized error is
defined through the following expression
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2 2

MW
2

C/H
2

DC
2

(14)

By representing εglobal 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.

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

Figure 10. Comparison of the target distillation curve experimentally
extracted for heating oil and the binary mixture EICO−MNP which
minimizes the value of eDC (EICO-57).

Figure 11. Graphical representation of the normalized global error
(εglobal) along with the normalized errors of each design property for
all of the studied EICO−MNP blends.
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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-55,
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

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 d2 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-
55, 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 tc, t60, and t20
(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 tc for EICO-rich mixtures,

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 t60 experimentally confirms the
domelike behavior predicted by the model, with a lesser degree
of variation with composition than tc. The already noted
similar quasi-steady evaporation rates observed for both pure
palette compounds causes the flatter behavior of t20 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 t20
rather than tc.
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
(eev) is calculated for each blend experimentally tested at the
DCF. 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 tc 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

Figure 12. Experimental droplet vaporization curves obtained in the
DCF for heating oil and all of the EICO−MNP mixtures.

Figure 13. Characteristic times extracted for each EICO−MNP
mixture, both experimentally at the DCF (exp.) and through the
droplet vaporization model (calc.).
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during the evaporation tests described in Section 3.3.1. The
results are expressed in terms of the isolated droplet soot yield
(IDSY, gsoot/gfuel), 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

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.21

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
DCF tests largely promote soot formation, explaining the high
soot yields found for the fuels presented in Figure 15. It should

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.

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 gsoot/gfuel) is located between those extracted
for the mixtures EICO-81 (0.0990 ± 0.0211 gsoot/gfuel) and
EICO-69 (0.1560 ± 0.0268 gsoot/gfuel). 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,

Figure 14. Characteristic time errors for each EICO−MNP blend
along with the global error for evaporation (eev) experimentally
obtained at the DCF. The three proposed surrogate mixtures are
marked with vertical lines.

Figure 15. IDSY (gsoot/gfuel) experimentally obtained for all of the
studied EICO−MNP mixtures at the DCF.

Figure 16. IDSY (gsoot/gfuel) experimentally obtained for all of the
studied EICO−MNP mixtures and the target fuel at the DCF in terms
of their YSI predicted values.
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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
featured 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, gsoot/gfuel) 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

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 of the thematic unit, the main objective of the thesis 

is to develop methodologies for the description and characterization of the main evaporation and 

combustion behaviors of liquid fuels, both from the experimental and modeling points of view. 

To this effect, the following specific objectives were formulated: 

• Development of experimental methods for studying the evaporation and combustion 

processes of isolated droplets under controlled and realistic conditions. For that 

purpose, a droplet combustion facility (DCF) was developed and thoroughly adjusted, 

including both optical and soot sampling methods. 
 

• Experimental characterization of the combustion behaviors of a wide variety of liquids, 

both pure compounds and real fuels. The former will be used as the experimental input 

for the subsequent modeling exercises, whereas the latter will be focused on exploring 

the combustion characteristics of novel alternative fuels of relevance for stationary 

energy production, such as crude glycerol, bio-alcohols or pyrolysis oils. To this end, 

these novel fuels and their blends will be compared with the conventional fuel of 

reference in the corresponding application (e.g., heating oil or kerosene). 
 

• Development and validation of droplet evaporation and combustion models, paying 

special attention to the marked multicomponent character of real fuels. The experiments 

performed at the DCF for pure fuels and their mixtures will be useful for validating the 

model under realistic in-flame environments. 
 

• Joint use of model predictions and experimental results to explore advanced ways of 

characterizing the main combustion behaviors of liquids fuels of interest. For that 

purpose, the replacement of the complex real fuels by rather simple surrogate mixtures 

appears to be a useful approach which would significantly ease subsequent optimization 

strategies. This will be addressed through the introduction of the isolated droplet 

configuration to the surrogate design and validation processes. 
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2. Contributions of the doctoral candidate 

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

summarized in the following points: 

• Further development of the droplet combustion facility (DCF), which was already 

operational at the time of the incorporation of the candidate (as it can be seen in 

(Angeloni et al. (2016))). After that point, the DCF capacities were further increased 

with the collaboration of the candidate: installation of new optical setups (cameras, 

lenses, filters, etc.), semi-automatization of the test data including the automatic size 

measurement of droplets and flames, development of a soot probe for global soot 

sampling, installation of new mass flow controllers, etc. 
 

• Experimental characterization of a broad range of conditions at the DCF, aiming to find 

suitable test conditions and, at the same time, to obtain a detailed description of the gas 

coflow environment (i.e., determining burner stability, gas coflow temperature, 

composition and velocity for different conditions). 
 

• Systematic droplet combustion tests at the DCF for a variety of liquid fuels of interest, 

both pure and real fuels. For the latter kind, the opportunities of study were previously 

detected through different literature reviews, including mixtures of relevance for the 

final application. 
 

• Development and validation of droplet evaporation and combustion theoretical models. 

Starting from a review on the different models and submodels available in the literature, 

their implementation in the computing environment Matlab and their subsequent 

validation. For the case of the new analytical model developed in paper V for taking 

into account the vapors pyrolysis, the work of the doctoral candidate was framed in a 

research visit to the University of California San Diego. 
 

• Undertaking studies aiming to characterize real fuels through the surrogate approach 

and, more specifically, through the introduction of the isolated droplet configuration to 

the surrogate design and validation processes. Review of the state of the art on physical 

surrogates for liquid fuels and joint use of droplet experiments and theoretical models 

for developing novel characterization methodologies. 
 

• Collaboration in the writing and reviewing process of the different journal papers and 

conference communications listed in the Prologue. 
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3. Methodology 

3.1 Droplet combustion facility 

The single droplet experiments were conducted in the Droplet Combustion Facility (DCF), 

whose main characteristics are shown in Figure 3.1. A train of free-falling monosized droplets 

were created in a piezoelectric droplet generator, with initial diameters (d0) of 150-180 µm. This 

is thought to be a compromise between experimental accuracy and closeness to real 

applications, as droplets in furnace sprays typically display mean diameters in the order of 

several tens of micrometers, with the tail of the spray distribution reaching the order of a 

hundred micrometers (e.g., see (Ballester and Dopazo (1994)) or (Ballester and Dopazo 

(1996))). The droplets were produced at a fixed d0, with negligible changes over the course of 

the experiment. This steadiness in d0 was critical for the validity of the results and therefore the 

droplet initial diameter was thoroughly checked in each experimental run yielding rms 

deviations below 0.5 µm. The droplet generation rate was set at 25 Hz, so that the free-falling 

droplets would not interfere with each other. Taking into account typical droplet and gas 

velocities (which shall be presented further on), it was checked that the interdroplet distance 

was always enough to prevent a given droplet from reaching any combustion product released 

by the preceding one. 

 
Figure 3.1. Schematic view of the droplet combustion facility (DCF). 
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This train of monosized droplets was injected by gravity in the combustion products of a flat-

flame McKenna burner, which provided the hot gaseous coflow required for the droplet 

evaporation and combustion processes. Over the course of the thesis, the gas feed for this burner 

consisted in different mixtures of methane, hydrogen, air, N2, O2 and CO2, depending on the 

desired coflow conditions (i.e., gas temperature, velocity and composition). The main aim here 

was to obtain a set of conditions which provided realistic combustion environments and, 

simultaneously, minimized the droplet-coflow relative velocities. Typically, the oxygen 

availabilities studied ranged from 0% (pure evaporation case) to 10% O2, whereas the Reynolds 

numbers calculated from slip velocities were always < 1 (and < 0.2 during the quasi-steady 

evaporation stage). The droplet velocities were extracted from double-exposure pictures (as it 

will be detailed below) and the gas velocities were experimentally measured by means of the 

PIV technique using a Nd:YAG laser with Al2O3 particles as tracers. A summary of these PIV 

measurements and the resulting gas velocity profiles is presented in Addendum A3. As for the 

gas composition, it was monitored through an online paramagnetic analyzer (Testo 350-S). The 

most commonly used conditions at the DCF employed methane, air and O2 as feed flows and 

therefore the flue gas composition consisted mainly in N2, H2O, CO2 and, depending on the 

desired case, unburned O2. The gas coflow temperatures were measured by means of a 50 µm 

thermocouple (type S), performing both radial and axial profiles of temperature. The axial 

profiles of temperature for the four most commonly used conditions are presented in Figure 3.2, 

where it can be observed that the droplets were tested in high temperature conditions 

infrequently studied in the droplet evaporation literature, as it will be elaborated further on. A 

detailed outline of these temperature measurements is provided in Addendum A3. 

 
Figure 3.2. Axial temperature profiles measured for the four most 

commonly used gas coflow conditions (i.e., combustion of methane 

with different proportions of air and O2, yielding 0, 3, 5 and 10% 

O2 in the combustion products). 
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Once the free-falling droplets were injected into the hot gas coflow, different optical setups 

aimed to characterize their evaporation and, if oxygen was available, combustion process. A 

CCD camera (QImaging Retiga SRV, Camera 1 in Figure 3.1) was used in combination with a 

long distance microscope and a LED strobe to acquire sequential close-up shots of the droplets 

at different distances to the injection point. This was achieved through a movable frame which 

allowed for the axial displacement of the combustion chamber, modifying thereby the field of 

view of the fixed cameras (which typically ranged from the injection plane to the distance of 

droplet burnout). For a given position, Camera 1 worked with the multiple exposure technique, 

which was applied by synchronizing these elements with the droplet generation device by 

means of an Arduino board. The backlight LED strobe emitted very short (< 1 µs) light pulses 

every 500 µs and, thus, the adequate setting of the camera exposure time allowed for multiple 

shots of a given moving droplet in the same frame, as it can be observed in Figure 3.3a. In that 

image two sequential shots of the same droplet were obtained by using an exposure time of 

1200 µs. Besides increasing the number of potential droplet size measurements per picture, this 

method enabled to determine the droplet velocity, as calculated from v=e/∆t (being e the droplet 

displacement between shots and ∆t=500 µs). Both the droplet diameter and velocity were 

automatically extracted from every image through a post processing code developed in-house in 

Matlab. 

 

Figure 3.3. Pictures obtained at the DCF by means of: a) Camera 1 working with double exposure. The 

image displays twice an evaporating droplet of biodiesel; b) Camera 2 with the backlight on recording the 

sooty envelope flame of a heating oil droplet; c) Camera 2 without backlight recording the weak 

chemiluminescent blue flame surrounding a hexadecane droplet. 

 

A second camera (Hamamatsu C11440-36U, Camera 2 in Figure 3.1) fitted with a 

telemicroscope was used to capture the diffusion flame which surrounded the droplet for all the 

combustion environments. In this case, the camera recorded the natural emission of both the 
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envelope flame and the incandescent soot particles generated in the region and, therefore, only a 

dim continuous backlight was provided in order to highlight the droplet shadow. This provided 

pictures similar to Figure 3.3b, where a heating oil droplet can be observed surrounded by a 

sooty flame. For the case of studying clean fuels without soot emission, the chemiluminescent 

blue flame was so faint that the dim backlight had to be switched off and the DCF had to be 

completely covered from exterior light in order to increase the weak signal-to-noise ratio (as it 

can be seen in Figure 3.3c for the case of a hexadecane droplet). Analogously to Camera 1, 

these pictures were post processed in Matlab to extract the flame sizes in an accurate and 

repeatable way. 

A different kind of pictures were obtained through a third camera (Teledyne DALSA Genie 

Nano C4060) fitted with a DSLR lens. This color camera captured the macroscopic flame streak 

produced during the droplets' free fall along the combustion chamber. For sufficiently long 

exposure times, the individual droplets merged into a continuous trace which provided an 

integrated luminosity of a given number of consecutive droplets. This can be observed in Figure 

3.4, where the flame traces of different fuels burning at the 10% O2 condition are shown. Due to 

the characteristic luminosity stemming from soot particles, these images offer valuable 

information regarding the amount of soot produced for each fuel and condition and therefore 

they were also post processed in order to extract information in this regard. 

Since the soot tendency is a relevant characteristic in liquid fuel combustion, this feature was 

also quantitatively studied at the DCF. To that end, two different soot sampling probes were 

developed. The first one, named Probe A, aimed to aspirate the small soot particles in the 

droplet's vicinity based on an aerodynamic separation process. The main components of the 

probe, its working principle and a picture of its operation are shown in Figures 3.5a, 3.5b and 

3.5c respectively. As depicted in Figure 3.5.b, the broad differences between the inertia of the 

rather big droplets and the much smaller and lighter soot particles allowed for the lateral 

aspiration of the soot cloud without affecting the droplets trajectory when an appropriate intake 

flow was used. After being suctioned, the hot soot particles were quickly quenched by a cold N2 

flow and deposited on a quartz filter. The sampling of soot particles during a given test time 

provided a certain amount of soot which was subsequently dried in a furnace at 110 °C and 

weighed on an analytical scale (Sartorius CP225D; repeatability ±20 µg). 
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Figure 3.4. Flame traces captured for heating oil, biodiesel, two mixtures of both fuels with 10 and 20% 

biodiesel in volume and hexadecane. The pictures of heating oil and its blends were captured with an 

exposure time of 500 ms (integrating therefore the luminosity of 12.5 droplets), whereas for biodiesel and 

hexadecane 2 seconds had to be used (50 injected droplets). Figure extracted from Paper I. 

 

 

Figure 3.5. Probe A: a) Scheme with its main elements; b) Operation principle; c) Long exposure image 

of the incandescent soot cloud aspirated by the probe. 

 

The sampling probe A provides complete information on the droplet's sooting behavior, since it 

can sample from different points along the droplet lifespan, generating thereby soot yield 

profiles. However, in some occasions the main interest can be focused on determining the 

global propensity to form soot of a given fuel under a specific set of conditions, rather than to 

study the soot production and oxidation dynamics along the droplet combustion process. For 

that purpose, the design of a simpler probe can provide some advantages, from both the 
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operational and the experimental accuracy viewpoints. Probe B (Figure 3.6) was developed 

during the framework of the thesis with the objective of quantifying the total amount of soot 

generated within the combustion chamber. In contrast to Probe A, which was able to study the 

soot production and depletion dynamics typical in oxidizing atmospheres, Probe B should only 

be used to characterize the global soot production under strictly reducing conditions (i.e., at the 

0% O2 case). Otherwise, the amount of soot reaching the sampling position would be a 

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

be significantly hindered due to the interlinked and uncontrolled variables.  

However, if only a global soot indicator under reducing conditions is sought, Probe B displays 

some clear experimental advantages over Probe A, since the bigger filter (of the order of the 

combustion chamber diameter) allows for the collection of a far greater soot weight, 

significantly decreasing the experimental uncertainties in the weighing process. In addition to 

this, the fact that the cold metallic probe is located so far downstream from the droplets (Figure 

3.6.b) ensures that the sampling process is completely non-intrusive, whereas the closeness of 

Probe A to the droplet stream was found to somewhat disturb the temperature field in the 

droplets' vicinity. For the case of Probe B, the soot agglomerates descended unoxidized and 

unaffected by the probe until the bottom of the combustion chamber, where they were collected 

on a quartz microfiber filter (Figure 3.6.c). Similarly to Probe A, these soot particles were dried 

in a furnace and weighed on an analytical scale, determining thereby an index for each fuel and 

condition in terms of the weight of collected soot per unit of injected fuel. In latter stages of the 

thesis, it was found that the hygroscopic behavior of the quartz filters was introducing 

significant uncertainties on the soot weight process through the absorption of room humidity. 

After that point, the weighing procedure was performed inside a controlled-humidity room with 

relative humidity levels of 10-15%. 
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Figure 3.6. Probe B: a) Scheme of the probe head; b) Operation principle; c) Picture of the soot particles 

collected on the quartz filter at the bottom of the combustion chamber. 
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3.2 Droplet evaporation model 

As already introduced, the second pillar of the thesis (together with the experimental tests) is 

based on the simulations provided by a theoretical droplet evaporation model. Although the 

experimental results obtained at the DCF encompasses both droplet evaporation and combustion 

results, from the simulation point of view most of the work developed in the current thesis was 

focused on evaporation conditions, that is, the simulation of a vaporizing droplet without 

combustion reactions in the gas phase. For that reason, the model presented here corresponds to 

a droplet evaporation model.  

The problem considered here assumes an isolated, spherical monocomponent droplet of radius a 

vaporizing in an infinite stagnant atmosphere with temperature T∞ and a mass fraction of the 

fuel Yf,∞ (typically Yf,∞=0). Assuming the absence of forced convection and buoyancy effects the 

resulting flow is completely one dimensional, and the profiles would appear as those sketched in 

Figure 3.7.  

 
Figure 3.7. Scheme of the isolated droplet evaporation problem under 

spherico-symmetrical conditions. 

 

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

species and energy. Written in spherical coordinates: 

���� + 1�� ��� 
���	�� = 0 (3.1) 

�	 ����� + �	�	 ����� − 1�� ��� ����	�� ����� � = 0 (3.2) 

�	�� 	���� + �	�	�� 	���� − 1�� ��� ���	�	 ����� = 0 (3.3) 
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Since this model will be mainly used for low pressure conditions, the small value of ρ / ρl (of the 

order of 10-3) justifies the quasi-steady approximation in the analysis of the gas, as the response 

time of this gas phase is much shorter than that of the liquid (Liñán (1985)). As a result, the 

time-derivatives in Equations (3.1)-(3.3) can be neglected, significantly simplifying the 

problem. An additional assumption is the absence of radiative heating in Equation (3.3). This is 

due to the small droplets which are intended to be simulated by the model (a0≈75 µm), for 

which the effect of thermal radiation can be safely neglected (e.g., see (Long et al. (2015))). 

Neglecting the time-derivative in Equation (3.1) implies that the evaporated mass flow rate (�� ) 
is a constant, and does not depend on the radial position: 

�� = 4	 	���	� = �!"#�$"� (3.4) 

This mass flow rate is actually the main unknown of the problem (as indicated in Figure 3.7), 

and therefore it is practical to rearrange Equations (3.2) and (3.3) in terms of �� : 
��4	 	�� 	����� − 1�� ��� ����	�� ����� � = 0 (3.5) 

��4	 	�� 	�� 	���� − 1�� ��� ���	�	 ����� = 0 (3.6) 

Thus, the problem of the gas phase is reduced to solving these two differential equations 

constrained to the boundary conditions displayed in Figure 3.7: 

�	
� = $� = �% (3.7) 

�	
� → ∞� = �( (3.8) 

��	
� = $� = ��,% (3.9) 

��	
� → ∞� = ��,( (3.10) 

For the droplet sizes used in this work, the liquid and gaseous phases can be safely considered 

to be in thermodynamic equilibrium at the interface, since non-equilibrium effects were found to 

only become significant for very small droplets (a0<25 µm) (Miller et al. (1998)). Therefore, the 

temperature and fuel's vapor mass fraction at the surface can be related through the Clausius-

Clapeyron equation: 

��,% = *+�*+ 	,�-.	/0123	45 �6784549 : (3.11) 

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

considered to be spatially constant, analytically. This second approach is the one most 
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commonly followed in the literature, where different reference conditions are proposed in order 

to obtain a good agreement with experimental or detailed modeling results. Three of these 

reference state schemes were analyzed by Hubbard et al. (1975), where the '1/3 rule' proposed 

by Sparrow and Gregg (1958) was found to provide the most appropriate reference state for 

evaluating the gas properties. This method consists in evaluating gas properties at the following 

reference conditions: 

�;<� = �% +	13 
�( − �%� (3.12) 

��,;<� = ��,% +	13 >��,( − ��,%? (3.13) 

Using constant gas-phase properties allows for the analytical integration of Equations (3.5) and 

(3.6). With the boundary conditions stated in Equations (3.7)-(3.10), this integration yields: 

�� = 4	 	$	�	��	@" �1 + ��,% − ��,(1 − ��,% � (3.14) 

�� = 4	 	$	 ��� 	@" �1 +
��	
�( − �%�AB + ���/�� � (3.15) 

Recovering thus the droplet evaporation equations of the classic theory (e.g., see (Turns (1996), 

Williams (1985))). These analytical equations allow for the calculation of the two main 

unknowns of the problem, that is, ��  (the vaporization flow rate) and ��� (the sensible heat 

transferred to the liquid phase). The deviations obtained when using the constant property 

simplification and the '1/3 rule' reference state were verified in the framework of the thesis by 

comparison with a detailed numerical integration of Equations (3.5) and (3.6) taking into 

account variable gas phase properties. The negligible differences found between both cases 

justifies implementing the constant property simplification for the gas phase. 

To close the problem, the liquid phase needs also to be analyzed. For the case of a 

monocomponent fuel, the only differential equation to solve for the liquid consists in the heat 

diffusion equation: 

�D�D ��D�� = 1�� ��� ��D 	�� 	��D�� � (3. 16) 

With the following boundary conditions: 
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��D�� = ���4 $��D 	,						
� = $� (3.17) 

��D�� = 0	,						
� = 0� (3.18) 

If the study is extended for multicomponent fuels, the mass diffusion equation also needs to be 

considered to account for the migration of the different constituents within the liquid phase. 

Based on the work by (Sazhin et al. (2014), Sazhin et al. (2010), Sirignano (2010)), the 

following equations can be used to predict the mass fractions distributions of the liquid species 

within a spherically symmetric droplet: 

��DE�� = �D ����DE��� + 2� ��DE�� � (3. 19) 

|�� |4	 	�D$� 	
HE − �DE%� = −�D ��DE�� 	,						
� = $� (3.20) 

��DE�� = 0	,									
� = 0� (3.21) 

�DE% is the mass fraction of the component i at the surface in the liquid, whereas HE = I.J9∑ I.J9J , 

being �BE% the mass fraction of the component i at the surface in the gas. The extension of the 

model to solve multicomponent cases does not affect the previously described gas phase 

equations since, following the approach proposed in (Sazhin et al. (2014), Sazhin et al. (2010), 

Sirignano (2010)), the fuel vapor is assumed to behave as a monocomponent gas (similarly to 

treat a mixture of N2, O2, Ar and CO2 as air). This simplification implies that all fuel vapor 

components diffuse equally, being their relative composition spatially homogeneous. 

The model analysis has relied so far on the assumption of a perfectly spherico-symmetrical 

evaporation process. As introduced before, this implies the absence of both natural and forced 

convection effects. Due to the small size of the droplets typically used at the DCF experiments, 

the assumption of negligible buoyancy effects in the evaporation is entirely justified (as 

assessed in an order-of-magnitude analysis in Appendix A of the Supplementary Materials of 

Paper I). As for the potential influence of forced convection on the DCF experimental results, 

even the small slip velocities typically found between the free-falling droplets and the gas 

coflow can introduce some noticeable disturbances to the 1-D situation, and therefore the model 
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has been adapted to take into account forced convection effects. Based on (Abramzon and 

Sirignano (1989)), for the gas-phase analysis, Equations (3.14) and (3.15) are modified to: 

�� = 2	 	$	�	��	Lℎ∗	@" �1 + ��,% − ��,(1 − ��,% � (3.22) 

�� = 2	 	$	 ��� 	OP∗	@" �1 +
��	
�( − �%�AB + ���/�� � (3.23) 

Being Sh* and Nu* the modified Sherwood and Nusselt numbers calculated as: 

Lℎ∗ = 2 + Lℎ − 2QR  (3.24) 

OP∗ = 2 + OP − 2QS  (3.25) 

Sh and Nu in Equations (3.24) and (3.25) are calculated from the correlations proposed by Clift 

et al. (1978) for a sphere immersed in a fluid, whereas Fm and Ft are obtained from the 

correlations presented by Abramzon and Sirignano (1989), aiming to take into account the 

change of the film thickness due to the Stefan flow created by the evaporation process. It is 

worth to note that, for the case of zero slip velocity (Re=0), the resulting Sh and Nu numbers 

would equal 2 and therefore the analytical solution given by Equations (3.14) and (3.15) for the 

perfectly 1-D case would be recovered from Equations (3.22) and (3.23). 

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

ambience would result in the creation of internal convection transport in the liquid. For the case 

of high Péclet numbers (T,D = �	B9	;UV  ), this convective transport inside the droplet is stronger 

than thermal diffusion, appearing vortex structures which break the 1-D symmetry also in the 

liquid phase analysis. The use of the 'effective conductivity' model proposed in (Abramzon and 

Sirignano (1989)) is a well-known approach to overcome this complication by assuming that the 

heat is transferred within the droplet only by thermal conduction with an effective liquid 

thermal conductivity (kl,eff) which accounts for the transport enhancement due to internal 

circulation. This model has proven to correctly predict the temperature at the surface as well as 

the evaporation rates, although it obviously cannot predict in a correct fashion the real 

temperature distribution inside the droplet. According to Abramzon and Sirignano (1989), 

convection effects in the liquid phase are introduced in the model by replacing kl by kl,eff in 

Equations (3.16) and (3.17), being: 

�D,<�� = �D 	W4 (3.26) 
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W4 = 1.86 + 0.86	�$"ℎ 62.245 log7_ 6T,D 30` :: (3.27) 

An analogous approach was proven in (Sirignano (2010)) to be valid for taking into account the 

effect of internal convection for the mass diffusion process. This is called the 'effective 

diffusivity' model, and is based on the substitution of Dl by Dl,eff in Equations (3.19) and (3.20), 

being: 

�D,<�� = �D 	W/ (3.28) 

W/ = 1.86 + 0.86	�$"ℎ 62.245 log7_ 6a,DL�D 30` :: (3.29) 

With the inclusion of forced convection effects, the model would be closed both for the gas and 

the liquid phases. This model was implemented in Matlab, along with a property database which 

allowed for the estimation of the different gas and liquid properties required by the model both 

for pure fuels and mixtures. All the properties were temperature-dependent, and followed the 

mixture rules summarized in Addendum A4. 

The previously presented equations were numerically solved, assuming a constant droplet size 

during the very short time step (∆t), used for the integration. Starting from the initial conditions, 

the fuel's vapor mass fraction at the surface Yf,s could be determined through Equation (3.11), 

which in turn allowed for the calculation of the evaporated mass flow rate ��  (kg/s) by means of 

Equation (3.22). Knowing ��  enabled to obtain from Equation (2.23) the sensible heat gained or 

lost by the droplet 	���  (W), which was introduced in Equation (3.17) as the boundary condition 

at the surface for the differential heat diffusion equation. Similarly, the knowledge of ��  and the 

fuel's mass fraction distribution in the liquid and vapor phases permitted to calculate the 

boundary condition stated by Equation (3.20) for the mass diffusion equation. Both differential 

equations were numerically solved by using a 1-D PDE solver integrated in Matlab and based 

on (Skeel and Berzins (1990)). For that purpose, a meshing of the droplet radius in 50 nodes 

with separations inversely proportional to 1/r2 was applied. The obtained changes in 

temperature and composition distributions within the liquid droplet during the evaluated time 

step ∆t provided the initial conditions for the next iteration, whereas the droplet mass was 

diminished by subtracting the product  �� Δ�. 
This model implementation was found to provide accurate results for monocomponent liquids, 

given that sufficiently small time steps were applied. However, for the case of liquid mixtures 

numerical errors frequently appeared in the mass diffusion equation irrespective of the time step 

used. This was especially true when the simulations considered high gas temperature conditions 

such as those found at the DCF experiments. For these cases, the direct application of Equations 
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(3.19)-(3.21) consistently presented numerical issues caused by the assumption of a constant 

droplet size during the evaluated time step. This is thought to be caused by the very low values 

of the liquid mass diffusion coefficients, causing that the migration speed of species become 

comparable to the receding velocity of the droplet surface. To avoid this problem, a coordinate 

transformation proposed in (Sirignano (2010)) was applied, transforming the PDE from an 

equation with a moving boundary to a fixed boundary problem with dimensionless variables. 

The new variables were calculated as follows: 

c = �/$ (3.30) 

d = eD�$_�  (3.31) 

$f
d� = $/$_ (3.32) 

g = 12�
$f
���d  (3.33) 

The mass diffusion equation based on these dimensionless variables becomes:  

eD�D �$f�
��DE�d − g	c	 ��DE�c � = 1c� 	 ��c �c� ��DE�c � (3.34) 

With the following boundary conditions: 

h�DEhc = �	��D 	�D @" �1 +
��,% − ��,(1 − ��,% � 
�DE% − HE�	,						
c = 1� (3.35) 

h�DEhc = 0	,						
c = 0� (3.36) 

The use of Equations (3.34)-(3.36) instead of (3.19)-(3.21) allowed to solve the mass diffusion 

equation without the aforementioned numerical issues. The fact that this transformation of the 

PDE to a fixed boundary problem was not required for the case of the heat equation is due to the 

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

Actually, the liquid Lewis number (A,D = eD �D` ) for common liquid mixtures can usually 

located in the order of 100 (e.g., see (Rapp (2016))). 
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4. Results and discussion 

This chapter summarizes the main results obtained over the course of the thesis. The 

presentation is divided in two sections, corresponding to the two approaches followed in the 

study: experimental droplet combustion tests and modeling exercises. A third and last section 

addresses the use of the isolated droplet configuration for the development of surrogates, a study 

which required the combined use of both experiments and theoretical models. 

 

4.1 Experimental characterization of droplet evaporation and 

combustion 

The experimental results obtained at the DCF are presented here and have been divided in two 

sub-sections. The first one deals with the testing of pure compounds of well-known properties, 

whereas the second one summarizes the results obtained for real fuels of relevance for heat and 

stationary energy production. This distinction is based on the different purpose of the results as 

well as on the different kind of behaviors that can be observed in each group, since real fuels 

can display distinct features due to their chemical complexity. 

For any given fuel, the droplet evolution with the axial distance from the injection plane (L) was 

monitored by means of Camera 1 (Figure 3.1). Double-exposure shots provided detailed curves 

of both droplet diameter (d) and velocity (v) as a function of L, such as those displayed in Figure 

4.1 for the case of the evaporation of n-butanol droplets. It is worth mentioning that the number 

of experimental points in Figure 4.1.a is the double than that of Figure 4.1.b, since each picture 

of Camera 1 allows for two droplet measurements but only one droplet velocity estimation (see 

Figure 3.3.a). 

 
Figure 4.1. Axial profiles of droplet diameter (a) and velocity (b) obtained at the DCF for the evaporation 

of 150 µm droplets of pure n-butanol. 
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Even if the curves displayed in Figure 4.1 are of relevance for the description of the droplet 

evaporation process, it is preferred to work with the residence time as the independent variable 

since, unlike the axial distance L, it is not affected by the droplet velocity. A combination of 

both curves in Figure 4.1 allowed to create the final droplet size evolution curve shown in 

Figure 4.2.a which, following common practice in the field, is expressed in terms of squared 

droplet diameter versus residence time (t). This is due to the well known d2-law (Spalding 

(1950)) which stems from the analytical description of the problem as stated Section 3.2: for 

any liquid monocomponent droplet subjected to a constant temperature ambience, and assuming 

that all the heat input to the droplet is employed in evaporating, the droplet diameter squared is 

found to linearly decrease with time. This linearity can be indeed experimentally observed in 

Figure 4.2.a, where the droplet evaporation curve for butanol at the 0% O2 condition is shown. 

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

squared (d0
2).  

 
Figure 4.2. Normalized droplet size evolution with time for the evaporation of 150 µm droplets of n-

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

 

Analyzing in greater detail the slope of the d2-t plot or, as it is usually named, the evaporation 

rate (K=-d(d2)/dt) reveals that K does not show a fixed value throughout all the droplet lifespan, 

but displays a transient behavior. Typically, the evaporation rate is close to zero at the injection 

point, quickly growing as the droplet heats-up to its quasi-steady state, where it reaches the 

constant value predicted by the d2-law. For that reason, the results presented in this Section 

include different manners of expressing the evaporation or burning (if oxygen is present) rate. If 

only an average and global value corresponding to the quasi-steady state is sought, the points in 

Figure 4.2.a between (d/d0)
2=0.6 and 0.2 were fitted to a straight line, being the global K value 

estimated from the line's slope. These boundaries were chosen because they are thought to 
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exclude both the initial heat-up phase and the final part of the curve, where the very small 

droplet sizes lead to higher experimental uncertainties. On the contrary, if the temporal 

evolution of K is sought, the d2-t curve in Figure 4.2.a can be adjusted to a nth grade polynomial, 

whose derivative yielded the burning rate evolution with time. The polynomial grade n was 

always chosen as the minimum one which allowed to accurately capture the droplet size 

evolution, as the derivation of higher order polynomials can introduce numerical artifacts, as it 

is discussed in the Appendix A of (Liu et al. (2012)). These two ways of extracting the 

evaporation rate are compared in Figure 4.2.b, where it can be observed that the quasi-steady 

value predicted by the first method (red dotted line) provides quite close values to the local K 

values calculated by the second method (black solid line) for the quasi-steady region. 

Additionally, a 9-points moving average of K was added to Figure 4.2.b in order to confirm that, 

despite the higher uncertainty and scatter obtained when differentiating the experimental d2-t 

data, all the methods appear to concur reasonably well. 

The evaporation behaviors described in Figure 4.2 are only a part of the experimental 

characterization performed for liquid fuels in this Section. However, since this aspect is 

common for all of them, an introductory description seems appropriate at this point. Further 

analysis on other behaviors such as flame size measurements, soot shell appearance, occurrence 

of microexplosions or soot sampling will be presented at the place of first appearance of such 

phenomena. 

 

4.1.1 Pure compounds 

The experiments on pure compounds were primarily intended for the validation of the droplet 

evaporation model detailed in Section 3.2. The results presented here are organized in 

accordance to the different chemical families tested: alcohols, linear alkanes and aromatics. 

 

4.1.1.1 Alcohols 

The three alcohols tested at the DCF were ethanol, 1-butanol and glycerol. Their evaporation 

results are presented in Figure 4.3 for the three oxygen conditions explored (0, 3 and 10%). The 

temperature profiles measured for each of these oxygen conditions were displayed in Figure 3.2. 
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Figure 4.3. Normalized droplet size (a) and burning rate (b) evolution for the three pure alcohols at 

different oxygen conditions. The experimental points in (a) were fitted to 4th order polynomials in order to 

obtain the time-derivative plotted in (b). 

 

As it can be observed in Figure 4.3, glycerol shows a quite distinct behavior compared to 

ethanol and butanol, with a considerably longer heat-up initial transient and lower quasi-steady 

burning rates. The first feature is primarily ascribed to the high boiling point of glycerol: 287 °C 

vs. 78°C for ethanol or 117°C for 1-butanol (NIST (2020)). The negligible vapor pressure of 
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glycerol at low temperatures causes that, during the first heat-up instants, the droplet increases 

its volume due to a decrease in the liquid density (Nayagam et al. (2018)). This thermal 

expansion can be also observed by the initial negative values of K, although the progressive 

increase of the vaporized mass as the droplet rises its temperature quickly overcomes this initial 

swelling. The lower burning rate of glycerol, on the other hand, is a consequence of a 

combination of different properties affecting this characteristic, such as the liquid density, the 

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

In Figure 4.3 it is also noteworthy that, for any given fuel, an increase of the oxygen availability 

in the coflow leads to a clear enhancement of the burning rate. Since evaporation is driven by 

the heat input to the liquid, the formation of a diffusion flame around the droplet when oxygen 

is available causes a distinct increase in the temperature gradient in the liquid vicinity. A 

composition of the gas richer in oxygen increases the flame temperature and also approximates 

the flame front to the droplet surface, boosting thus the burning rate and decreasing the total 

conversion time, as it can be verified in Figure 4.3. For a clearer comparison among fuels and 

conditions, the quasi-steady burning rates estimated for each case is presented in Table 4.1. 

Table 4.1. Quasi-steady burning rates (mm2/s) extracted for the three alcohols by fitting 

all the experimental points between (d/d0)
2=0.6 and 0.2 to a straight line. 

Fuel 0% O2 3% O2 10% O2 

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 alcohol droplets, different imaging methods were 

used to characterize this aspect. As already detailed, Camera 1 (Figure 3.1) was in charge of 

capturing the close-up pictures aimed to extract the evaporation behavior summarized in Figure 

4.3 and Table 4.1. Since all alcohols showed a smooth evaporation until total conversion, this 

kind of images are not thought to provide further information, and therefore are not included 

here. The macroscopic traces of the free-falling droplets were captured with a DSLR camera 

(Nikon D5000). As expected, these pictures displayed no luminosity at all for the evaporation 

case, whereas a subtle blue trail appeared for the 3 and 10% O2 conditions due to the 

chemiluminescent flame emission. These flame streaks are displayed in Figure 4.4 for the three 

alcohols at the 10% O2 atmosphere. Interestingly, all of them show an orangish spot marking the 

point of droplet depletion. This spot was determined to arise from sodium emission, as 

corroborated through the use of a spectrometer (Ocean Optics HR2000) which revealed a 
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marked peak at 589 nm (D-lines of sodium). Even if high quality alcohols were used for this 

study (laboratory grade, purity > 99%), the presence of very small amounts of sodium in these 

polar compounds could create such emission without causing any significant impact on the 

droplet evaporation and combustion processes. 

 
Figure 4.4. Long exposure pictures recorded for the three alcohols at the 10% O2 

condition. All the camera setups are coincident for the three pictures, with an 

exposure time of 2 seconds (50 injected droplets). 

 

Further insight into the droplet diffusion flames can be gained from the pictures obtained from 

the monochrome Camera 2 (Figure 3.1), which used shorter exposure times and a much 

narrower field of view. The evolution of these flames for butanol is presented in Figure 4.5, 

where quite spherical envelope flames can be observed. This sphericity supports the previously 

discussed closeness of the evaporation and combustion process to a 1-D configuration, despite 

the fact that the DCF tests were performed under normal gravity. However, pictures in Figure 

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

emission and the high magnification required by the telemicroscope.  
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Figure 4.5. Individual envelope flames of butanol at the 10% O2 condition. All the 

images are binned in order to increase their signal-to-noise ratio. 

 

Finally, the individual envelope flames recorded with Camera 2 were measured in order to 

compare the flame sizes of the different alcohols. However, due to the close behaviors between 

the examined alcohols and the low quality of the flame images, the uncertainties in those 

measurements are believed to be too high to draw any conclusion in this aspect. Flame size 

measurements will be provided further on for other fuels with more defined flame shapes. 

 

4.1.1.2 Alkanes 

Four different linear alkanes were also tested at the DCF, namely n-heptane, n-dodecane, n-

hexadecane and n-eicosane. This wide range of paraffins, from C7 to C20, is expected to cover 

interesting compounds which are usually studied in combustion science because of their 

presence in conventional liquid fuels. Most tests were performed under the usual coflow 

conditions already described for alcohols in the previous sub-section (and whose temperature 

profiles were displayed in Figure 3.2). A complementary study aimed to characterize the 

differences found for a given alkane when varying coflow variables such as the gas composition 

(conventional combustion vs. oxy-combustion) or its temperature (by modifying the kind of fuel 

or the composition of the oxidizer fed to the McKenna burner). For the sake of conciseness and 

clarity, these tests are not included here, although some of them will be used in Section 4.2. 

The droplet evaporation results extracted for the linear alkanes under the four oxygen conditions 

explored (0, 3, 5 and 10%) are summarized in Figure 4.6. It is worth to note that the heavier 

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

introduces some first interesting results regarding the evaporation of a multicomponent fuel. 

As it can be observed in Figure 4.6, the different pure alkanes display significant differences in 

the initial heat-up period but fairly similar quasi-steady burning rates. These results are 

consistent with the physicochemical properties of the compounds tested, as they are close 

among them with the notable exception of the boiling point, which increases from 98 °C for 

heptane to 343 °C for eicosane (NIST (2020)). This similarity in the quasi-steady K among fuels 

can be noted in Figure 4.6.a because the droplet size curves run practically parallel, as well as 

from the fact that all alkanes show quite close values of K during the final stages of droplet 

lifetime in Figure 4.6.b. Analogously to the results listed in Table 4.1 for the alcohols, the quasi-

steady burning rates estimated for each pure alkane is presented in Table 4.2 in order to provide 

a clearer comparison among fuels and conditions. When comparing alkanes and alcohols, the 

former compounds consistently show higher burning rates. 

The only mixture displayed in Figure 4.6.a shows a clearly distinct behavior, with two 

evaporation stages separated by a transition plateau. This behavior has also been observed in 

other experimental studies addressing binary mixtures with significantly different boiling points 

such as (Wang et al. (1984)), and it is explained by the transition from a preferential 

vaporization of the more volatile compound to a steady state where the surface is enriched in the 

heavier species while the composition of the droplet core remains frozen at the initial value. The 

slow mass diffusion mechanism is not capable of supplying heptane to the surface at the 

required rate, and therefore this region is progressively enriched in hexadecane to a point where 

the droplet temperature becomes dominated by the boiling point of this compound (Wang et al. 

(1984)). The drop in evaporated mass due to this enrichment in hexadecane at the surface 

implies a second heat-up transient, creating the plateau shown in Figure 4.6.a. Up to this 

transition plateau, both the droplet size curves and the burning rates obtained for the C7-C16 

mixture are quite similar to those of pure heptane, confirming the preferential vaporization of 

this compound during the first stage. Finally, it is worth to note that the relatively complex 

shapes of the experimental curves in Figure 4.6.a for the C7-C16 blend made necessary to use 6th 

order polynomials to adequately fit them, introducing the aforementioned numerical artifacts 

which can be observed in Figure 4.6.b, especially at both extreme ends of the K - t/d0
2  curves. 
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Figure 4.6. Normalized droplet size (a) and burning rate (b) evolution for the examined paraffins at the 

different oxygen conditions. The experimental points of all pure alkanes in (a) were fitted to 4th order 

polynomials in order to obtain the time-derivative plotted in (b), whereas a 6th order polynomial was 

required for the heptane-hexadecane mixture. 
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 Table 4.2. Quasi-steady burning rates (mm2/s) extracted for the pure alkanes by fitting all the experimental 

points between (d/d0)
2=0.6 and 0.2 to a straight line. 

Fuel 0% O2 3% O2 5% O2 10% O2 

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 alkane droplets under an oxygen-rich atmosphere 

provided very similar pictures to those presented in the previous sub-section for alcohols. That 

is, the long exposure pictures of the macroscopic trace at the 10% O2 condition showed weak 

chemiluminescent blue traces (such as those in Figure 4.4) and the short exposure images of the 

individual flames displayed spherical envelope flames very similar to those illustrated in Figure 

4.5. This latter set of pictures could be post-processed because of their slightly higher signal-to-

noise ratio, and the flame size evolution could be quantitatively extracted. These results are 

presented in Figure 4.7 for all the alkanes which were tested at the 10% O2 atmosphere. As it is 

common practice in the field, flame sizes are presented normalized by the droplet diameter, 

yielding the flame standoff ratio (FSR = df / d). 

 
Figure 4.7. Flame standoff ratio evolution of the different alkanes 

tested at the 10% O2 condition. 

 

In spite of the uncertainties associated with flame measurements, the experimental data in 

Figure 4.7 point to larger flame sizes for the lighter alkanes and also to a sustained increase in 

the FSR of all fuels during their burning. This latter behavior is due to the fuel vapor 
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accumulation effect (Law et al. (1980)), particularly relevant for low ambient oxidizer 

concentrations such as those used here. The heptane-hexadecane mixture shows an interesting 

behavior, with initial flame sizes very similar to those measured for neat heptane until a sharp 

decrease in the flame diameter takes place. This sudden flame contraction occurs at the same 

residence time where the plateau appeared in Figure 4.6.a for the 10% O2 case (≈0.75 s/mm2), 

and thus it is ascribed to the aforementioned second heat-up transient, where the heat input to 

the droplet was used to increase its temperature rather than in vaporizing. After this transition 

phase, the FSR shown in Figure 4.7 display an intermediate behavior between heptane and 

hexadecane, as expected from the fact that in this region the evaporated products are a mixture 

of both. 

As previously stated, the flame images of these alkane compounds were qualitatively similar to 

those presented for alcohols in Figures 4.4 and 4.5. However, the pure vaporization case (0% O2 

coflow) showed significant differences, since a bright yellowish emission appeared in the long-

exposure traces (while for alcohols no luminosity was found). This yellowish emission appears 

in Figure 4.8 for all the pure paraffins in oxygen-free conditions, and it is ascribed to the 

formation of soot particles. The high temperature and reducing conditions of the 0% O2 

atmosphere promoted gas-phase pyrolyzation reactions which broke the vaporized hydrocarbon 

molecules, yielding soot aggregates as final product. These solid carbonaceous particles glowed 

with a black-body emission when hot (as confirmed through the spectrometer measurements), 

and descended unoxidized towards the exit of the combustion chamber, where they showed 

their characteristic black color at colder temperatures. When comparing among fuels in Figure 

4.8, it is clear that the heavier alkanes displayed a greater soot formation tendency, with a 

monotonic rise in sooty luminosity as the carbon chain increased. It is worth to note that, under 

this condition, the total droplet evaporation time varied between 24 mm (heptane) and 37 mm 

(eicosane), reaching thus the sooty traces longer axial distances than the droplets themselves. 
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Figure 4.8. Long exposure pictures recorded for the four pure alkanes at the 0% O2 condition. All the 

camera setups are coincident, with an exposure time of 1 second (25 injected droplets). 

 

 

4.1.1.3 Methylnaphthalene and its mixtures 

The last chemical family explored in this Section is that of aromatic hydrocarbons, namely 

through the study of 1-methylnaphthalene. It is well known that aromatic hydrocarbons are 

responsible for an important part of the soot produced in the combustion of conventional liquid 

fuels because of their strong soot generation tendencies (e.g., see (Das et al. (2018))). Taking 

into account the main objectives of this work, 1-methylnaphthalene was selected as a good 

representative of the aromatic family because of its physicochemical properties, highly sooty 

behavior (Das et al. (2018)), and its recognition in the combustion literature as a compound of 

interest for the study of conventional liquid fuels (e.g., see (Farrell et al. (2007), Mueller et al. 

(2016))). 

For that purpose, five mixtures of methylnaphthalene (MNP) and eicosane were tested within 

the frame of a broader study (published in Paper VI). As determining the soot propensity of  the 

different blends was among the main objectives of the study, it was studied in pure evaporation 

tests (0% O2 atmosphere), in order to increase the soot yield and facilitate the soot sampling 

process. The droplet evaporation results for these mixtures are presented in Figure 4.9. 
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Figure 4.9. Normalized droplet size (a) and burning rate (b) evolution for methylnaphthalene and its 

mixtures with eicosane at the pure vaporization condition. The experimental curves in (a) were fitted to 

4th order polynomials in order to obtain the time derivatives plotted in (b). 

 

As it can be observed in Figure 4.9, the binary mixtures display a monotonic behavior with 

composition. As the percentage of MNP increases, the initial droplet heat-up transient 

accelerates, starting the vigorous droplet evaporation earlier. However, the quasi-steady 

evaporation rate decreases, being that of pure methylnaphthalene (0.4531 mm2/s) noticeably 

lower than that of eicosane (0.5355 mm2/s, Table 4.2). The same multicomponent evaporation 

mechanism described in Section 4.1.12 for the heptane-hexadecane blend is expected to be valid 

here, although in this case the evaporation curves show a quite different behavior, without a 

transition plateau for any of the mixtures displayed in Figure 4.9.a. This is ascribed to the closer 

boiling points of methylnaphthalene and eicosane when compared to heptane-hexadecane. This 

closeness in boiling points causes that when the droplet surface is being depleted in the most 

volatile compound, the interface temperature is still high enough to promote a significant 

evaporation of the heavier compound, being the second heat-up period much more progressive 

and distributed over time.  

Regarding the propensity to form soot of these mixtures, their flame traces displayed very 

strong luminosities, significantly brighter than those illustrated for alkanes in Figure 4.8. In 

order to quantify the amount of soot yielded by each blend, Probe B (Figure 3.6) was used to 

collect all the soot particles generated by each fuel during a given time. The subsequent 

weighing procedure allowed to calculate the Isolated Droplet Soot Yield (IDSY, in grams of 

soot per gram of injected fuel). This information is presented in Figure 4.10 for all the studied 

mixtures, where a quite linear relation was found between the IDSY and the MNP percentage. 

This compound was responsible for practically all the soot generated from the mixtures, as pure 
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eicosane yielded negligible values of IDSY, whereas neat methylnaphthalene produced an IDSY 

of 0.56 (meaning that, under the specific set of conditions applied, 56% of the injected MNP 

mass was converted to soot particles). 

 

Figure 4.10. Isolated Droplet Soot Yield measured with Probe B for 

all the eicosane-methylnaphthalene mixtures. The uncertainty bars 

indicate ± SD (Standard Deviation) of the experimental 

measurements. 

 

4.1.2 Real fuels 

This Section aims to summarize the experimental characterizations performed on real fuels of 

interest for heat and energy generation. Besides heating oil, which was chosen as a reference 

conventional fuel, several alternative fuels were selected for study: Used Cooking Oil (UCO) 

biodiesel, different pyrolysis oils obtained from waste materials as well as crude glycerol and its 

mixtures with two kinds of acetals. Therefore, this Section is subdivided in the corresponding 

three sub-sections, each of them addressing the characterization of a different novel fuel. Since 

these results were published papers I, II, III and IV, only a brief summary of the main results 

will be provided here, being the interested reader redirected to the corresponding paper for 

further details. 

 

4.1.2.1 UCO biodiesel, heating oil and their mixtures 

Due to the already discussed relevancy of the mixtures biodiesel - heating oil, a study to 

experimentally characterize the isolated droplet combustion of these fuels and two of their 

mixtures was devised. As the blends commercially supplied for domestic use in boilers typically 

contain up to 20% by volume of biodiesel, the two mixtures tested in this study were B10 and 
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B20 (10 and 20% vol. of biodiesel respectively). This work was the first to be published in the 

framework of the thesis (Paper I), and therefore a detailed description and discussion of the 

experimental conditions was also included. 

The droplet evaporation curves displayed in Figure 4.11 show distinct behaviors between 

heating oil and biodiesel, with a longer heat-up period and a more marked volumetric expansion 

for the latter. This is consistent with the higher boiling point of the main components of 

biodiesel (methyl esters) in comparison with the lighter fractions of heating oil. Hexadecane 

was also included in Figure 4.11 as a reference compound, showing a quite similar heat-up 

transient to that of heating oil. Once the droplet overcame this initial transient, its evaporation 

proceeded at a different rate for each fuel. This can be better seen in Figure 4.11.b, where the 

quasi-steady evaporation rate (Kqs) for biodiesel and hexadecane are found to be quite similar, 

being that of heating oil noticeably lower. This higher evaporation rate for biodiesel 

compensates the slower initial heat-up transient, being the droplet burnout times of heating oil 

and biodiesel akin, whereas hexadecane droplets display the quickest conversion. The two 

studied mixtures, B10 and B20, showed practically indistinguishable vaporization behaviors 

from those described for heating oil, although the Kqs 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 burning rate (b) evolution for the examined fuels at the 

different oxygen conditions. All the experimental curves in (a) were fitted to 4th order polynomials in 

order to obtain the time-derivatives plotted in (b). 
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Despite the differences in experimental conditions, the behaviors described in Figure 4.11 

qualitatively concur with those presented in previous works on biodiesel and hexadecane 

droplet evaporation (Hashimoto et al. (2015)) and combustion (Li et al. (2011), Pan et al. 

(2009)), with comparable relative behaviors between fuels. Previous studies on biodiesel 

combustion often highlight the potential formation of polymeric residues for biodiesels rich in 

unsaturated fatty acid methyl esters. The UCO biodiesel studied in this work was highly 

unsaturated (70.63%, see Table C1 in the Supplementary materials of Paper I). However, none 

of the tests performed for biodiesel showed any hint of such polymeric residues, reported in 

other works as an abrupt decay in K just before the droplet burnout point. The very short droplet 

conversion times in this study (in the order of 60 ms) are thought to be the responsible for this 

since, as it is proposed in (Hashimoto et al. (2015)), the polymerization reactions compete with 

the evaporation process. The fast liquid evaporation significantly reduced or even inhibited 

polymerization, to a point where the identification of any solid residue was beyond the detection 

limit of Camera 1 (≈ 10 µm).  

As it has been previously discussed, an increase in the O2 availability in the gaseous coflow for 

any given fuel significantly accelerates the droplet conversion process, since the onset of an 

envelope flame increases thermal gradients in the droplet vicinity. This fact can be clearly 

observed in Figure 4.11, where droplet lifetimes were shorter for any given fuel as the oxygen 

composition in the coflow increased from 0 to 10%. Besides this enhancement in K, the 

apparition of a flame surrounding the droplet also induced the confinement of soot particles 

between the droplet surface and the flame front (as it will be detailed further on), hindering for 

some fuels and conditions the correct visualization and measurement of the droplet size. This is 

the reason why in Figure 4.11.a several points are missing for heating oil and its mixtures at the 

10% O2 atmosphere, since this condition promoted the strictest confinement of soot particles 

between the droplet surface and the envelope flame. For heating oil and B10 the scarcity of 

droplet size points in Figure 4.11.a did not allow to accurately extract the droplet evaporation 

rates in Figure 4.11.b. 

It is well known that the nascent soot particles are originated in the fuel-side of the envelope 

flame (Randolph and Law (1986)), where the high temperatures and reducing conditions 

promote their formation. Under a perfectly 1-D configuration, without any external convection 

(either natural or forced), these soot particles are pushed towards the droplet surface by 

thermophoresis. These carbonaceous particles progressively agglomerate and grow in size, 

reaching an equilibrium location resulting from the balance of forces between the outward drag 

forces arisen from the Stefan flow and the inwardly-directed thermophoretic forces (Randolph 

and Law (1986)). This feature has been observed in many experimental studies on droplet 
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combustion under microgravity conditions (e.g., see (Liu et al. (2013a), Pan et al. (2009), Xu 

and Avedisian (2015))), where soot particles accumulate in thin layers around the droplet, 

creating the so-called soot shells. However, the occurrence of this feature for unsupported 

droplets burning under normal gravity is very rare, as the delicate equilibrium of forces required 

for the soot shell to appear can be easily eliminated by buoyancy or by forced convection. Due 

to the already discussed experimental conditions used in this work (d0=150 µm, Re<0.2 during 

quasi-steady evaporation stage) the droplet combustion process is expected to be close to the 

sphericosymmetric case. A first proof of this was the quite spherical envelope flames presented 

in Figure 4.5 for the example of butanol droplets. A second indication of this closeness to the 1-

D configuration is the onset in this work of well-defined soot shells for the sooty fuels (i.e., 

heating oil and its mixtures). These shells are presented in Figure 4.12 for all fuels at the 10% 

O2 condition. 

 

Figure 4.12. Droplet and soot shell evolution for all fuels at the 10% O2 condition. 

Pictures are organized in terms of their normalized time after injection, t / d0
2 

(s/mm2). 

 

As displayed in Figure 4.12, only the fuels with a higher sooting propensity formed soot shells, 

without any distinguishable shell forming around biodiesel or hexadecane droplets. However, 

some previous studies using microgravity conditions (e.g., see (Pan et al. (2009))), showed this 

phenomenon for both fuels. This difference is ascribed to two different causes. The first one is 

the fact that, even if the set of conditions used in this work minimized forced and natural 

convection effects, they were still present, and their occurrence could drift away a substantial 
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amount of soot particles. For fuels with a strong propensity to form soot like heating oil and its 

mixtures, this leakage of soot particles does not prevent the onset of distinguishable soot shells 

around the droplet, although for cleaner fuels like biodiesel or hexadecane it could inhibit its 

formation. The second cause is the relevant differences between the experimental conditions 

used in this work and in (Pan et al. (2009)), namely the distinct values of d0 used in each study. 

For the specific case of biodiesel, Pan et al. (2009) found clear soot shells for droplets with 

d0=528 µm, and none for smaller ones (d0=445 µm). The shorter residence time for soot 

precursors was found to be responsible for this difference. As this work uses much smaller 

droplet sizes (d0=150 µm), no soot shells would be expected to occur, and therefore the results 

of both works appear to be consistent. The fact that hexadecane droplets at the 10% O2 

condition did not show any hint of soot at all (with a completely blue envelope flame, as it will 

be detailed further on) also seems to support this hypothesis. 

The flame information also provided some interesting results regarding not only the specific 

behavior of each fuel but also for describing features arisen from the specific set of conditions 

chosen for the experimental tests. The macroscopic flame traces captured for each fuel at the 

10% O2 atmosphere were displayed in Figure 3.4 as an example of this kind of long-exposure 

photographs. Wide differences could be observed between heating oil (with a strong sooty 

emission), biodiesel (with the first millimeters displaying a blue trace followed by sooty 

luminosity) and hexadecane (showing a dim blue emission throughout all the droplet lifetime). 

The short-exposure individual flames obtained from Camera 2 can provide more insight into 

these distinct behaviors. To this effect, the envelope flames captured by this camera are 

displayed in Figure 4.13 for this same coflow condition (10% O2) for two given droplet 

residence times. 
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Figure 4.13. Comparison of the envelope flames recorded at two fixed residence times for different 

fuels at the 10% O2 condition. 

 

As displayed in Figure 4.13, heating oil and its mixtures showed practically identical envelope 

flames among them for both residence times. The strong sooty emission allowed for the 

backlight to be turned on for these cases, and therefore the droplet was visible at the center of 

the envelope flame. This is especially true for the pictures at 0.75 s/mm2, whereas for images at 

1.75 s/mm2 the sooty emission outshined this backlight, and the droplet and soot shell were less 

clearly visible. The flame pictures of these fuels add some insight into the soot leakage 

mentioned when discussing the soot shells in Figure 4.12 since, as it can be observed in Figure 

4.13, even for the case with a higher O2 availability, there is indeed a drift of soot particles 

outside of the envelope flame, particularly for the earlier residence time. The hexadecane case is 

analogous to that illustrated in Figure 4.5 for butanol, with quite spherical and dim blue flames 

stemming from chemiluminescence emission. Due to the very weak signal of this kind of flame, 

the backlight had to be turned off and the image was binned in order to increase its signal-to-

noise ratio. Biodiesel flames present an interesting behavior, since they transitioned from the 

bluish color associated with chemiluminescent emission to the orangish hue ascribed to the 

black-body emission from soot particles (as it was observed in Figure 3.4). The transition from 

the former to the latter kind of flame can be noted in the monochrome pictures of Figure 4.13 as 

a significant increase in the image quality, as the black-body emission of soot is significantly 

more intense than chemiluminescent emission. 
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Analogously to the results presented in Figure 4.7 for alkanes, in this work the flame size 

evolution with time was also characterized by measuring the envelope flames displayed in 

Figure 4.13. However, and contrary to the alkane case, in this occasion two different kinds of 

flames images can be distinguished: for sooty fuels (such as heating oil or its mixtures) the 

flame information in the pictures is determined by the strong thermal radiation emitted from 

soot particles, whereas for cleaner fuels like hexadecane the flame position is obtained from the 

chemiluminescent emission. The case of biodiesel is more interesting, since it shows both kinds 

of flame pictures, as illustrated in Figure 4.13. The results of these measurements are presented 

in Figure 4.14. 

 

Figure 4.14. Flame standoff ratio evolution of all the fuels tested at 
the 10% O2 atmosphere. Measurements based on the blue 
chemiluminescent front are marked with (C), whereas 
measurements referred to the outer boundary of the sooty luminous 
zone are labeled with (S). 

 

Figure 4.14 displays clear differences between the data extracted from both kinds of flames, 

with distinctly wider flame sizes for measurements based on the chemiluminescent boundary. 

The case of biodiesel is quite clear, since the transition from a bluish flame to a sooty one 

involved a sudden reduction in the flame size measured. It is worth to note that, in the literature, 

the most common and accepted approach to experimentally determine the flame front location is 

to associate it with the chemiluminescence emission from electronically excited OH* radicals 

(peaking around 308 nm) or with CH* radicals (431 nm). The location of these radicals has been 

found to occur near the maximum temperature point and thus, their emission is a good indicator 

of the flame front position (Marchese et al. (1996)). When it comes to characterizing envelope 

flames in droplet combustion studies, the weak intensity of such narrow-band emissions, the 

required optical magnifications and the short exposure times led to several authors, such as 

Alam et al. (2015) or Farouk et al. (2013), to estimate the flame size from the outer boundary of 
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the blue luminous zone, that is, the combined chemiluminescent radiation stemming from all 

radicals emitting within the blue band (primarily CH*, but also others like CO2
* or C2

* 

(Kathrotia (2011))). This approach has been also followed in the current work for non-sooty 

fuels like alcohols, alkanes or the first stage of biodiesel in Figure 4.14. For sooty fuels, 

however, the strong black-body emission from incandescent solid particles can be orders of 

magnitude stronger than that generated by the electronic transition of the aforementioned 

radicals, completely outshining the latter. This was the case for all the series marked in Figure 

4.14 with a (S) label. For those cases, the measured flame diameters were based on soot 

emission, and therefore they are not directly related to the actual flame front. As soot particles 

are formed on the fuel side of the diffusion flame, it would be expected that these flame sizes 

would be somewhat smaller than those based on the bluish chemiluminescent emission, as it 

was confirmed in Figure 4.14 for biodiesel. Therefore, these measurements should be taken with 

caution, although they are thought to be valid for the purpose of comparing among fuels, given 

that flame location was obtained following the same criterion for all of them. This approach was 

followed is several droplet combustion experimental studies such as (Li et al. (2011), Pan et al. 

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

The final results of this study on heating oil, biodiesel and their mixtures are precisely related to 

their propensity to form soot particles. The data obtained from the different images (i.e., soot 

shells in Figure 4.12, long-exposure traces in Figure 3.4 and envelope flames in Figure 4.13) 

qualitatively point to a much higher soot production for the combustion of heating oil and its 

mixtures when compared to pure biodiesel. In order to quantify these differences, the soot probe 

A displayed in Figure 3.5 was applied for these fuel under the 3 and 10% O2 conditions. The 

amount of soot yielded by biodiesel was below the detection limit of the method, and therefore 

the tests were focused on heating oil, B10 and B20. It is worthy to note that these three fuels 

obtained practically identical results for all the behaviors explored so far in this work, and thus 

it seems interesting to determine if their tendency to form soot could be the sole relevant 

difference among them. To that end, the spatially-resolved soot sampling procedure described in 

Section 3.1 was applied, obtaining the results summarized in Figure 4.15. 
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Figure 4.15. Soot results obtained with Probe A for the 3% and the 10% O2 conditions. 

Droplets in these tests were 180 µm in d0 to increase soot yield. For each oxygen 

condition, axial profiles are presented at the top, whereas the integrated values are 

displayed below. 

 

The axial profiles of soot sampled along the flame traces are shown in the upper half of Figure 

4.15, where clearly higher soot yields can be observed for heating oil, whereas B10 and B20 

display similar behaviors. Contrary to the results provided by Probe B (obtained at the 0% O2 

condition), the fact that these tests were performed under combustion atmospheres (3 and 10% 

O2) complicates the analysis of the results, since the soot sampled at a given position is the 

outcome of both formation and oxidation processes. The distinct behavior when comparing the 

axial profiles obtained at both conditions in Figure 4.15 is primarily ascribed to the larger soot 

agglomerates formed for the 10% O2 case, since soot particles were more confined within the 

envelope flame for this rich oxygen condition (as illustrated in Figure 4.12). Whereas the small-

sized particles produced under the 3% O2 atmosphere quickly oxidized after the droplet burnout 

length (which, for these 180 µm droplets occurred around L≈70 mm), the much lower specific 

surface area of the large agglomerates produced under the 10% O2 case significantly decreased 

their consumption rate, with a significant soot amount remaining after this point. 

Since the main aim of this study was to characterize the relative sooting tendency of these fuels 

when tested under the same conditions, a single parameter representative of all the soot 
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collected over the whole trace was sought. To that end, sweep measurements were performed by 

continuously displacing the aspirating probe between the two flame trace limits (L=20-80 mm). 

This provided an integrated value, to be compared with the numerical integration of the 

aforementioned axial profiles. These results are displayed in the lower half of Figure 4.15, 

where the reduction of soot due to biodiesel addition can be clearly observed for both oxygen 

conditions. However, and consistently with the soot profiles, differences between B10 and B20 

are not clear, with similar soot indices for both mixtures. On a final note, although the 

repeatability of these results is considered to be adequate (as determined from comparing the 

two sweep tests and the profile integral in Figure 4.15), it is also considerably lower than that 

obtained with Probe B (e.g., see uncertainty bars in Figure 4.10). Thus, the soot reductions 

found for B10 and B20 in comparison to neat heating oil should 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, the energetic valorization of crude glycerol (CG), a 

major by-product of biodiesel production, implies remarkable technical challenges due to the 

CG compositional and physicochemical properties, which significantly hinder its use in 

conventional combustion equipment. Some basic, low-cost post-treatments such as desalting or 

the blending of CG with other fuels have been proposed as potential approaches to tackle this 

issue. Given its relevance, the development and testing of such strategies is an interesting field 

of study where the droplet combustion configuration could contribute. In this context, a study 

was developed at LIFTEC in order to characterize the combustion behaviors of a CG sample 

and a desalted crude glycerol (DG), both neat and blended with a mixture of acetals (GF*) 

yielded as a by-product of the FAGE production process (Lapuerta et al. (2019)). These tests 

were performed at two different scales: isolated droplet combustion experiments and semi-

industrial furnace tests. The study was published in Paper IV, and the main results obtained in 

the droplet combustion configuration (which were performed within this framework of the 

thesis) are summarized in this Section. 

The droplet combustion tests were divided in two phases, focusing the first one in characterizing 

the base fuels (CG, DG, GF*), and exploring the second one the aforementioned mixtures with 

acetals (CG-GF* and DG-GF*). As for the base fuels, some relevant differences between CG, 

DG and GF* could be already observed by means of the macroscopic flame traces. These long-

exposure pictures are displayed in Figure 4.16 for the three base fuels at the 10% O2 
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atmosphere. Additionally, pure glycerol (PG) was also included to the study as a reference 

compound with a well-known behavior and properties. 

 

Figure 4.16. Long exposure pictures recorded for the 10% O2 for all the base fuels. The exposure time for 

all pictures was set to 2 seconds (50 injected droplets). 

 

In Figure 4.16, all fuels show dim blue streaks arisen from chemiluminescent emission, without 

any hint of soot black-body radiation. For the case of GF* and PG, this blue trace spans for the 

whole droplet lifespan, being the droplet consumption length clearly marked by an orangish 

spot. As it was documented for pure glycerol in Section 4.1.1.1, this spot is ascribed to sodium 

emission, as a spectrometer (Ocean Optics HR2000) revealed a marked peak at 589 nm 

corresponding to the D-lines of sodium. Given the fact that these spots were produced at the 

droplet consumption point, the amount of sodium content in these fuels is expected to be 

marginal, and its impact on the combustion process negligible. A quite different situation is 

found for CG and DG, where the subtle blue streak is suddenly interrupted by a much wider and 

more intense orangish umbrella, whose origin was also determined to stem from sodium 

emission. These two fuels contain relevant amounts of sodium (3.86 g/kg for CG and 3.80 g/kg 

for DG), namely as dissolved cations of alkali salts, with potassium being the major metallic 

compound (25.67 g/kg for CG, 6.00 g/kg for DG). As it will be discussed further on, these salts 

are thought to be responsible for the sudden breakup of the droplets due to the formation of 

internal vapor bubbles which overcome the capacity of the liquid surface tension to hold the 

droplet together. This microexplosion phenomenon dispersed the liquid across the combustion 

chamber through secondary atomization, as it can be observed for CG and DG in Figure 4.16. 

The sodium contained in these fuels acts as tracer due to its orangish emission when exposed to 
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high temperatures, and corroborates the fact that the liquid droplet was dispersed in a wide area 

around the microexplosion occurrence point. The long-exposure pictures in Figure 4.16 can 

provide some first insights into this bursting behavior, which appears to display clear 

differences between CG and DG. The latter shows a much earlier microexplosion onset, with a 

more distributed and asymmetrical sodium release that points to low-intensity droplet 

fragmentations. Crude glycerol, on the other hand, displays a latter occurrence of 

microexplosion events, although in this case the sodium emission is more centered around a 

clearly more intense area, where the majority of the 50 droplets recorded in Figure 4.16 burst 

into small fragments. 

In order to study in more detail this bursting phenomenon, Figure 4.17 illustrates some 

representative microexplosions recorded with Camera 1 for both CG and DG. As detailed in 

Section 3.1, this camera used the multiple exposure technique to record several sequential shots 

of the same free-falling droplet with a time delay of 500 µm between them. 

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

(lower row) at different lengths after injection (L) and at the 0% O2 condition.  

 

As it can be observed in Figure 4.17, the microexplosion events recorded for DG and CG 

display clear differences. Whereas CG droplets showed abrupt microexplosions (characteristic 

time < 500 µs) which completely shattered the droplet into fragments, DG droplets underwent a 

clearly different phenomenon, with a significant droplet swelling followed by a weak 

microexplosion or a puffing event. The characteristic time of this droplet swelling was 

estimated to be in the order of a few milliseconds, and the droplet could double its size prior to 

the vapor release. The low intensity of these bursting events for DG caused that most of the 
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droplets could regain their spherical shape, resuming their evaporation process until eventually 

reaching a second microexplosion, this one akin to that described for CG and, thus, being finally 

shattered into fragments. This behavior is consistent with the long-exposure photographs in 

Figure 4.16, where the orangish luminosity related to sodium release was found to occur 

significantly earlier and in a more distributed manner for DG than for CG. Microexplosions are 

reported to be beneficial for fuel conversion in boilers or furnaces, since a secondary 

atomization would not only substantially shorten the droplet burnout time, but would also 

improve the fuel-air mixing within the combustion chamber, reducing thus pollutant emissions 

(Shaddix and Hardesty (1999)). 

The scarce droplet combustion studies available in the literature for crude glycerol also report 

the occurrence of microexplosion events, although with some differences regarding the bursting 

typology. A previous work at the DCF for a different crude glycerol sample (Angeloni et al. 

(2016)) yielded microexplosions akin to those described in Figure 4.17 for CG, whereas 

Setyawan et al. (2016) found swelling and puffing events of rather low intensity which could 

not induce a complete breakup of the CG droplet. These differences are thought to mainly stem 

from the dissimilar experimental conditions, since Setyawan et al. (2016) relied on the 

suspended droplet technique with bigger droplet sizes and lower ambience temperatures.  

Previous fundamental works such as (Lasheras et al. (1979, 1980a, 1980b), Wang et al. (1984)) 

addressed the experimental study of these microexplosion phenomena for different mixtures and 

emulsions of alkanes, alcohols and water. To that end, they employed the unsuspended droplet 

technique, avoiding therefore the influence of the solid filament (which can act as a 

heterogeneous vapor nucleation site). In these works, the shattering of both mixtures and 

emulsions of pure compounds were found to occur after a significant swelling of the droplet 

size, with a characteristic time in the order of a few milliseconds. The remarkable similarities 

with the DG microexplosions depicted in Figure 4.17 would lead to attribute to this fuel the 

same mechanism proposed in (Lasheras et al. (1979, 1980a, 1980b), Wang et al. (1984)), that is, 

the homogeneous nucleation of the more volatile liquid fractions within the droplet. Crude 

glycerol, on the other hand, displayed a clearly different shattering typology, which is found to 

concur with the microexplosions detailed in  (Angeloni et al. (2016)), where this feature was 

attributed to the decomposition of alkali salts rather than to the evaporation of the lighter liquid 

compounds. Even if further research is clearly required in order to better understand this 

phenomenon, the fact that CG modified its original abrupt microexplosion typology for the 

slower swelling and puffing breakups precisely after the desalination process appears to confirm 

that alkali salts play indeed a relevant role in the droplet microexplosion mechanism. 
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After this brief analysis of the microexplosion events, the droplet images from Camera 1 were 

processed to quantify the evaporation rate for each base fuel. The obtained results are presented 

in Figure 4.18 for the three coflow conditions used in this work (0, 3 and 10% O2). The droplet 

evaporation curves in Figure 4.18.a display very similar vaporization behaviors between CG 

and PG, at least during the first half of the droplet lifespan. This is consistent with the fact that 

the CG sample used in this work contains 81.4% of glycerol. The presence of some water and 

non-glycerol organic matter in CG would justify the slightly higher evaporation rates of this fuel 

in comparison with PG during this initial region (see insets in Figure 4.18.a). After the droplet 

completed the heat-up transient, CG significantly reduced its vaporization rate, departing its 

curves from those of PG for all the oxygen conditions studied. This behavior is thought to the 

related to the subsequent microexplosion onset which, as previously discussed, showed a violent 

and fast shattering of the droplet into many fragments, similar to the bursts described in 

(Angeloni et al. (2016)). The fact that the droplet lifespan scales with d2 points to a complete 

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

Desalted Glycerol, on the other hand, displayed remarkable droplet swelling already at the 

initial heat-up transient, quickly doubling the droplet size prior to the onset of the weak 

microexplosions and puffing events illustrated in Figure 4.17. As already mentioned, most 

droplets recovered their spherical shape after releasing the internal vapor content, their 

evaporation proceeding smoothly until the occurrence of a second microexplosion, this one 

quite violent and similar to those described for CG. The high data dispersion found for DG after 

the swelling is due to the variable intensity of the puffing and weak microexplosions which, for 

most cases, achieved to propel away some liquid mass from the parent droplet. Thus, the 

measurements displayed in Figure 4.18 for this fuel should only be regarded as a sample of the 

range of sizes observed after this event. 

As for the acetal mixture (GF*), a completely different vaporization behavior was observed, 

without any hint of microexplosion or swelling phenomena. The heat-up transient was 

completed significantly earlier than for the glycerols, revealing GF* as a high-volatile fuel able 

to start its vaporization within the first instants after injection. In the quasi-steady evaporation 

phase, GF* also displayed burning rates remarkably higher than those of glycerol and, therefore, 

this fuel would show significantly better evaporation characteristics than CG or DG. However, 

it is worth to note that GF* evaporated smoothly until a complete droplet depletion, without the 

occurrence of any microexplosion. Thus, the total conversion times of GF* and both glycerols-

based by-products are expected to be close due to the secondary atomization displayed by the 

latter fuels. 
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Figure 4.18. Normalized droplet size (a) and burning rate (b) evolution for the three fuels at the different 

oxygen conditions. All the experimental curves in (a) were fitted to 4th order polynomials in order to 

obtain the time-derivatives plotted in (b). 

 

One of the main objectives of this part of the study was to experimentally determine the 

combustion behaviors of the mixtures of crude glycerol (both as received and desalted) with 

acetals. As it has been previously justified, this approach could contribute to overcome the 
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significant challenges posed by the bad combustion properties of crude glycerol. To address 

this, three blends of each kind of glycerol waste (CG and DG) with GF* were prepared, with 7, 

15 and 30% GF* by volume. The droplet evaporation curves obtained at the DCF for these 6 

mixtures are presented in Figure 4.19 for the 3% O2 condition. 

 
Figure 4.19. Normalized droplet size evolution for the glycerol-acetal mixtures at the 3% O2 condition. 

Left: Crude Glycerol; Right: Desalted Glycerol. 

 

The GF* addition to CG did not alter significantly this fuel's droplet vaporization behaviors, as 

CG-GF* mixtures displayed close burning rates than those extracted for CG (Figure 4.19). The 

microexplosion typology and the macroscopic flame traces were also akin to these of reported 

for CG in Figures 4.17 and 4.16 respectively. However, a slight but yet noticeable enhancement 

of the droplet vaporization process was noted for the blends with a higher composition in GF*. 

On the other hand, GF* addition to DG did modify the combustion features reported for this 

glycerol, since it suppressed the initial swelling and puffing stages. Since these events are 

thought to be caused by the homogeneous nucleation of the most volatile compounds of DG, the 

compositional changes induced by the addition of acetals might shift the mixture composition 

range out of the superheat limits, which were found in (Lasheras et al. (1980a, 1980b)) to 

depend on both the homogeneous superheat limit of the blend and the boiling point of the 

heavier compounds within the mixture. In spite of the suppression of the swelling and puffing 

events, the DG-GF* blends did microexplode around (d/d0)
2
≈0.45, with violent disintegrations 

similar to those described for CG-GF* in (d/d0)
2
≈0.66. This kind of microexplosions have been 

ascribed to salt content, and therefore the fact that DG contains a lower composition in alkali 

salts seems consistent with this delay in the onset of the droplet shattering. Similarly to the CG-

GF* mixtures, the addition of acetals to DG noticeably accelerated its evaporation process, 

especially for the DG-GF*30 blend. Subsequent tests in a semi-industrial furnace showed that 

GF* addition widened the range of stable conditions in the burner, substantially improving 
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flame stability and reducing CO emissions. For simplicity and, since these tests were performed 

in collaboration with other researchers and not strictly within the framework of the thesis, they 

are not included here. Nevertheless, it is important to note, as a relevant conclusion, that the 

behaviors noted at the two different scales appear to be perfectly consistent, as discussed in 

Paper IV. 

 

4.1.2.3 Pyrolysis Oils from Waste Tires, Polystyrene and Biomass 

The pressing environmental concerns associated with the disposal of waste tires have motivated 

an intense research on different technologies to overcome this challenge. Among them, the 

pyrolysis of waste tires to obtain new products with added value is gaining relevance, as 

detailed in the Introduction. The liquid fraction obtained, or Tire Pyrolysis Liquid (TPL) is 

mainly intended for heat and power generation in furnaces and  boilers. Given the large amounts 

of tires disposed every year and the high calorific value of TPL, its potential for fossil fuel 

substitution is significant. A study on single droplet combustion characteristics of a TPL was 

published in Paper II, where it was compared with heating oil, a reference fuel for domestic and 

industrial use. Additionally, a mixture of relevance for heating applications named TPL5 (with 

5% TPL addition) was also characterized. The main results obtained in this study are 

summarized below. 

Regarding the evaporation behavior, meaningful differences were found between heating oil and 

TPL, as it can be noticed in Figure 4.20 for the case of the 3% O2 atmosphere. TPL displayed an 

earlier onset of evaporation, with higher burning rates during the initial heat-up phase, which 

could be ascribed to the lower boiling point of the lightest fractions of this fuel in comparison 

with those of heating oil. However, as the droplet transitioned towards its quasi-steady 

vaporization region, the burning rate of heating oil clearly surpassed that of TPL, which would 

show longer droplet conversion times were its curve not interrupted around (d/d0)
2
≈0.40 by the 

onset of microexplosions. As for the TPL5 mixture, its evaporation characteristics were found to 

be essentially the same as those observed for neat heating oil, confirming therefore that TPL 

addition did not drive any relevant change. Similar behaviors were noticed for the rest of coflow 

conditions (0 and 5% O2) explored in Paper II. 

The high propensity to generate soot of both heating oil and TPL favored the formation of quite 

spherical soot shells around the droplets, as displayed in Figure 4.21. The earlier onset of these 

shells for TPL, in addition to their thicker appearance point to a higher soot yield for this fuel. 

This was also qualitatively corroborated by the higher intensity of soot emission for TPL, both 

in the macroscopic traces and in the envelope flames pictures. The TPL5 blend, however, 
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displayed close soot-generation characteristics to heating oil. It is worth to note that this work 

did not include the combustion case at the 10% O2 atmosphere because of the thick soot shells 

arising for TPL, which completely hindered the droplet visualization. As already discussed, with 

higher oxygen availability, soot particles are confined within the flame front and the droplet 

surface, providing thicker and more spherical soot shells. This can be visually confirmed when 

comparing the soot shells of heating oil at the 5% O2 condition (Figure 4.21) and 10% (Figure 

4.12). 

 
Figure 4.20. Normalized droplet size (a) and burning rate (b) evolution for the examined fuels at the 3% 

O2 condition. The experimental curves in (a) were fitted to 4th order polynomials to obtain the time-

derivatives plotted in (b). 

 

 
Figure 4.21. Droplet and soot shell evolution at the 5% O2 condition. Pictures are organized 

in terms of their normalized time after injection, t / d0
2 (s/mm2). 

 

In summary, the droplet combustion characteristics of TPL were found in Paper II to be quite 

appropriate when compared to the reference heating oil, with an earlier vaporization onset, a 

somewhat lower quasi-steady burning rate compensated by the occurrence of secondary 
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atomizations, similar envelope flame sizes and absence of any relevantly-sized solid residue 

such as coke or cenospheres. The only drawback found was its high propensity to form soot 

which, however, was only based on qualitative optical observations, as no measurements were 

performed with aspirating soot probes. 

The aforementioned behaviors for TPL significantly differ from those reported in previous 

works on pyrolysis oils obtained from lignocellulosic biomass. These bio-oils have been 

considerably more explored in the droplet combustion literature (e.g., see (Shaddix and 

Hardesty (1999), Shaddix and Tennison (1998))), with results pointing to a much slower 

conversion than that reported in this work for TPL and, for some cases, with cenosphere 

formation. As it was detailed in the Introduction, the joint pyrolysis of biomass and a polymeric 

residue (such as waste tires) has been found to yield stable and high-quality oils, being the co-

pyrolysis process a state-of-the-art technology which is thought to produce bio-oils with 

significantly improved properties. A collaboration with the Grupo de Investigaciones 

Ambientales from ICB-CSIC allowed for a work assessing the impact of two process variables 

on the final droplet combustion characteristics of the obtained bio-oils. Namely, the polymer 

type fed to the pyrolysis reactor (polystyrene or waste tires) and the nature of the low-cost, 

Calcium-based catalyst used (Carmeuse limestone, calcined dolomite or an inert material such 

as sand) were studied. This work led to Paper III, where all the details of this study can be 

found. A summary of the main results obtained is presented below. 

In order to assess the impact of the aforementioned two process variables, four different bio-oils 

were produced in a pyrolysis pilot plant (100 kWth). All of them were obtained by pyrolyzing a 

80% (wt.) of grape seeds (GS) along with 20% of polymer, either polystyrene (PS) or waste 

tires (WT). The effect of the polymer type was therefore ascertained by comparing the two fuels 

named GS-WT and GS-PS, both produced under exactly the same experimental conditions and 

using the same catalyst (Carmeuse). As for exploring the effect of the low-cost catalyst, three 

GS-WT oils were produced with the different catalysts, yielding GS-WT Carmeuse, GS-WT 

Dolomite and GS-WT Sand. A detailed analysis of their physicochemical properties was 

performed at ICB-CSIC, where a significant improvement was noted when using a catalyst 

(lower viscosity, density and oxygen content), especially when the catalyst was the Carmeuse 

limestone. Regarding the change of polymer source, the shift from WT to PS provided a 

considerably less viscous oil, which also contained more aromatic compounds. 

The subsequent droplet combustion tests revealed quire similar behaviors for the GS-WT bio-

oils as those previously reported in this same Section for TPL. This outcome was not initially 

expected, since waste tires accounted for only 20% in mass of the total feedstock used for the 
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bio-oils explored in this work. The droplet evaporation behaviors for the four bio-oils are 

compared in Figure 4.22 along with those of heating oil which, given the intended use of these 

liquids, was also included as a reference conventional fuel. 

 
Figure 4.22. Normalized droplet size (left) and burning rate (right) evolution curves for all the fuels at the 

three studied oxygen conditions. The experimental curves in (a) were fitted to 3rd and 4th order 

polynomials to obtain the time derivatives plotted in (b). 

 

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

droplet size until a total droplet depletion (for heating oil) or a sudden interruption in the curve, 
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which marks the appearance of droplet microexplosions for all the studied bio-oils. As it will be 

detailed below, these microexplosions completely shattered the parent droplet into small 

fragments and, therefore, a complete conversion of the bio-liquids is expected to occur shortly 

after the onset of their secondary atomization. Among the four bio-oils, GS-PS Carmeuse 

displayed the most differential behavior, with a substantial faster evaporation during the initial 

stage that would point to a richer composition in low boiling point compounds. Despite this 

fact, the increase in K was slower than for GS-WS oils, being the burning rates quite similar in 

the final stages prior to the microexplosion. When comparing between the three GS-WS liquids, 

small differences could be noticed among them, suggesting a more limited effect of the catalyst 

type in the process than the polymer feedstock. Even so, the liquid yielded when Carmeuse was 

used as a catalyst showed a noticeable faster conversion, followed by GS-WT Dolomite and 

GS-WT Sand. 

The microexplosion onset noticeably varied between fuels, with GS-WT Dolomite showing the 

occurrence of this phenomenon for bigger droplets than the rest of bio-liquids for the three 

atmospheres explored in Figure 4.22. On the contrary, GS-WT Sand displayed microexplosions 

for the smallest droplet sizes which, in addition to its lower burning rates, resulted in the slowest 

total conversion for this oil. Regarding the microexplosion typology, all fuels displayed similar 

characteristics than those reported for TPL in paper II, with quick and violent bursting events 

which shattered the droplet into small fragments. A collection of representative microexplosion 

pictures recorded for each bio-oil are presented in Figure 4.23, where it can be noticed that the 

breakdown of the parent droplet was always achieved, although with different degrees of 

success. GS-PS Carmeuse consistently showed the most efficient and violent microexplosions, 

since the original droplet was for most times dispersed into a fine spray, without any relevantly-

sized child droplet. GS-WT oils, on the other hand, displayed on average less violent bursting 

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

Similarly to TPL, the explored bio-oils displayed a high propensity to form soot. This 

conclusion was initially based on the different imaging methods used in this work, as bio-oils 

presented thick soot shells surrounding the droplet and bright flames with the characteristic 

luminosity stemming from thermal emission of soot particles. To confirm and quantify this 

relevant behavior, Probe B (Figure 3.6) was used to sample the total amount of soot particles 

yielded at the 0% O2 condition. As a result, the IDSY (Isolated Droplet Soot Yield) was 

calculated for each oil, in terms of grams of weighed soot per gram of injected fuel. These tests 

were repeated at least three times for each fuel, and the mean IDSY calculated for each fuel is 

displayed in Figure 4.24. 
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Figure 4.23. Double-exposure pictures of individual droplets microexploding for the bio-oils 

evaporating and burning under all oxygen conditions (O2 level indicated for each image). 

 

 

Figure 4.24. Isolated droplet soot yield (IDSY) obtained for each 

fuel through the aspirating soot probe tests. The uncertainty bars 

indicate ± 2 SD (Standard Deviation) of repeated measurements. 

 

According to Figure 4.24, all the bio-liquids yielded considerably higher amounts of soot than 

heating oil, confirming their aforementioned sooty behavior. Among them, the two liquids 

produced with the Carmeuse catalyst displayed the highest soot yields, followed by GS-WT 

Dolomite and GS-WT Sand. This is ascribed to the higher aromatic content of the oils when 

using Carmeuse limestone as a catalyst, mainly due to aromatization and hydrodeoxygenation 

reactions in the pyrolysis reactor. Even if this high aromaticity leads to a significant soot 
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generation, the two liquids obtained with Carmeuse (and especially GS-PS Carmeuse) displayed 

the best global combustion behaviors from all the explored bio-oils, reinforcing the previously 

reported improvements in physicochemical properties. Finally, it is worth to note that a SEM 

analysis of the collected solid samples corroborated the absence of cenospheres or carbonaceous 

particles arisen from liquid-phase reactions, as virtually 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 obtained over the course of the thesis in the droplet 

evaporation modeling field. To that end, the content has been distributed into three subsections. 

The first one deals with the validation of the monocomponent evaporation model through 

experiments on pure compounds at the DCF. In light of the deviations found for the alkane 

evaporation case, a novel analytical model taking into account the pyrolysis of the fuel's vapors 

was developed in Paper V, being a summary of this model presented in the second subsection. 

The third and last part covers some results obtained with the multicomponent droplet 

evaporation model for different liquid mixtures. 

 

4.2.1 Validation of the monocomponent evaporation model 

The experimental results on pure fuels presented in Section 4.1.1 were used to validate the 

droplet evaporation model described in Section 3.2. This initial validation was focused on the 

simplest case, that is, a monocomponent liquid evaporating under an inert atmosphere. The 

experimental conditions of the DCF tests were characterized (as detailed in Addendum A3), and 

applied as boundary conditions. Because of its relevance in the process, two different coflow 

temperature conditions were sought for these validations. The first one, named here as 'high T∞', 

corresponds to the experimental condition applied along the thesis framework as the nominal 

0% O2 atmosphere (as detailed in Section 3.2). The second one aimed to provide 

complementary results, with also a 0% O2 but with lower temperatures. Both temperature 

profiles were measured with a bare, fine-wire thermocouple and are compared in Figure 4.25. 

 

Figure 4.25. Axial profiles of temperature measured for the two 

coflow conditions used in this section. 
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As for the compounds used in this validation, two different chemical families were tested: n-

alkanes and alcohols. The model theoretical predictions are compared with the experimental 

curves for different fuels within these families in Figure 4.26. All the experiments were 

performed with the high T∞ coflow condition but for the case of hexadecane, which was tested 

at both temperatures. 

 
Figure 4.26. Experimental and theoretical droplet vaporization curves for all the pure compounds used for 

the model validation. Unless otherwise specified, the coflow temperature corresponded to the high T∞ 

condition. 
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As it can be observed in Figure 4.26, the model is able to accurately predict the experimental 

evaporation curve of the three alcohol compounds, whereas it displays significant deviations for 

the alkanes. For these compounds, the theoretical model tends to overpredict the evaporation 

rate, clearly yielding a faster conversion than that observed in the experiments. To quantify 

these deviations, the quasi-steady evaporation rates of the different curves in Figure 4.26 are 

extracted and presented in Table 4.3. 

Table 4.3. Experimental and predicted quasi-steady vaporization rates (mm2/s) for all the 

cases shown in Figure 4.26, extracted by fitting the evaporation curve between (d/d0)
2=0.6 

and 0.2 to a straight line. 

Fuel 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 T∞) 0.5317 0.7084 33.23 

Hexadecane (low T∞) 0.4623 0.5409 17.01 

 

According to Table 4.3, the theoretical overprediction tends to increase with the alkane 

molecular mass, as the largest deviation is found for hexadecane, followed by dodecane and 

heptane. Similarly, a higher coflow temperature appears to increase the deviation between 

model and experiment, since the relative error for hexadecane was practically halved when 

employing the low T∞ coflow. 

A potential cause for these deviations was initially thought to stem from the assumption of 

constant gas-phase properties by following the '1/3 rule' proposed by Sparrow and Gregg 

(1958). As discussed in the model description in Section 3.2, the results obtained with this 

constant-property simplification were compared with numerical integrations of Equations (3.5) 

and (3.6) accounting for the variation of the gas-phase properties with temperature and 

composition. The negligible differences found completely justified the adequacy of the constant 

gas-phase property simplification. 

So, the different degree of agreement obtained for both fuel groups could be related to some 

distinct behaviors observed in the tests: whereas alcohols evaporating at the 0% O2 condition 

did not display any kind of luminosity, alkanes showed a bright orangish emission, which was 
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ascribed to the black-body radiation from incandescent soot particles. This can be visually 

confirmed in Figure 4.8, where the traces of different pure alkanes evaporating at the 0% O2 

coflow were presented. The formation of soot under such conditions points to the occurrence of 

endothermic fuel decomposition reactions in the gas phase. These pyrolysis reactions create the 

precursors needed to build-up the final soot particles and, since they are endothermic, they can 

lower the gas temperature around the droplet, reducing thus the experimental vaporization rates. 

This possibility was already discussed in (Faeth and Lazar (1971)), where also significant 

discrepancies were found between droplet combustion experiments and a theoretical 

evaporation model, especially for heavy alkanes. It was proposed that, since heavier 

hydrocarbons decompose more readily, it might be possible that this effect has a greater 

influence on this kind of fuels. This is also clearly the case in Figure 4.26, as the discrepancies 

model-experiment increase with the paraffin molecular mass. The traces displayed in Figure 4.8 

also seem to confirm a higher soot yield for heavier alkanes. Consequently, the cause for the 

aforementioned discrepancies was finally ascribed to the gas-phase fuel decomposition in the 

droplet vicinity, a phenomenon that is not modeled by the theoretical model but occurs in the 

experiments for the set of conditions used in the DCF. 
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4.2.2 Development of a model for droplet evaporation with pyrolysis 

The finding that gas-phase pyrolysis reactions reduced the evaporation rates of alkanes at the 

DCF experiments served as a motivation to develop a model which took into account this effect 

during the droplet evaporation process. It is well known that soot production is detrimental for 

most combustion applications, and that it primarily occurs in regions with high temperatures 

and reducing conditions. However, its interaction with the droplet vaporization process is poorly 

understood although, as it can be observed in Figure 4.26, it might be relevant. In spray 

combustion applications, an important fraction of the injected liquid fuel evolves in a group-

combustion regime (Sánchez et al. (2015)), where a diffusion flame separates an inner region 

(rich in liquid and gaseous fuel, but practically oxygen-free) from an outer region which 

provides the oxygen required for combustion. Within this group-combustion region, the droplets 

vaporize under high temperature and reducing conditions, and therefore soot formation could 

affect the expected droplet evaporation behaviors. Given the relevance of the problem, a new 

analytical model was developed in collaboration with the University of California San Diego. 

This model is described in detail in Paper V, providing a novel theoretical description which 

takes into account these effects in the isolated droplet evaporation process. 

 

4.2.2.1 Model for droplet vaporization with fuel-vapor pyrolysis 

Under sufficiently high gas temperatures, the vaporized fuel molecules are considered to 

thermally decompose through endothermic pyrolysis reactions, lowering the gas temperature 

around the droplet. Even if these decomposition reactions involve complex kinetics (Savage 

(2000)), this work only considered a single irreversible reaction, as its main aim is to evaluate 

the global effects of these endothermic reactions on the droplet evaporation process. The main 

product of the gas-phase pyrolysis was assumed to be ethene (C2H4), so that the alkane 

molecules decomposed according to the following reactions:  

ijk�jl� → n − 22 C�Hp + CHp		
odd	n� (4.1) 

ijk�jl� → n − 22 C�Hp + C�Hr		
even	n� (4.2) 

These reactions involve the following enthalpies of reaction for the alkanes examined in Figure 

4.26: q=2.70 MJ/kg for heptane, 2.75 MJ/kg for dodecane and 2.90 MJ/kg for hexadecane. It is 

worth to note that these values are one order of magnitude lower than the corresponding heats of 

combustion, but one order of magnitude higher than the associated latent heats of evaporation. 
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Regarding the pyrolysis reaction rate ω (kg/m3/s), it was modeled through the following 

Arrhenius equation: 

u = �	v	�� 	,8wx 234` 	 (4.3) 

Being B the pre-exponential factor and Ea the activation energy. For large values of Ea, the 

chemical reaction would display a strong dependence on the temperature, and ω would increase 

by many orders of magnitude as the temperature increases from Ts to T∞. Under such 

assumption, the pyrolysis reaction would occur in a thin layer centered at r=rp, with a 

temperature Tp intermediate between Ts and T∞. This configuration is illustrated in Figure 4.27. 

 

Figure 4.27. Scheme of the isolated droplet evaporation problem under 

spherico-symmetrical conditions with pyrolysis effects in the gas 

phase. 

As depicted in Figure 4.27, the problem can be divided into two regions: an inner zone (a ≤ r < 

rp) where the flow is chemically frozen because the temperature is too low to produce the fuel 

thermal decomposition and an outer region (r > rp) where all the fuel has been consumed and, 

therefore, the flow is in chemical equilibrium. This arises from the comparison of the 

characteristic times associated with mass diffusion 
$�/��� and fuel-consumption processes 

�v	,8wx 23	4` �87in each of these regions: 

v	,8wx 23	49` ≪ �� $�` ≪ v	,8wx 23	4z`
 (4.3) 

The thickness of the reaction layer ε~r-rp can be determined through the reciprocal of the 

dimensionless activation energy: 
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 H = 6 wx234:
87 ≪ 1	 (4.4) 

The problem of an evaporating droplet with pyrolysis can be addressed by adding the mass and 

heat sinks caused by the decomposition reaction to the right-hand side of Equations (3.5) and 

(3.6): 

��4	 	�� 	����� − 1�� ��� ����	�� ����� � = −u = −�	v	�� 	,8wx 234` 	 (4.5) 

��4	 	�� 	�� 	���� − 1�� ��� ���	�	 ����� = −u	� = −�	v	��	�	,8wx 234` 	 (4.6) 

For convenience, the following dimensionless variables are defined: 

{ = �	� ��4	 	�	$ (4.7) 

�̃ = �/$ (4.8) 

A, = ��	��	�� 
(4.9) 

Being { and �̃ the dimensionless vaporization rate and radial coordinate, respectively. Le 

corresponds to the Lewis number. Using these variables, Equations (4.5) and (4.6) take the 

form: 

{�̃� �����̃ − 1A, 1�̃� ���̃ ��̃� �����̃ � = − v
�	/	>�	��	$�? 	�	,

8wx 23	4`
 (4.10) 

{�̃� ���̃ ���	�� � − 1�̃� ���̃ }�̃� ���̃ ���	�� �~
= − v

�	/	>�	��	$�? 	�	,
8wx 23	4`

 
(4.11) 

With the boundary conditions: 

�	
�̃ = 1� = �% (4.12) 

�	
�̃ → ∞� = �( (4.13) 

��	
�̃ = 1� = ��,% (4.14) 

��	
�̃ → ∞� = 0 (4.15) 
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As in the inner region the flow is chemically frozen, the chemical term at the right-hand side of 

Equations (4.10) and (4.11) can be neglected. Thus, the integration of these equations between 

the droplet surface (�̃ = 1) and the pyrolysis-zone position (�̃ = �̃�) yields, at leading order, the 

fuel mass fraction and temperature profiles within this chemically frozen region: 

��8��,% 	=
,8-<	�/;̃� − ,8-<	�/;̃
,8-<	�/;̃� − ,8-<	�  (4.16) 

�8 − �%�� − �% 	=
,8�/;̃ − ,8�
,8�/;̃� − ,8� (4.17) 

Analogously for the outer region, where the flow is in chemical equilibrium: 

��l = 0 (4.18) 

�( − �l�( − �� 	=
1 − ,8�/;̃
1 − ,8�/;̃� (4.19) 

However, these profiles depend on unknown variables, such as the dimensionless vaporization 

rate {, eigenvalue of the problem. An expression for this variable can be obtained by the 

following mass-conservation equation at the droplet surface: 

�� = �� 	��,% − 4	 	 ���
1A, $	 ������̃ �;̃�7 (4.20) 

{	>1 − ��,%? = − 1A,	 ������̃ �;̃�7 (4.21) 

The required derivative of �� with respect to �̃ at the droplet surface can be provided by 

Equation (4.16). Substituting in Equation (4.21) yields an expression for {: 

{	 = ln	[1/
1 − ��,%�]A,
1 − 1/�̃�� 	 (4.22) 

Analogously, the energy conservation at the droplet surface provides an additional correlation, 

this one useful to determine the sensible heat ���: 

��� + AB 	�� = 4	 	$	�		 �����̃�;̃�7 (4.23) 

���4	 	$	� + AB�� { = �����̃�;̃�7 (4.24) 

���4	 	$	�	AB/�� = { ���	
�� − �%�/AB,�
787/;̃�� − 1 − 1� (4.25) 
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Another useful correlation can be obtained from the temperature and fuel mass fraction profiles 

provided by Equations (4.16), (4.17) and (4.19): 

�� − �%�( − �% =
,8�/;̃� − ,8�1 − ,8� 	�1 − �	>,�/;̃� − 1?��	
�( − �%� � (4.26) 

An analysis on both sides of the reaction layer yields, at leading order: 

���l��̃ �;̃�;̃� =
���8��̃ �;̃�;̃� −

�/��A, �	���8��̃ �;̃�;̃� (4.27) 

Thus, a fraction � of the heat reaching the reaction layer from the hot outer region is employed 

to pyrolyze the fuel at �̃�: 

� = −�/��A, 	 �	���8��̃ �;̃�;̃�
���l��̃ �;̃�;̃� < 1�  (4.28) 

� = �	>,�/;̃� − 1?��
�( − ���  (4.29) 

The analysis of the reacting layer provides the rest of equations needed to close the problem. 

One of them is the definition of the Damköhler number: 

Δ = v��/$� 	�
��a_	���

8� 	� {�̃���
8� 	� ���	���

8� 	,8 wx23	4� (4.30) 

The problem in the inner reaction layer is that of a reaction-diffusion balance, where a 

correlation between Δ and � is sought. This was achieved through the numerical integration of 

the boundary-value problem detailed in Paper V. The resulting correlation is shown in Figure 

4.28 for all the range of �, along with the asymptotic predictions for both limits (Δ =
0.315236γ8� for γ ≪ 1 and Δ = 1.1517
1 − γ�� for 
1 − γ� ≪ 1). 
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Figure 4.28. Variation of Δ with γ as obtained from the numerical 

integration (solid curve) and the asymptotic predictions (dashed 

curves). 

 

With this correlation between Δ and γ the problem is closed, and the equations governing the 

gas-phase process of a vaporizing droplet with pyrolysis are established (the liquid-phase 

equations remain the same as those described in Section 3.2). Starting from the initial value of 

Ts, the fuel's vapor mass fraction at the surface (Yf,s) can be determined through Equation (3.11). 

The system formed by Equations (4.22), (4.25), (4.26), (4.29), (4.30) and the correlation Δ
γ�  
provided by Figure 4.28 can be solved to calculate the values of {, ���, �̃�, ��, γ, and Δ. The 

knowledge of the vaporization rate ({) and the sensible heat gained or lost by the droplet (���) 

allows the calculation of the initial conditions for the next iteration, yielding a new droplet mass 

and surface temperature, as detailed in Section 3.2. 

However, it is worth to note that the pyrolysis kinetic parameters Ea and B are required to solve 

the aforementioned system, since they appear in Equation (4.30). However, these parameters are 

unknown, hindering the application of this model to the alkanes studied in the previous sub-

section. The determination of Ea and B from droplet vaporization rates at different T∞ would 

require very high accuracies (1% or better), due to their strong sensitivity to small changes in K. 

Unfortunately, given the experimental uncertainties associated with the isolated droplet 

experiments, this level of accuracy is thought to be unattainable.  

4.2.2.2 Estimation of the pyrolysis temperature from experimental data 

A useful approximation to the Arrhenius parameters Ea and B can be obtained by taking 

advantage of the strong temperature sensitivity of the chemical reaction (see Equation (4.30)). 
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For large values of the dimensionless activation energy ��/
a_	��� ≫ 1, the relative changes in 

Tp are limited to small values of order ���/
a_	����87 ≪ 1. Thus, the pyrolysis temperature Tp 

of a given fuel emerges as a constant kinetic parameter, independent from the droplet size or the 

ambient temperature and, therefore, it can be used to replace at leading order the Arrhenius 

parameters. 

The value of Tp for the different alkanes can be readily extracted from the experimental droplet 

evaporation data presented in Figure 4.26. As it was described before, the droplet evaporation 

process of pure compounds was experimentally found to reach a quasi-steady state at the end of 

the initial heating period. During this quasi-steady state, the droplet heating rate ��� = 0, and 

therefore Ts, Ys, {, �̃�, ��, γ and Δ reach constant values. Actually, the quasi-steady dimensional 

vaporization rate � = −�
���/��	 was extracted from the experimental curves for all the pure 

compounds validated in Figure 4.26, with the results displayed in Table 4.3. Both vaporization 

rates can be related through the following expression: 

λ = −�D 	��2	� 	�
$���� = �D 	��8	� 	� (4.31) 

 

Thus, the K values shown in Table 4.3 can be used as an experimental input to calculate the 

quasi-steady value of λ for each compound. Setting ��� = 0 in Equation (4.25) and combining 

the results with Equation (4.26) yields: 

�� − �%AB/�� = 
� + AB�>,� − 1? − ��
�( − �%�� + ��
�( − �%� − AB
,� − 1� 	 (4.32) 

�̃� = {	@"87 	�1 + ��
�( − �%� − AB
,� − 1�� � (4.33) 

 

The system formed by Equations (3.11), (4.22), (4.31), (4.32) and (4.33) can be solved by an 

iterative scheme in order to determine, for each fuel, the values of Ts, Ys, {, �̃� and ��. The latter 

three parameters are displayed in Table 4.4 for the three alkanes at the high T∞ condition. It can 

be noted that, as the chain length of the alkane molecule increases, the pyrolysis temperature �� 

decreases, and therefore the reaction standoff ratio �̃� approaches to the droplet surface. 
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Table 4.4. Experimental quasi-steady vaporization rate (�<��) extracted for each alkane at the high T∞ 

condition along with the values obtained from the pyrolysis model when using this  �<�� as an input 

through Equation (4.31). 

Fuel ����	
���/�� � ��  �� 

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 presented in Figure 4.25, the high T∞ condition 

reached coflow gas temperatures of ~1730 K. Since all the alkanes display �� values below this 

temperature, all of them will undergo pyrolysis reactions at the location dictated by �̃�, 

modifying their temperature profiles as shown in Figure 4.29 for heptane and hexadecane. The 

discontinuity in the temperature profiles is naturally sharper for the latter, since it displays a 

lower �� value and the pyrolysis dip occurs closer to the droplet. It is worth to note that, for any 

fuel vaporizing under a �( < ��, the pure evaporation expressions described in Section 3.2 

would be recovered, and therefore the temperature profiles calculated by the pyrolysis model 

would concur with those of the pure evaporation case. 

 
Figure 4.29. Radial profiles of gas temperature for heptane and hexadecane simulated for the high T∞ 

condition. 

 

An especially interesting variable is the pyrolysis temperature ��, as it is assumed at leading 

order as a constant kinetic parameter, intrinsic for each fuel. For checking the accuracy of this 

assumption, a second experiment on hexadecane was performed at the DCF, this one under the 

so-called low T∞ condition (Figure 4.25). The values of �� and �̃� for hexadecane were 

recalculated using the new experimental vaporization rate, yielding �� = 969	� and �̃� = 9.86. 
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The difference of 128 K with the previous �� value (841 K, Table 4.4) would point to a 

dimensionless activation energy in the order of ��/
a_	���~10 for hexadecane. 

 

4.2.2.3 The modified Spalding law 

The pyrolysis temperatures presented in Table 4.4 could therefore be used to estimate the 

droplet evaporation process by considering �� as a fixed kinetic parameter of the fuel. The 

quasi-state dimensionless vaporization rate can be calculated from: 

{ = @" �1 + ��
�( − �%�AB − � �AB��
��>�( − ��?� + AB + ��>�� − �%?�� (4.34) 

Which can be rewritten as: 

{ = @" �1 + ��
�� − �%�AB � (4.35) 

Where the apparent temperature (��) is defined as: 

�� = e	�� + 
1 − e�	�( (4.36) 

e = �
AB + ��>�� − �%? + � (4.37) 

 

Equation (4.35) is analogous to the well-known classical Spalding solution for a vaporizing 

droplet (Spalding (1950), Godsave (1953)), with the only difference of the apparent temperature 

substituting �(. This apparent temperature is intermediate between �� and �(, and is estimated 

through the weighting factor e (ratio of the heat employed to pyrolyze the fuel to the total heat 

required to vaporize the liquid fuel, heat it up to �� and pyrolyize it). The e calculated from the 

results of Table 4.4 yield values of 0.48, 0.60 and 0.70 for heptane, dodecane and hexadecane, 

respectively. Again, a stronger effect of pyrolysis for the heavier alkanes can be ascertained 

from these values, since heavier alkanes display apparent temperatures closer to �� than to 	�( 

(Equation 4.36), resulting thus in a greater vaporization reduction (Equation 4.35). 

It is worth to remember that these data were obtained from the high �( coflow experiments. 

However, assuming the ��=constant approximation, these values can provide an estimation of 

the droplet vaporization rate at different conditions. For instance, for the case of hexadecane at 

the low �( condition, the model predicts a K=0.4196 mm2/s, which differs by 9.2% from the 

experimental value (0.4623 mm2/s, see Table 4.3). This departure is again consistent with the 

aforementioned errors of order ���/
a_	����87 introduced through the assumption of a constant 
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pyrolysis temperature. Future experimental tests at different ambient temperatures are planned 

for gaining further insight on both the evaluation of the 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 been related to the monocomponent case, without 

attempting to cover the evaporation process of mixtures. However, as it was described in 

Section 3.2, this behavior was also included in the model, namely by following the so-called 

'Effective Diffusivity' approach detailed in (Sirignano (2010)). The validation of this 

multicomponent characteristic by means of the DCF experiments displayed some difficulties 

due to the pyrolysis effects occurring for hydrocarbons evaporating at high gas temperatures, as 

the pyrolysis model described in Section 4.2.2 was developed for the case of pure liquids. Even 

if some simplifications to take into account these effects were employed for latter studies (as it 

will be detailed in the next Section), a validation of the multicomponent model under pure 

vaporization conditions was still thought to be necessary prior to its use. It is worth to note that 

only a brief validation with literature data is presented here, as a more extended evaluation of 

the multicomponent model through DCF experiments on alcohol mixtures (which do not display 

pyrolysis reactions) is planned as future work.  

The simulation results published in (Gavhane et al. (2016)) for binary mixtures are thought to 

be useful as validation data for this purpose. This choice is based on the fact that this work 

provided with detailed information on droplet multicomponent behaviors which are extremely 

difficult to obtain experimentally (e.g., temporal evolution of the evaporation rate for each 

individual component or composition profiles within the liquid). The model presented in 

(Gavhane et al. (2016)) is also very similar to the one described in Section 3.2, as it stems from 

the analytical description of the 1-D evaporation of an isolated and quiescent droplet. 

Furthermore, it includes a case of study which is thought to be interesting for the validation 

process, with 50 µm droplets of heptane-dodecane blends vaporizing in air at relatively high 

temperature conditions (T∞=750 K). It is worth to note that much of the droplet evaporation data 

in the literature (and especially the experimental data) addresses the evaporation process under 

rather low temperature atmospheres. This has a significant impact on the multicomponent 

behavior since, under such conditions, the droplet evaporation is close to a distillation scenario 

and composition gradients within the liquid are low or even non-existent. However, for high T∞ 

conditions, the strong preferential vaporization of the more volatile species is thought to create 

significant compositional gradients near the surface (Makino and Law (1988)). As this is 

expected to be the case under typical combustion conditions, it seems desirable to validate the 

multicomponent model under such scenario. 

The case of study addressed here considers pure n-heptane (C7), n-dodecane (C12), and three of 

their mixtures with a 75, 50 and 25% by mass of heptane (C7-75, C7-50 and C7-25 respectively). 

The gas surrounding the 50 µm droplets consists in air at atmospheric pressure and 750 K. 
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Figure 4.30 displays the temporal evolution of the droplet mass for each of these liquids, both as 

published in (Gavhane et al. (2016)) (left), and as obtained in the current work (right). 

 

Figure 4.30. Temporal evolution of the normalized droplet mass for different heptane-dodecane 

mixtures at T∞=750 K, as presented in (Gavhane et al. (2016)) (a), and calculated in this work (b). 

 

As it can be observed in Figure 4.30, the droplet consumption times for the different fuels are 

very similar in both models, especially for dodecane and the three mixtures. Pure heptane, on 

the other hand, displays a slightly longer consumption time in the current model. Regarding the 

mass evolution for a given fuel, small differences can also be noted between both models, 

although in general the behaviors are found to be quite close. These dissimilarities are mainly 

ascribed to the differences in the estimated transport properties and, more specifically, in the 

liquid mass diffusion coefficient (Dl). The estimation of this parameter implies several 

assumptions, implying a relatively high uncertainty (see Addendum A4). From the results 

shown in Figure 4.30, it would appear that the Dl values estimated in the current model are 

somewhat higher than those used in (Gavhane et al. (2016)). This can be noted, for instance, in 

the mass evolution curve for C7-75. Looking at the first instants after the droplet injection, this 

curve is found to run closer to pure heptane in Figure 4.30.b than in Figure 4.30.a. The higher Dl 

of the former simulation would enhance the transport of heptane from the droplet center towards 

the surface, securing a larger C7 replacement rate. As in these first instants the evaporated mass 

corresponds primarily to heptane, a larger C7 availability would imply a greater droplet mass 

loss, as depicted in Figure 4.30.b. In the same way, the C7-25 mixture runs closer to pure 

dodecane in Figure 4.30.a when compared to Figure 4.30.b due to the larger heptane 

replacement rate of the latter. 
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To gain more insight into the differential vaporization of each compound, the mass evaporation 

rate of C12 has been plotted in Figure 4.31 for pure dodecane and its mixtures. Again, the 

general behavior of both models seems consistent and quite similar. However, it should be 

noted that the C12 evaporation rates calculated by the current model appear to be slightly shifted 

towards longer residence times, as resulted from the aforementioned larger mass diffusion 

coefficient for these simulations. It is worth to note that the numerical integration of the 

evaporation rate curves for each individual compound were found to recover the initial mass of 

each species at t=0, confirming therefore that the model complied with the mass balance. 

 
Figure 4.31. Temporal evolution of the mass evaporation rate for different heptane-dodecane 

mixtures at T∞=750 K, as presented in (Gavhane et al. (2016)) (a), and calculated in this work (b). 

 

Finally, the temporal evolution of the heptane mass fraction at the surface (YC7,s) was also 

thought to be an interesting parameter to analyze the multicomponent behavior of each model. 

These results are presented in Figure 4.32 for the C7-75 mixture and, again, show quite similar 

characteristics among both models, although with subtle differences ascribed to the slightly 

higher Dl calculated in this work. Namely, the higher Dl in Figure 4.32.b would cause a more 

delayed decrease of the YC7,s, as the droplet center is replacing heptane at a faster rate. This also 

causes a sharper decrease in the C7 fraction at the surface during the last period of the droplet 

lifespan, as the inner region of the droplet is more depleted in heptane. It is worth to note that, 

contrary to a pure distillation scenario, heptane remains available in the liquid throughout all the 

droplet evaporation process. In summary, the multicomponent model described in Section 3.2 

was found to provide satisfactory results, in quite good agreement with those of Gavhane et al. 

(2016). 
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Figure 4.32. Temporal evolution of the heptane mass fraction at the surface (YC7,s) for the C7-75 

mixture evaporating at T∞=750 K, as presented in (Gavhane et al. (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 the use of the single droplet configuration for the 

surrogate design and validation processes. As it has been discussed in the Introduction, the 

relative simplicity of this configuration, in addition to its resemblance to the final application of 

most liquid fuels (i.e., spray combustion), points to this layout as a most suitable benchmark to 

design and evaluate surrogates for liquid fuels. To this end, the joint use of the droplet 

evaporation experiments (Section 4.1) and modeling exercises (Section 4.2) is thought to 

provide powerful tools for developing novel methodologies in the surrogate field.  

Within the framework of this thesis, a first step toward this end resulted in the work published 

in Paper VI, where both approaches were used to formulate and validate three surrogate 

mixtures aiming to emulate the evaporative and sooting behaviors of a Spanish heating oil. As 

this work intends to explore new methodologies for the formulation and evaluation processes, 

the surrogate palette was decided to consist of only two compounds: n-eicosane and 1-

methylnaphtalene (MNP). Even if binary mixtures surely display a limited ability to match 

certain complex behaviors, their simplicity greatly eases result analysis, being this reason the 

main motivation for choosing this palette. 

4.3.1 Surrogate formulation 

Three different surrogates (SR1, 2 and 3) were defined, following different criteria, and 

evaluated.  

As presented in the Introduction, a first surrogate (SR1) aiming to match the evaporative 

behavior of the target heating oil was formulated through the multicomponent droplet model. To 

this end, the vaporization curve of heating oil was experimentally obtained at the DCF, being 

afterwards parameterized in the three characteristic times illustrated in Figure 4.33. Therefore, if 

these characteristic times were the design properties chosen as representative of the vaporization 

behavior, the values tc=0.645, t60=1.126 and t20=0.813 s/mm2 were the property targets for SR1 

to emulate. 

The predictive tool required for estimating the evaporation behavior of the different eicosane-

MNP mixtures consisted in the droplet multicomponent model described in Section 3.2. 

However, as detailed in Section 4.2, the pyrolysis of hydrocarbon vapors under the high-

temperature conditions present at the DCF tests could induce significant discrepancies between 

the model predictions and the experiments, particularly for the heavier alkanes. The analytical 

model described in Section 4.2.2 was only designed for pure fuels, and therefore an alternative 

way had to be devised for ensuring a good agreement between the multicomponent droplet 

evaporation model and the DCF tests, as it is fundamental for a proper surrogate design process. 
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In this work, this was done by introducing an energy sink in the form of a constant endothermic 

heat of reaction in the heat transfer number (Equation 3.15). An empirical fitting of this heat of 

reaction was performed for both pure compound (eicosane and MNP), in order to calibrate the 

model for each particular fuel. This adjustment was also applied in the simulation of the 

mixtures, namely by weighting the heat of reaction of each pure compound with the relative 

mass flow rate vaporized from each species. The obtained simulation results are presented in 

Figure 4.34, both in terms of evaporation curves (a) and extracted characteristic times (b). 

 
Figure 4.33. Evaporation curve obtained at the DCF (0% O2 

coflow) for heating oil along with the extracted characteristic times 

tc, t60, and t20 (0.645, 1.126, and 0.813 s/mm2 respectively). 

 

 
Figure 4.34. Evaporation curves predicted by the model for binary mixtures of MNP-eicosane (a), along 

with their corresponding characteristic times (b). 

 

Finally, a comparison of the characteristic times predicted by the model in Figure 4.34 and the 

data experimentally obtained for the target heating oil (Figure 4.33) allowed for the selection of 
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the eicosane-MNP mixture which best reproduced the evaporation behavior, that is, of SR1. 

This was done by defining a global error for evaporation (eev), calculated as the quadratic mean 

of the three characteristic time individual errors (etc, et60, et20). The dependency of these errors 

on the binary mixture composition is shown in Figure 4.35, where it can be observed that the 

combined error eev displays a clear minimum for the MNP-49 mixture (i.e., 49% by mass of 

MNP and 51% of eicosane). This blend was therefore named SR1, and its adequacy to emulate 

the evaporative behavior of the target heating oil will be experimentally evaluated in the next 

section. 

 
Figure 4.35. Relative errors calculated for each characteristic time 

along with the global error for evaporation (eev) for all the mixtures 

studied. 

 

A second surrogate mixture, named SR2, was designed to match the sooting behavior of heating 

oil. In this case, the design property used to model this characteristic was the Yield Soot Index 

(YSI), a parameter based on the soot concentration measured in a doped flame. The literature 

offers a quite complete YSI database for both pure compounds (Das et al. (2018), Das et al. 

(2017)) and real fuels (Das et al. (2017)), and therefore this parameter allowed for the 

estimation of the sooting behaviors of both heating oil and the eicosane-MNP mixtures.  

The YSI target value for heating oil was based on the data by (Das et al. (2017)), where the YSI 

of different jet and diesel fuels were explored, finding a good correlation between the YSI and 

the total aromatic content. A chemical analysis of the heating oil sample provided a 26.24% by 

volume of aromatics. Thus, after checking that the nature of the aromatic compounds present in 

heating oil is similar to those in jet and diesel fuels (i.e., similar single-ring/multiring aromatic 

ratio), the correlation presented in (Das et al. (2017)) was used to yield a YSI of 124.9 for the 

target heating oil. As for the binary mixtures, the YSI of pure eicosane and MNP was found in 
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(Das et al. (2017)) to be 14.1 and 471.2 respectively, whereas the following mixture rule could 

be applied to estimate the YSI of their mixtures: 

�L£RE� =¤�E 	�L£E
E

 (4.38) 

Being Yi the mass fraction of compound i and YSIi its YSI value as a pure fuel. Thus, the 

application of Equation (4.38) was enough to estimate the YSI of all the eicosane-MNP 

mixtures. The blend which minimized the error with the target value was found to be MNP-24. 

The ability of this mixture (named SR2) to emulate the soot production characteristic of heating 

oil will be evaluated through experiments at the DCF in the next section. 

The last surrogate designed in this work, SR3, was created by matching a number of rather 

simple physicochemical properties which are indirectly related to the final behaviors (i.e., 

evaporation and sooting tendency). The design properties chosen to match both behaviors were: 

YSI, C/H ratio, molecular weight (MW), liquid density (ρl), and distillation curve (DC). The 

first two properties, YSI and C/H ratio, display a clear connection with the propensity to form 

soot, whereas the MW is closely linked to the diffusive properties of the fuel (Dooley et al. 

(2012)). The liquid density, on the other hand, displays a relevant impact on the droplet 

evaporation process (Liu et al. (2013b)), and the distillation curve has been widely used to 

describe the vaporization behavior of multicomponent fuels (e.g., see (Bruno and Huber (2010), 

Bruno and Smith (2010))). Even if some of these properties are not directly related to the final 

droplet evaporation and sooting behaviors, they are clearly relevant for these processes. Thus, 

by matching them, the resulting mixture SR3 could be expected to emulate the final behaviors 

of the target heating oil. 

The liquid density, molecular weight, YSI and C/H ratio of heating oil were obtained by means 

of a physicochemical analysis of the fuel, whereas different mixture rules were used to estimate 

the value of these properties for the eicosane-MNP blends. The heating oil distillation curve, on 

the other hand, was experimentally extracted through a distillation setup based on the Advanced 

Distillation Curve (ADC) described in (Bruno (2006), Bruno and Huber (2010)). The prediction 

of this curve for the binary mixtures was obtained through a batch distillation model, which was 

developed and validated as detailed in Paper VI. 

Similarly to the previous surrogates, the formulation of SR3 relied on finding the binary mixture 

that minimized the deviations between its predicted behaviors and those experimentally 

measured for the target heating oil. As several properties were used for the SR3 formulation, the 

relative error of each property was divided by its maximum deviation so that all the resulting 

normalized errors spanned from 0 to 1, and could therefore be compared in equal terms. The so 
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obtained normalized errors (ε) are plotted in Figure 4.36 for each design property, along with 

the global error (εGlobal), calculated as the quadratic mean of the individual ε. As it can be 

noticed, the minimum of εGlobal was located in MNP-39, and therefore this was determined to be 

the SR3 composition. 

 
Figure 4.36. Normalized global errors estimated for each design 

property along with the global error (εGlobal) for all the binary 

mixtures. 

 

4.3.2 Surrogate validation 

At the end of the formulation phase, three different surrogate mixtures were proposed in order to 

emulate the evaporative behavior of heating oil (SR1: MNP-49), its sooting characteristic (SR2: 

MNP-24) or a set of physicochemical properties related with both (SR3: MNP-39). This section 

addresses the experimental evaluation of these mixtures by means of tests at the DCF, where 

both behaviors will be extracted and compared to those of the target heating oil. Since the 

palette chosen for this work only consists of two compounds, an additional objective of this 

section is to explore the full range of eicosane-MNP mixtures. This is thought to provide results 

of general interest, since it produces detailed data on the isolated droplet evaporation and 

sooting behaviors of pure and blended high-MW hydrocarbons under conditions representative 

of those occurring in real flames. 

The vaporization curve of heating oil is compared with those of pure eicosane, MNP and five of 

their mixtures in Figure 4.37.a. In this plot, it is possible to observe that the MNP-45 blend 

accurately replicates the heating oil curve, whereas neat MNP and eicosane display clearly 

differentiated features. A more complete description of the multicomponent characteristics 

found for this set of binary mixtures was presented in Section 4.1.1.3. When it comes to 

evaluate the degree of agreement between the three surrogates and the target fuel, the extracted 
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characteristic times can provide some insight to quantify the deviations found for each case. 

This information is shown in Figure 4.37.b, where the global error for evaporation (eev) shows a 

clear minimum precisely around the SR1 surrogate composition. As SR1 was formulated in 

order to match the evaporative behavior of heating oil, this close agreement would support the 

efficacy of the proposed formulation method. On the other hand, SR2 is located clearly outside 

of this optimal region, primarily due to the longer tc caused by the rich composition in eicosane. 

This deviation for SR2 could be expected beforehand, as SR2 was solely formulated to emulate 

the soot propensity of heating oil. Finally, SR3 displays an intermediate behavior between SR1 

and SR2. Even if it is located outside the optimal composition region, its errors are significantly 

lower than those of SR2, and therefore it would show a closer evaporative behavior to the target 

fuel. 

 

Figure 4.37. Experimental droplet vaporization curves for heating oil and the tested mixtures (a), along 

with the extracted characteristic time errors (b). In (b) the compositions of the three surrogates are marked 

with vertical lines. 

 

The second behavior of interest (i.e., the propensity to form soot) was also experimentally tested 

for each fuel and mixture by means of the soot probe B illustrated in Figure 3.6. As detailed in 

Section 3.1, this probe retained the totality of the soot particles generated during the droplet 

evaporation tests, producing as a result the IDSY parameter (gsoot/gfuel), used to quantify the soot 

yielded by different fuels when exposed to the same experimental conditions. As it was shown 

in Figure 4.10, the IDSY showed a quite linear behavior with the binary mixture mass fraction 

(Yi), pointing to a lack of significant interactions between the two surrogate components that 

could affect the amount of soot produced by the isolated droplet’s fuel vapors. As the YSI also 

depended linearly on Yi (Equation 4.38), a quite good linear dependency can be also observed 

between the experimentally measured IDSY and the predicted YSI (Figure 4.38). The IDSY 
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obtained for the target heating oil (0.1220 ± 0.0077 gsoot/gfuel) was located between that yielded 

for MNP-19 (0.0990 ± 0.0211 gsoot/gfuel) and MNP-31 (0.1560 ± 0.0268 gsoot/gfuel). Thus, the 

mixture that would produce the same amount of soot than heating oil could be estimated 

through a linear interpolation between these two blends. The resulting optimal mixture was 

MNP-24, exactly the same composition as the proposed SR2. These results support the 

formulation methodology used for this surrogate, based on the YSI, as a good alternative to 

design mixtures which can accurately emulate the sooting propensity behavior. The other two 

surrogates, SR3 (MNP-39) and especially SR1 (MNP-49), displayed significant higher sooting 

tendencies than heating oil, as demonstrated by their higher IDSY.  

 
Figure 4.38. IDSY experimentally obtained for all the eicosane-

MNP mixtures and for the target heating oil in terms of their YSI 

predicted values. The uncertainty bars indicate ± SD (Standard 

Deviation) of the experimental measurements. 

 

The fact that SR1 and SR2 are able to respectively reproduce the heating oil evaporation and 

sooting behaviors in such an accurate manner is thought to support the aforementioned 

formulation methodologies tested in this work. On the other hand, the third surrogate mixture 

showed an intermediate behavior between SR1 (which matched the evaporative characteristic) 

and SR2 (which was able to reproduce the soot yield). The simplicity of the palette used, with 

only two compounds, significantly reduced the ability of the mixtures to simultaneously 

replicate different complex behaviors. However, this work is thought to serve as validation for 

the proposed methods, which have demonstrated to constitute valid and novel approaches to 

design and evaluate surrogates for complex liquid fuels based on the isolated single-droplet 

configuration. Thus, they could be used in future works, either as stand-alone methods or in 

combination with others, to formulate surrogates with a higher number of compounds, 

simultaneously replicating therefore a higher number of target behaviors. 
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5. Conclusions 

5.1. Summary and concluding remarks 

The isolated droplet configuration has been used to characterize the main combustion behaviors 

of a wide variety of liquids, both pure compounds and real fuels of interest for heat and energy 

generation. As revealed by a literature review, the results and behaviors extracted from droplet 

combustion tests can be significantly affected by the particular setup design and by the 

experimental conditions. Therefore, a careful selection and characterization of these conditions 

was required for ensuring their validity and interest. Namely, the tests were designed to simulate 

the conditions occurring in real applications, with unsupported and small droplets evolving 

within a hot gaseous coflow. In addition to these conditions being representative of those 

occurring in real flames, proximity with the one-dimensional combustion case was also sought, 

in order to yield a configuration which would allow for a more simplified result analysis while 

also easing modeling efforts. The consistent occurrence of quite spherical soot shells and 

chemiluminescent envelope flames proved that droplets indeed vaporized under conditions close 

to spherical symmetry, despite the fact that tests were performed at normal gravity. 

As a result, the experiments on real fuels are thought to yield useful data on fuels and blends of 

interest for which these results are scarce in the literature. This experimental information might 

be either used for comparative purposes among fuels, as validation data for droplet evaporation 

and combustion models, or even as the fuel-specific input data required for the simulation of 

realistic spray flames. 

Heating oil, used in these experiments as a reference baseline, was found to yield essentially the 

same behaviors as those noted for its two blends with biodiesel (B10 and B20) in all aspects but 

soot generation, where a remarkable decrease was obtained with biodiesel addition. These 

results are thought to support the use of such mixtures as drop-in replacements for heating oil. 

On the contrary, a Tire Pyrolysis Liquid (TPL) obtained from the thermal decomposition of 

waste tires displayed a slower conversion rate and a considerably higher propensity to form 

soot. Nonetheless, the consistent onset of microexplosion events which shattered the droplets in 

secondary atomizations allowed for a significant reduction in the droplet burnout times.  

A subsequent work on different liquids obtained from the co-pyrolysis of biomass (grape seeds, 

GS) and two different polymers (waste tires and polystyrene, WT and PS respectively), yielded 

results remarkably akin to those noted for TPL, even if biomass accounted for a 80% of the 

original co-pyrolysis feedstock. This work assessed the impact of two relevant process 
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parameters of the pyrolysis liquid production on the droplet combustion behaviors. In particular, 

the kind of polymer source (WT or PS) and the nature of the catalyst used (Carmeuse limestone, 

calcined dolomite or none) were studied. The polymer source proved to have a bigger impact on 

the final combustion features, with a more volatile behavior and more efficient microexplosions 

for the GS-PS oil. The introduction of a catalyst in the oil production also led to a significant 

improvement in the bio-oil combustion characteristics, especially when using the Carmeuse 

catalyst. In light of these results, the aforementioned bio-oils could be considered as drop-in 

fuels (either neat or blended) for combustion applications where their sooty behavior and high 

sulfur content would not be an obstacle. 

Finally, a crude glycerol obtained as a by-product of biodiesel production was tested both as 

received (CG) and desalted (DG). The results point to a remarkably slow conversion for these 

fuels, in agreement with their physicochemical properties and with the difficulties reported for 

their combustion in burners. Interestingly, two microexplosion typologies were found for these 

glycerols. The abrupt and violent secondary atomizations recorded for CG were ascribed to its 

high salt content, whereas the swelling and puffing events noted for DG were thought to arise 

from the homogeneous nucleation of the more volatile liquid fractions within the droplet. The 

blending of these glycerols with another industrial by-product of relevance (GF*) showed a 

noticeable acceleration of the evaporation process, especially for the case of DG. Subsequent 

tests in a semi-industrial furnace confirmed this improvement, as the range of stable conditions 

in the burner widened, with a better flame stability and a reduction of CO emissions for the 

glycerol-GF* mixtures.  

A second pillar of the thesis consisted in the development and validation of a droplet 

evaporation model capable of accurately predict the behaviors observed in the experiments, 

including the multicomponent features of mixtures. To this effect, a variety of pure compounds 

from different chemical families were tested at the droplet combustion facility. The close 

agreement found between the model predictions and the experimental results for alcohols served 

as validation for this model, although significant deviations were noted for alkanes, with 

divergences increasing with the molecular weight of the compound tested. These deviations 

were ascribed to the thermal decomposition of the fuel vapors under the high-temperature and 

reducing conditions present at the experiments. The relevance of this phenomenon for real 

combustion applications motivated the development of a novel analytical model that introduced 

these gas-phase endothermic pyrolysis reactions to the problem of an isolated vaporizing 

droplet. This model was developed in collaboration with the University of California San Diego, 

and was based on activation-energy asymptotics. Through the combination of experimental data 

on droplet evaporation and the analytical model, some intrinsic kinetic parameters of these 
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pyrolysis reactions could be extracted. Namely, the pyrolysis temperature was identified as a 

useful replacement at leading order for the unknown Arrhenius parameters, and its value was 

estimated for different alkanes. Even if more experimental data is still required for validating 

the accuracy of the extracted kinetic parameters, this work is thought to be of clear relevance to 

the field, as it develops for the first time an analytical description which takes into account the 

impact of these reactions on the vaporizing characteristics of hydrocarbon liquid droplets. 

To conclude, the combination of experiments and the evaporation model also allowed for the 

introduction of the isolated droplet configuration to the surrogate formulation and validation 

processes. A preliminary work on this topic was performed on heating oil, with binary mixtures 

of eicosane and methylnaphthalene attempting to match its vaporization and sooting behaviors. 

To that end, three surrogates were designed through different methods. SR1 was formulated 

with the aim of emulating the evaporation features of the target heating oil, making use of the 

multicomponent droplet evaporation model as predictive tool. On the other hand, SR2 was 

designed to match its sooting propensity, using the YSI as predictive instrument. The third 

surrogate was created through an approach widely used in the literature, entailing the 

simultaneous emulation of a number of physicochemical properties relevant for both behaviors 

(i.e., molecular weight, liquid density, YSI, C/H ratio and distillation curve). The subsequent 

validation by means of droplet evaporation tests revealed a very accurate emulation of the 

vaporization and sooting results of heating oil by SR1 and SR2 respectively. These results not 

only provided surrogate mixtures able to substitute the chemically complex heating oil in 

computational studies, but are also thought to support the efficacy of the aforementioned 

methods for developing novel surrogates based on the isolated droplet configuration. 

 

5.2. Future work 

From the experimental side, the strong dependence of some critical behaviors (microexplosions, 

pyrolysis reactions, radiative heating, etc.) on the experimental conditions used in the droplet 

evaporation and combustion tests is thought to require further investigation to fully understand 

the differences observed among works in the literature. To that effect, controlled comparisons 

varying key variables (gas temperature, droplet initial size, etc.) and even the kind of facility 

(drop tube vs. suspended droplet facility) could help to gain insight into these apparently 

conflicting results. 

As already introduced, the further development of the droplet vaporization model with gas-

phase pyrolysis also requires additional experiments, namely by testing alkanes at different 

levels of ambient temperature. This would allow for a more accurate estimation of the extracted 
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pyrolysis temperatures, as well as for a more complete validation of the model. Additionally, the 

extension of this model to address multicomponent cases would certainly be of great interest to 

the field, since the vast majority of real fuels consist in hydrocarbon mixtures. 

Also in the modeling side, the development of droplet combustion models that include 

microexplosion phenomena would be required in order to fully understand this complex 

behavior featured in the experiments. A model which considers the potential homogeneous 

nucleation of vapors within the liquid phase could be a first step towards this goal, which would 

be helpful for the interpretation of experimental data. A clear example of this is the completely 

different modes of microexplosions experimentally observed for both kinds of crude glycerols. 

Additionally, and in connection with the previously discussed differences among droplet 

combustion setups, the modeling of a case where the liquid phase is in contact with a 

suspending filament (and therefore with heterogeneous nucleation sites) could also provide 

insight into the aforementioned different microexplosion behaviors reported in the literature. 

The experimental and modeling tools developed along the thesis could also be applied to a wide 

variety of liquid fuels that pose difficulties for their combustion. Most of these difficult-to-burn 

fuels consist in low quality fuels such as the already explored crude glycerol, where their 

challenging combustion properties can hinder residue valorization and, depending on the fuel 

origin, production of renewable energy. A wide variety of these kind of fuels (heavy oil from 

refineries, process by-products, alternative biofuels, etc.) could benefit from detailed 

characterization methods such as those proposed in this work. 

Finally, the further development of the surrogate design and validation methodologies is thought 

to be an interesting field of study where several improvements and novel developments could be 

undertaken. The more obvious one is the extension of the method used in Paper VI to a greater 

number of palette compounds in order to simultaneously match several complex behaviors. The 

surrogates developed through these isolated droplet configuration methodologies could also be 

compared with other surrogates of the literature, either in droplet combustion tests or even in a 

configuration closer to the final application (e.g., a spray flame). The clear relation found 

between the IDSY and the YSI also points to the potential modeling of the former index, which 

is thought to present a clear interest because of its proximity to the soot formation regime in real 

flames. The development and further validation of correlations between this index and other 

well-known soot indicators could also be complemented with the proposal of empirical mixture 

rules, which would allow to directly using the IDSY as a soot predictive tool in the surrogate 

formulation phase.  
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CSIC focusing on the sections detailing the bio-oils production and physicochemical 

characterization and LIFTEC dealing with the droplet combustion results. The candidate 

undertook an active role in the elaboration of the latter kind of sections. This role included the 

preparation of a first draft, the collaboration in writing the final version and also the elaboration 

of the rebuttals for the journal referees (in coordination with ICB-CSIC and the other 

coauthors). 

 

Paper IV. Muelas, Á., Remacha, P., Pina, A., Barroso, J., Sobrino, Á., Aranda, D., Bayarri, N., 

Estévez, C., Ballester, J. (2020). Combustion of Crude Glycerol and its Blends with 

Acetals. Experimental Thermal and Fluid Science, 114, 110076. 

DOI:10.1016/j.expthermflusci.2020.110076. 

The development of this paper was framed in a research project with the company Inkemia 

IUCT Group. This project aimed to characterize the combustion behaviors of crude glycerol and 

its blends with other by-products of relevance, namely through two different scales: isolated 

droplet experiments and tests in a semi-industrial furnace. The candidate took an active part in 

the former kind of experiments, as well as in its results analysis and related literature review. He 

also collaborated in writing a communication to the 11th Mediterranean Combustion 

Symposium, which ultimately led to the publication of this fourth journal paper after a revision 

process. His contribution to the writing of the paper was focused in the sections addressing the 

droplet combustion tests, where he was in charge of preparing the first draft and actively 

participated in elaborating the final version, as well as in the preparation of the rebuttals. 

 

Paper V. Muelas, Á., Carpio J., Ballester, J., Sánchez A.L., Williams, F.A. (2020). Pyrolysis 

Effects during High-Temperature Vaporization of Alkane Droplets. Combustion and 

Flame, 217, 38-47. DOI:10.1016/j.combustflame.2020.03.033. 

The work that led to the publication of this paper was developed during a 3 months research 

visit of the candidate to the University of California San Diego (UCSD). As detailed in Section 

4.2, significant deviations were consistently found between the predicted vaporization rates of 
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alkanes and those experimentally measured at the DCF, whereas accurate agreements were 

obtained for all the alcohols examined. During this period at UCSD, different hypothesis that 

could explain these results were tested under the supervision of Prof. Antonio Sánchez and, 

finally, the thermal decomposition of the hydrocarbon molecules was ascribed as responsible for 

these deviations. The theoretical development of the analytical model detailed in this paper was 

possible thanks to the expertise of Profs. Antonio Sánchez and Forman Williams. The candidate 

took part in the model development, collaborating with the model revision, testing and 

implementation. When it comes to the writing of the paper, the contribution of the candidate 

primarily focused on the experimental sections, collaborating also in the elaboration of the 

rebuttals. 

 

Paper VI. Muelas, Á., Aranda, D., Ballester, J. (2019). Alternative Method for the Formulation 

of Surrogate Liquid Fuels Based on Evaporative and Sooting Behaviors. Energy & 

Fuels, 33(6), 5719-5731. DOI:10.1021/acs.energyfuels.9b00737. 

The study that led to this publication was originally framed in the Bachelor Thesis of D. 

Aranda, where the Ph.D. candidate figured as co-supervisor. During an initial phase, the 

candidate undertook a thorough literature review on surrogates for liquid fuels, with a special 

focus on the works using the isolated droplet configuration for either the formulation or 

validation processes. He also took an active part (along with the other coauthors) in the design 

of the study approach, in performing the experimental tests at the DCF and in the results 

analysis that led to the elaboration of the Bachelor Thesis by D. Aranda. In a second phase, the 

candidate applied some changes to the methodology (e.g., replacement of a diffusion-limited 

multicomponent droplet evaporation model by an effective-diffusivity model, modification of 

some design parameters, etc.). This reformulation of the study also included additional droplet 

vaporization experiments, and led to the elaboration of the sixth journal paper. 
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A3: Experimental characterization of the DCF test 

conditions 

This addendum summarizes the methods used for characterizing the experimental conditions of 

the gas phase at the DCF tests. As specified in Section 3.1, the gas composition was monitored 

through an online paramagnetic analyzer (Testo 350-S). The gas temperature and velocity 

measurements are detailed in the following sections.  

 

A3.1. Gas temperature measurements 

Gas temperature characterizations were performed by means of a bare, butt-welded, fine wire 

thermocouple of 50 µm in diameter (type S). This thermocouple was attached to a support wire 

of 500 µm which was inserted into a 3 mm ceramic rod, as displayed in Figure A3.1.a. This 

setup was hold by a 2-D positioner which allowed displacement in both radial directions (Rx and 

Ry, noted in Figure A3.1.a). The axial distance to the injection plane (L) was varied by 

displacing the movable frame illustrated in Figure 3.1. The hot junction (i.e., the welding) was 

positioned at the tip of the thermocouple (Figure A3.1.b), so that the measuring location was 

always well defined. Since the metallic wires could vary their length due to thermal expansion, 

pictures of the thermocouple were obtained through Camera 1 (Figure 3.1) in order to correct 

these potential displacements for each probe position. Figure A3.1.b is an example of such kind 

of picture. 

 
Figure A3.1. Thermocouple measuring inside the DCF combustion chamber (a). Picture (b) corresponds 

to a detailed view of the thermocouple tip obtained through Camera 1 (Figure 3.1). 
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As already discussed, different coflow atmospheres were used along the course of the thesis. 

The most common ones corresponded to the so-called 0, 3, 5 and 10% O2 conditions, obtained 

through the combustion at the McKenna flat-flame burner of the gas flow rates summarized in 

Table A3.1. It is worth to note that a small flow of 0.5 Nl/h of N2 was supplied through the 

injection orifice for all these conditions. 

Table A3.1. Reactant flow rates fed to the McKenna burner to yield the most 

commonly used gas atmospheres at the DCF. 

Gas condition qCH4 (Nl/h) qAIR (Nl/h) qO2 (Nl/h) 

0% O2 104 965 0 

3% O2 104 1103 0 

5% O2 104 1230 0 

10% O2 104 1288 55 

 

 

The gas temperature profiles corresponding to these atmospheres were measured, both along 

axial and radial directions. It is worth to note that the data directly provided by the 

thermocouple corresponds to the temperature of the solid wire Tsol (and more specifically, the 

temperature at the welding), which could differ from the gas temperature (Tgas). Since the 

objective is to measure Tgas, some considerations had to be taken into account to correctly 

estimate it. As detailed in (Shaddix (1999)), the temperature of the gas can be estimated by 

considering the main heat transport mechanisms present in the thermocouple-gas configuration: 

conduction, convection and radiation. Thermal conduction along the wire could be minimized 

by using a sufficiently long and thin thermocouple wire. For the case depicted in Figure A3.1, 

the ratio of the thermocouple length to its diameter was around 300, so that the potential 

conduction of heat from the junction towards the cooler 500 µm support wires could be 

neglected (Shaddix (1999)). Thus, under a steady state condition, the heat balance of the system 

simplifies to: 

OP ��%¥D >�¦�% − �%¥D? − H	§>�%¥Dp − �̈p? = 0 (A3.1) 

Being dsol the diameter of the wire at the junction (≈75 µm), H the emissivity of the 

thermocouple material (assumed to be 0.2), and § the Stefan-Boltzmann constant. The wall 

temperature (Tw) was assumed to be 600 K, and the thermal conductivity of the gas (�) was 

estimated as that of air. A critical issue when applying (A3.1) is the selection of the Nusselt 

number correlation. For the low Reynolds numbers present in our configuration, the correlation 
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proposed in (Andrews et al. (1972)) for a flow over a cylinder was used (valid for 0.02 < Re < 

20): 

OP = 0.34	 + 	0.65	a,_.p© (A3.2) 

 

The numerical solving of Equation (A3.1) provided the actual gas temperatures (Tgas) from the 

wire temperatures (Tsol) recorded by the thermocouple. Since thermal radiation is a heat loss 

mechanism for the solid wire, it is worth to note that the estimated gas temperatures were higher 

than the temperatures provided by the thermocouple. All the following results are presented in 

terms of the corrected gas temperature. 

The axial temperature profiles recorded along the centerline for the coflow conditions of Table 

A3.1 are displayed in Figure A3.2, both for the region of greater interest for typical droplet 

combustion tests (L ≤ 50 mm) and for the whole length of the combustion chamber (L ≤ 300 

mm). As it can be noticed, all conditions share an abrupt increase in the axial gas temperature 

during the first 10 mm, due to the transition from the cold injection orifice to the hot 

combustion products. The heat losses across the quartz tube justify the drop in Tgas found for 

increasing values of L, being the shorter gas residence times for the oxygen-rich conditions 

consistent with their lower temperature decrease rate. 

 
Figure A3.2. Axial temperature profiles recorded along the DCF centerline for the coflow conditions 

summarized in Table A3.1. 

 

Besides axial measurements along the combustion chamber centerline, radial profiles of 

temperature were also obtained in order to characterize the homogeneity of the flow across the 

cross section. These results are presented in Figure A3.3 for the case of the 0% and 10% O2 

conditions. Both cases clearly show a cold region at the center (Rx=0 mm) ascribed to the effect 

of the injection orifice. Thermal gradients in this central region are progressively smoothed as 
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the axial distance to the injection plane increased, becoming the radial profiles quite 

homogeneous for L>25 mm.  

 

Figure A3.3. Radial temperature profiles recorded at different axial distances (L) and two coflow 

conditions (0 and 10% O2).  
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A3.2. Gas velocity measurements 

The determination of the gaseous coflow velocity was possible thanks to Dr. Antonio Lozano, 

who actively helped in this task, from the design and installation phase of the PIV (Particle 

Image Velocimetry) setup, to the data acquisition and processing part. This section aims to 

summarize the PIV measurements that were carried out at the DCF for two coflow conditions 

displayed in Table A3.1 (0 and 10% O2). 

The PIV equipment was kindly provided by Dr. Antonio Lozano, and consisted of: 

- Double-pulsed Nd:YAG laser (PILS, Quanta Systems). Able to generate pulses of 6 ns 

with a nominal maximum energy of 250 mJ (532 nm). 

- Digital Delay and Pulse Generator DG 535 (Stanford Research Systems), with 4 delay 

channels and 2 pulse channels. 

- CCD Camera Hamamatsu Orca-ER C4742-95-12 fitted with telemicroscope Navitar 

7000. This optical setup provided a field of view of approximately 20x27 mm2.  

- Interference bandpass filter Corion P-10-532-S-P523 with 10 nm FWHM. 

- Alumina particles of 0.3 µm in nominal diameter. For its seeding, a small N2 coflow of 2 

Nl/h was used as carrier gas, and introduced in the combustion chamber through the droplet 

injection orifice. 

The laser and pulse generator can be clearly observed in Figure A3.4.a, whereas a picture 

illustrating the optical setup used for the PIV measurements is shown in Figure A3.4.b. 

 

Figure A3.4. Pictures showing the PIV setup installed next to the DCF (a), and a detailed view of the 

optical system (b). 

 

The laser pulse was diverged into a vertical plane through a combination of spherical and 

cylindrical lenses, focalizing the plane at the combustion chamber centerline. The camera was 

located perpendicularly to this illumination plane, placing the interference bandpass filter 
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(centered at 532 nm) in front of the Navitar lens. Camera and laser were synchronized through 

the DG 535 delay and pulse generator. The system was programmed to obtain two sequential 

pictures, delayed between 500 and 876 µs depending on the flow velocity. Series of 100 pairs of 

images were obtained for each camera position (corresponding to, approximately, a window of 

20 mm in height). Since the region of interest was determined to be L=0-100 mm, five camera 

positions were explored, yielding a total of 500 pairs of images for each coflow condition. 

The processing of these images was carried out by Dr. Antonio Lozano through the program 

CCDPIV (Monash University), specifying a square window of 32 pixels with an overlapping of 

50%. It is noteworthy that a background image (resulted from averaging 5 pictures) was 

subtracted for each position prior to the estimation of instantaneous velocities to minimize the 

influence of a reflection of the laser sheet in the combustion chamber wall. Figure A3.5 shows a 

vector map featuring the average velocity at each point for both coflow conditions. To reduce 

experimental noise, only the points which displayed more than 50 correlated pairs positively 

validated (over the total of 100) were included to Figure A3.5.  

 

Figure A3.5. Vector map of gas velocities extracted for both coflow conditions (0 and 10% O2). Each 

map is composed by the superposition of 5 camera positions, each one depicted by one color.  

 

As displayed in Figure A3.5, the total field of view explored was to 27x100 mm2, corresponding 

each color to a given camera position (27x20 mm2). The only region of this field of view with 

enough correlated points was clearly a ≈3 mm-wide strip located around Rx=0. Since Rx=0 

denotes the center of the injection orifice (where the alumina particles were introduced), these 

results were somehow to be expected, as the flow velocity appears to only display a downward 

axial component.  

Thus, after their injection in the combustion chamber, the alumina particles were not dispersed 

but followed a straight path along the chamber centerline. This clearly marks the trajectory and 
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velocity of the gas flow which would surround the free-falling droplets, as in droplet 

combustion tests they are also introduced through this injection orifice. For any given distance 

to the injection plane (L), it was possible to estimate a representative velocity of this coflow 

through averaging the velocity values found in the 3 mm-wide strip centered around Rx=0. The 

resulting axial profiles of velocity are presented in Figure A3.6 for both oxygen conditions, 

being these profiles introduced as an experimental input to the simulations in Section 4.2 

(namely, in order to calculate the Reynolds number between the droplet and the coflow). In 

Figure A3.6, it is worth to note that the gas flow was rapidly accelerated from very low 

velocities close to the injection plane to a maximum value of around 0.65 m/s (0% O2) or 0.85 

m/s (10% O2). After that point, the flow velocity steadily dropped due to the gas temperature 

decrease already discussed in Figure A3.2. 

 

Figure A3.6. Axial profiles of velocity along the centerline for both coflow conditions (0 and 10% O2). 

The velocity value for each L was obtained as the median calculated from all the points contained in the 3 

mm-wide strip centered around Rx=0 in Figure A3.5. Each median value is accompanied by an 

uncertainty bar representing ± SD (Standard Deviation). 
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A4: Methods for the estimation of thermophysical and 

transport properties 

The droplet evaporation model described in Section 3.2 required estimating a number of 

thermophysical and transport properties for both pure compounds and mixtures. This addendum 

details the methods and sources used for the calculation of each of those properties. 

 

A4.1. Properties of liquids 

A4.1.1. Density. 

The liquid density (�D) of pure compounds was extracted from (NIST (2020)) and (Perry and 

Green (2008)). As for the estimation of the �D of mixtures, the following mixture rule was 

applied (Poling et al. (2001)): 

�D,RE� = 1
∑ �E �D,E`ªE�7

 (A4.1) 

Being �E the mass fraction of compound i. 

A4.1.2. Specific heat 

The specific heat of pure liquids (cl) was extracted from (NIST (2020)) and (Perry and Green 

(2008)). The calculation of the cl of mixtures was done through the following expression: 

�D,RE� =¤
�E 	�D,E
ª

E�7
� (A4.2) 

A4.1.3. Latent heat of vaporization 

The latent heat of vaporization of pure liquids (Lv) was extracted from (NIST (2020)) and (Perry 

and Green (2008)). The calculation of the Lv of mixtures was done through the following 

expression: 

AB,RE� =¤
«E	AB,E
ª

E�7
� (A4.3) 

Being «E = �E/
∑ �EªE�7 �, the mass fraction of compound i over the total fuel in the vapor phase. 
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A4.1.4. Viscosity 

The viscosity of pure liquids was obtained from (NIST (2020)) and (Perry and Green (2008)). 

The mixture rule of Grunberg and Nissan (Poling et al. (2001)), widely used in the literature, 

was used for estimating the viscosity of liquid mixtures. Since the blends tested in this work 

always corresponded to mixtures of chemically similar compounds, the interaction factor was 

neglected, resulting in the expression: 

¬D,RE� = ,∑ 
­J®J¯° 	±²	
³V,J�� (A4.4) 

With ´E being the molar fraction of compound i. 

A4.1.5. Thermal conductivity 

The thermal conductivity of pure liquids (kl) was extracted from (Perry and Green (2008)) and 

(Yaws (1995)). For binary mixtures, the Filippov equation recommended in (Perry and Green 

(2008)) was used: 

�D,RE� = �7�D,7 + ���D,� − 0.72	�7��µ�D,� − �D,7µ (A4.5) 

 

On the other hand, for mixtures of more than two compounds, (Perry and Green (2008)) 

recommends using the Li method: 

�D,RE� =¤¤¶E	¶· 2	�D,E	�D,·	�D,E +	�D,·
ª

·�7

ª

E�7
 (A4.6) 

Where ¶E	 = ­J/¸V,J∑ ­¹/¸V,¹®¹¯° . 

A4.1.6. Mass diffusion coefficient 

The binary liquid diffusion coefficients at infinite dilution (D0
AB) were estimated through the 

Wilke-Chang method (Poling et al. (2001)): 

�º»_ = 7.4	1087�	¼½	*+»	�¬»	¾º_.r  (A4.7) 

Being ½ the association factor, ¬» the viscosity of the solvent (B) and ¾º the molecular volume 

of the solute (A). From the calculated values of D0
AB, the Sanchez-Clifton formula was used to 

estimate the mass diffusion coefficient (�D). As detailed in (Poling et al. (2001)): 
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�D = >�»º_ 	 º́ +�º»_ 	´»?
1 − � +�	e� (A4.8) 

Being e a thermodynamic correction factor (dependent on the activity coefficient and the molar 

fraction), and � a parameter specific for the explored mixture. As it is common in the literature 

(e.g., see (Sazhin et al. (2010))), a thermodynamically ideal mixture (e = 1) was assumed, and 

therefore the value of � was not required. 

It is worth to note that the Sanchez-Clifton formula is only applicable to binary mixtures. The 

estimation of Dl for liquid blends with more species becomes much more cumbersome, with 

very complex and detailed methods requiring a wide range of chemical parameters of the 

mixture. As a compromise between accuracy and simplicity, the Wilke-Chang approximation 

proposed in (Sazhin et al. (2014)) was employed for such cases: 

�D = 7.4	1087©	¼*+RE� 	�¬D 	¾RE�_.r  (A4.9) 

 

A4.2. Properties of gases 

A4.2.1. Density. 

As the model assumes ideal gas, the vapor density can be readily calculated through: 

�RE� = T	*+RE�a	�  (A4.10) 

A4.2.2. Specific heat at constant pressure 

The specific heat at constant pressure (��) of pure gases and vapors were extracted from 

(McBride (1993)) and (Perry and Green (2008)). The calculation of the �� of mixtures was done 

through the following expression: 

��,RE� =¤
�E 	��,E
ª

E�7
� (A4.11) 

A4.2.3. Viscosity 

The dynamic viscosity (¬) of pure gases and vapors was obtained from (McBride (1993)) and 

(Perry and Green (2008)). As for estimating the viscosity of mixtures, the Wilke rule (Kee et al. 

(2005), Poling et al. (2001)) was applied: 
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¬RE� =¤ ´E	¬E∑ ·́ 	ΦE·ª·�7
ª

E�7
 (A4.12) 

Being: 

ΦE· = 1
√8�1 +

*+E*+·�
8_.© }1 + �¬E 	¬·�

_.© �*+·*+E�
_.�©~

�
 (A4.13) 

 

A4.2.4. Thermal conductivity 

The thermal conductivity (�) of pure gases and vapors was estimated through the kinetic theory 

of gases, namely by following the method detailed in (Kee et al. (2005)). The different 

parameters involved in these calculations (Lennard-Jones potential well depth, Lennard-Jones 

collision diameter, dipole moment, rotational relaxation collision number, etc.) were obtained 

from different sources depending on availability: (University of California San Diego (2020)), 

(Poling et al. (2001)), and (Kee et al. (1999)). For some heavy molecules, these kind of 

transport parameters could not be obtained in the bibliography. In such cases, the empirical 

relations proposed in (Kee et al. (2005)) were employed to estimate them based on simpler and 

well-known physical properties (i.e., critical point and boiling temperature). 

As for the estimation of the thermal conductivity of blends, the mixture average formula 

recommended in (Kee et al. (2005)) was used: 

�RE� = 12	}¤´E	�E +	 1∑ ´E/	�EªE�7
ª

E�7
~ (A4.14) 

 

A4.2.5 Mass diffusion coefficient 

The binary mass diffusion coefficients (Dfi) for any pair fuel-gas (e.g., fuel-N2, fuel-CO2, fuel-

H2O, etc.) were estimated through the kinetic theory of gases detailed in (Kee et al. (2005)). 

Analogously to the gas thermal conductivity, the parameters required for this calculation were 

obtained from different sources depending on availability: (University of California San Diego 

(2020)), (Poling et al. (2001)), and (Kee et al. (1999)). For the cases where no specific data 

could be found, the empirical relations proposed in (Kee et al. (2005)) were used to estimate 

them from simpler physical properties. 
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For the case of multicomponent gas mixtures, the combination of the different binary diffusion 

coefficients (��E) through the Wilke approximation recommended in (Fairbanks and Wilke 

(1950)) provided the final mass diffusion coefficient (�): 

� = 1 − �́
∑ ´E ��EÁªEÂ�

 
(A4.15) 
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