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Abstract

Air transport plays a crucial role in globalization, connecting people and businesses world-

wide. Nonetheless, its reliance on fossil fuels significantly contributes to greenhouse gas

emissions and pollution. The continuous growth of this sector, alongside the environmental

issues and the depletion of fossil fuels, has promoted the investigation of alternative and sus-

tainable energy sources that could supply the aviation industry. Biofuels, drop-in fuels, are

considered a promising alternative since they can offer carbon neutrality and substantially

further reduction of pollutant emissions, leading to an attractive replacement for conven-

tional jet fuel. Besides reducing dependence on fossil fuel and offering cleaner combustion,

many challenges remain regarding biomass availability, process cost, and fuel properties like

energy content, viscosity, and volatility. One of the ways to improve the performance of bio-

fuels could be the addition of nanoparticles. This new fuel generation is noted as nanofuels

centered on dispersing nanoparticles stably suspended in conventional liquid fuels. In par-

ticular, metallic nanoparticles have shown increased fuel energy density, enhancements in

combustion rates, reduced ignition delay and fuel consumption, and decreased emissions.

According to the previous discussion, the present study investigates the influence of metallic

particles on sustainable aviation fuel. This fundamental study initially focuses on nanofuel

preparation and stability to address its potential use in real applications. Several preparation

approaches are suggested to maintain the stability of nanofuels, particularly for high parti-

cle concentrations. Following this, both experimental and numerical investigations are con-

ducted on the combustion of a single droplet, exploring several furnace temperatures, parti-

cle sizes, and concentrations. In light of this, the droplet size evolution, disruptive burning

phenomena, and potential mechanisms that affect nanofuel combustion are discussed. The

experiments conducted in a drop tube furnace suggest that nanoparticle addition promotes

the appearance of disruptive burning phenomena regardless of the furnace temperature and

particle and size concentrations. In addition, a departure from the D2-law is noticed, af-

fecting the droplet burning rate. Based on this, the addition of nanoparticles to a liquid fuel

is numerically studied. Subsequently, an experimental analysis of the spray under non re-

acting conditions is performed. An experimental facility was developed using a commercial

air-assisted atomizer with external mixing to ease the operation of nanofuels. Imaging and

Phase-Doppler Interferometer techniqueswere used to understand the breakup length, spray

cone angle and droplet size, and velocity distributions for several air-fuel ratios. The findings

suggest that in terms of single droplet combustion, the addition of nanoparticles possesses

a beneficial role, whereas, in atomization, an adverse impact is observed, particularly when

the particle concentration is increased. Finally, the development of a laboratory combustion

chamber for liquid fuels is discussed. An experimental setup was designed and constructed,

which plays a significant role in researching alternative and sustainable fuels.
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Resumo

O transporte aéreo desempenha um papel relevante na globalização apresentando vanta-

gens a nível social, económico, entre outros. Porém depende substancialmente de com-

bustíveis fósseis que contribuem para a emissão de gases com efeito de estufa e poluentes.

Consequentemente, é necessário identificar fontes de energias alternativas e sustentáveis

viáveis para o setor da aviação. Os biocombustíveis surgem como uma alternativa promis-

sora para a substituição do combustível convencional de modo atingir a neutralidade car-

bónica e redução nas emissões de poluentes. Embora apresente benefícios, existem algumas

preocupações relativas à disponibilidade da matéria-prima, custos de produção, e às suas

propriedades referente à densidade energética, viscosidade e volatilidade. De modo a mel-

horar o desempenho destes biocombustíveis, uma solução emanálise é a adição nanopartícu-

las. Estes combustíveis são tipicamente designados de nano combustíveis, envolvendo a

adição de nanopartículas a um combustível líquido convencional. Especificamente, o uso

de partículas metálicas nestes combustíveis tem produzido um aumento na densidade en-

ergética e taxa de queima do combustível assim como uma redução no atraso à ignição, con-

sumo e emissões.

Assim sendo, este estudo investiga fundamentalmente a influência da adição de partículas

metálicas a um biocombustível. Numa fase inicial a preparação e estabilidade do nano com-

bustível foi estudada para avaliar o seu potencial uso em aplicações convencionais. Neste

contexto, diversos modos de preparação foram explorados para garantir que o nano com-

bustível permanece estável, principalmente a altas concentrações. Posteriormente, realizou-

se uma análise experimental e numérica à queima de gota isolada explorando diversas tem-

peraturas do forno assim como diferentes tamanhos e concentrações de partículas. Desta

forma, a evolução temporal do diâmetro da gota, fenómenos de queima disruptiva e poten-

ciais mecanismos que afetam a queima de nano combustíveis foram discutidos. Os resulta-

dos provenientes do estudo experimental num forno de queda livre indicam que a adição de

nanopartículas promove o aparecimento de fenómenos de queima disruptiva independen-

temente do tamanho e concentração das partículas assim como da temperatura do forno.

Adicionalmente, verifica-se um desvio da Lei do D2 afetando também a taxa de queima.

Dando ênfase a estes resultados, a influência da adição de nanoparticulas a um combustivel

líquido foi avaliada através de uma abordagem numérica. Subsequentemente explorou-se

a dinâmica do spray em condições não reativas. Para tal, desenvolveu-se uma instalação

experimental, recorrendo ao uso de um atomizador comercial assistido a ar de mistura ex-

terna para facilitar no uso de nano combustíveis. Nesta análise duas técnicas, nomeada-

mente a aquisição, tratamento de imagens e interferometria laser foram utilizadas de modo

a concluir uma investigação dedicada ao comprimento da fragmentação, o ângulo de cone do

spray e também a distribuição do diâmetro e velocidade das gotas para diferentes razões de

ar e combustível. De um ponto vista geral, os resultados sugerem que a nível da queima da

gota isolada a adição de nanopartículas possui um efeito benéfico, enquanto, na atomização

verifica-se um impacto negativo principalmente quando ocorre um incremento da concen-
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tração de partículas. Por fim, desenvolveu-se uma câmara de combustível para combustíveis

líquidos desde o seu conceito até à sua construção contribuindo assim para investigações

futuras dedicadas a combustíveis alternativos e sustentáveis.

Palavras-chave

Nano combustíveis, Gota Isolada, Spray, Combustão, Jet Fuel Alternativo
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Resumo alargado

O transporte aéreo desempenha um papel relevante na globalização apresentando vantagens

a nível social, económico, entre outros. Porém, esta indústria depende substancialmente de

combustíveis fósseis que contribuem para a emissão de gases com efeito de estufa e polu-

entes. Nos últimos anos este sector tem experienciado um aumento significativo, o que sus-

cita umapreocupação relativa à escassez dos combustíveis fósseis assim comopara os proble-

mas ambientais. Consequentemente, é necessário identificar fontes de energias alternativas

e sustentáveis viáveis para o sector da aviação. Neste contexto, os biocombustíveis surgem

como uma alternativa promissora para a substituição do combustível de aviação conven-

cional de modo atingir a neutralidade carbónica e redução nas emissões de poluentes. Ape-

sar dos biocombustíveis apresentarem benefícios na redução do uso de combustíveis fósseis

e a nível das emissões, existem algumas preocupações relativas à disponibilidade damatéria-

prima, custos de produção, e às suas propriedades referente à densidade energéticas, viscosi-

dade e volatilidade. Demodo amelhorar o desempenho destes biocombustíveis, uma solução

que tem vindo a ser estudada é a adição nanopartículas. Estes combustíveis são tipicamente

designados de nano combustíveis, envolvendo a adição de nanopartículas a um combustível

líquido convencional. Especificamente, o uso de partículas metálicas têm reportado um au-

mento na densidade energética do combustível, aumento da taxa de queima, redução no

atraso à ignição e consumo de combustível assim como em emissões. Porém, a evaporação

e combustão destes nano combustíveis é um processo bastante complexo e multifásico que

requer uma investigação mais aprofundada para compreender o seu impacto em aplicações

práticas.

Assim sendo, este trabalho avalia de uma forma fundamental a adição de nanopartículas

de alumínio a um biocombustível de um ponto de vista experimental e numérico. Para a

seleção das nanopartículas, alumínio foi o material escolhido devido à sua densidade en-

ergética, abundância e relativamente baixo custos de produção. Adicionalmente o biocom-

bustível puro e um combustível convencional de aviação (Jet A-1) foram testados para fins

de comparação. Diversos objetivos para este trabalho foram estabelecidos de modo a abor-

dar tópicos dedicados à estabilidade, combustão e atomização dos nano combustíveis. A

primeira abordagem centrou-se na preparação e estabilidade dos nano combustíveis para al-

tas e baixas concentrações utilizando processos físicos e químicos. Desta análise verificou-se

que para altas concentrações de partículas é necessário o uso de um surfactante para garantir

que o nano combustível permanece estável durante os ensaios experimentais sobre a queima

da gota isolada e dinâmica do spray. A estabilidade de um nano combustível com uma con-

centração de 4.0 wt.% foi alcançada pelo menos para um período de 4 horas. Concluiu-se

que um aumento do tamanho e concentração promove uma redução na estabilidade. Após

esta preparação, foi efetuada uma caracterização dos combustíveis confirmando que adição

de nanopartículas e surfactante não tem um impacto significativo na tensão superficial e

na densidade. Contrariamente, um incremento de cerca 20% na viscosidade foi observado

quando uma concentração de 4.0 wt.% de nanopartículas de alumínio e 4.0 wt.% de surfac-
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tante são adicionados ao HVO.

Após a conclusãodapreparação e caracterizaçãodos combustíveis, o foco do trabalho centrou-

se na queima de gota isolada. Nesta fase, um estudo experimental e numérico foi desen-

volvido, avaliando-se a influência do tamanho, e concentração das partículas. O trabalho

experimental foi realizado num forno de queda livre presente no Instituto Superior Técnico.

Esta instalação experimental permite a recolha de imagens provenientes de uma câmara de

alta velocidade para posteriormente analisar-se a queima das gotas. Gotas com um diâmetro

inicial de 250 µm foram inseridas no forno e a sua queima foi avaliada para temperaturas

de 600, 800, 1000, 1100 ◦C. Desta forma, a evolução temporal do diâmetro da gota, fenó-

menos de queima disruptiva e potenciais mecanismos presenters na queima de nano com-

bustíveis foram discutidos. Os resultados revelam que o HVO e o Jet A-1 apresentam um

comportamento semelhante, seguindo a lei do D2 sem qualquer ocorrência de fenómenos

de queima disruptiva. Contrariamente quando nanopartículas são adicionadas ao biocom-

bustível, independentemente do seu tamanho e concentração verifica se um desvio da lei do

D2 e a ocorrência de micro-explosões. Relativamente aos fenómenos de queima disruptiva,

os resultados experimentais indicam que um aumento da concentração e da temperatura

promove um aumento da intensidade destes eventos. Uma melhoria na taxa de queima foi

verificada quando nanopartículas são adicionadas ao biocombustível aumentando também

com o aumento da temperatura do forno. Devido a isto, foi desenvolvido um modelo dedi-

cado à queima da gota isolada de nano combustível. Omodelo prevê o diâmetro final da gota

antes da ocorrência de micro-explosões indicando que um aumento da concentração resulta

num aumento do diâmetro da gota. Para trabalhos futuros é necessária uma avaliação sobre

os efeitos da emissões da queima de nanopartículas de alumínio assim como o impacto das

micro-explosões em motores.

Na fase seguinte desenvolveu-se uma instalação para acoplar duas técnicas experimentais

para o estudo do spray em condições não reativas. Assim sendo, dinâmica do spray foi estu-

dada através da aquisição e tratamento de imagens e da técnica interferometria laser. O com-

primento da fragmentação, o ângulo de cone do spray e também a distribuição do diâmetro e

velocidade das gotas para diferentes razões de ar e combustível, aproximadamente de 1 até 16

foram avaliadas. Um atomizador assistido a ar foi usado nesta fase do trabalho e algoritmos

para o processamento de imagens foram desenvolvidos assim como uma correlação para

comprimento da fragmentação do spray. Os resultados demonstram que um aumento da

concentração de partículas promove um aumento do diâmetro das gotas presentes no spray.

Adicionalmente a dinâmica do spray do HVO e do Jet A-1 são muito similares, evidenciando

o potencial uso de biocombustíveis no sector aeronáutico. De um ponto vista geral, o spray

avaliado produz gotas mais pequenas com um maior grau de uniformidade para razões de

ar combustível mais elevadas. Preferencialmente, as gotas mais pequenas estão localizadas

no interior do spray, enquanto as gotas de maior diâmetro e menor velocidade estão pre-

sentes na períferia. A distribuição do tamanho das gotas foi avaliada considerando funções

matemáticas de probabilidade onde o Log-normal produziu os resultados mais favoráveis.

De um ponto vista geral, os resultados sugerem que a nível da queima da gota isolada a
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adição de nanopartículas possui um efeito benéfico, enquanto, na atomização verifica-se um

impacto negativo principalmente quando ocorre um incremento da concentração de partícu-

las.

Tendo por base todas estas observações referentes ao uso de nano combustíveis, o desen-

volvimento de uma câmara de combustível para combustíveis líquidos foi realizado desde o

seu conceito até à sua construção. O projeto teve em consideração o desenvolvimento da câ-

mara ou do componente onde a combustão irá ocorrer, annular axial swirl e do swirl burner.

Uma análise mais detalhada sobre o sobreaquecimento do combustível no interior do atom-

izador, limites de flamabilidade, e sistema de exaustão foi realizada. O desenvolvimento da

câmara de combustão foi alcançado com sucesso, garantindo segurança e uma operação efi-

caz. A este respeito, não foi relatado qualquer sobreaquecimento do combustível durante a

avaliação preliminar. Nesta avaliação foi ainda possível testar a instalação experimental com

Jet A-1. O objetivo é proporcionar uma experimental ferramenta que permita avaliar de uma

forma mais geral a queima destes combustíveis abordando a sua viabilidade contribuindo

assim para investigações futuras de combustíveis alternativos e sustentáveis.
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Chapter 1

Introduction

The present study is devoted to the investigation of conventional and alternative jet fuel,

with particular attention to the addition of metallic particles. The work mainly concerns

fuel characterization, stability, atomization, and combustion, employing several experimen-

tal techniques and numerical approaches developed at Instituto Superior Técnico, Lisbon.

This chapter provides an overview of the context and motivation behind this research topic

and outlines the objectives of this study. Furthermore, it discusses the contributions of the

research project to the scientific community, particularly focusing on the publications that

emerged during the development of this thesis. Lastly, it provides a summary of the PhD

thesis document.

1.1 Motivation

The modern world is heavily dependent on cargo and passenger transportation due to the

prompt industrial development and the improvement of the living standards of society [1].

As a result, there is a current demand for a consistent energy supply while the consumption

of fossil fuels persists. In this scenario, the transportation sector mainly relies on petroleum

fuels, being around 19% of worldwide energy usage, leading ro approximately 23% of green-

house gas emissions [2]. Excessive dependence on fossil fuels leads to its depletion, global

warming, and air pollution, causing irreversible consequences to the environment in which

we currently live. Energy production, industrialization, and agricultural practices are human

actions that promotes the release of high greenhouse gas emissions into the atmosphere. The

consequences rely on an expected increase of 2◦C above pre-industrial levels in the global

temperature, influencing humanity and the ecosystem. From this viewpoint, storms, floods,

and the extinction of faunal and floral species have become more common, posing serious

implications for the biodiversity of our planet. There is a worldwide agreement on restruc-

turing the energy sectors to promote sustainability and ensure long-term energy security [3].

Liquid fuels provided by petroleum are the main source for the transportation sector due

to their high energy density, ease of transport and storage, and the extensive global infras-

tructure established over the past century to maintain this system [1]. However, burning

fossil fuels affects global warming due to carbon pollution. In particular, greenhouse gases

such as CO2, CH4, NO2, as well as soot, among other pollutants, are daily delivered into the

atmosphere, harming the planet. More specifically, in the last years, CO2 emissions have in-

creased at the most significant reported rates, being the major responsible for global warm-

ing. Figure 1.1 shows the distribution of carbon dioxide emissions produced by the trans-
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portation sector worldwide in 2022 by sub-sector where road transportation presents the

highest greenhouse gas emissions. Aviation also significantly contributes to carbon diox-

ide (CO2) emissions into the atmosphere. This sector helps develop employment, promotes

commerce, supports tourism, and fosters sustainable development worldwide, resulting in

substantial yearly growth. The rapid expansion of this industry, along with its heavy reliance

on fossil fuels, leads to considerable greenhouse gas emissions. In contrast to the ground

emission sources, aircraft exhaust is released directly into the upper troposphere and strato-

sphere, leading to a more pronounced greenhouse effect, as previously stated by [4,5].

Figure 1.1: Distribution of carbon dioxide emissions produced by the transportation sector worldwide in 2022,
by sub-sector. Adapted from [6].

Despite the considerable benefits of air transportation, this industry is responsible for more

than 2% of all anthropogenic CO2 emissions worldwide [7]. Furthermore, emissions related

to a non-CO2, such as water vapor and soot, are also released, increasing environmental

concerns, such as radiative forcing from aircraft-induced clouds or aerosol emissions [8].

Consequently, the consumption of fossil fuels should be reduced. Accordingly, more severe

measures are imperative to regulate and limit CO2 emissions from transportation and other

energy-related sectors into the atmosphere.

In the current perspective, the world is in a vulnerable condition due to the prolonged effects

of the COVID-19 pandemic and Russian - Ukraine conflict. The energy sector, specifically

emphasizing the transportation sector, was noticeably affected by the COVID-19 pandemic.

The pandemic impact was primarily due to worldwide travel restrictions. During the early

phase of the shutdown, restrictions on international air travel and industrial activities led

to a substantial reduction in CO2 emissions [1]. Besides that, the decrease in road, air, and

maritime transportation also played a relevant role in the oil demand. However, deactivat-

ing the transportation sector is not a viable solution to address environmental issues and

mitigate fossil fuel depletion. On the other hand, it can provide valuable insights regarding

the influence of the transportation sector on environmental conditions and air quality, as

well as the adaption of environmentally friendly transportation systems. More recently, the

Russian-Ukraine conflict that was disrupted in February 2022 has threatened the global en-
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ergy supply chain and promoted rapid fluctuations in energy prices within a short period of

time, presenting significant challenges in ensuring energy security. Several sanctions were

applied to the Russian energy supply, resulting in long-lasting, profound, and extensive im-

pacts on the global energy economy [9]. Following the International Energy Agency (IEA),

aviation fuel accounts for 6.3% of the total amount of oil consumed [10].

Asmentioned earlier, political actions have been implemented to safeguard the global energy

economy, supply, and security in the contemporary situation. The first World Climate Con-

ference occurred in 1979, alerting technical and scientific specialists to climate change and

future impacts and risks. In the subsequent years, the Kyoto Protocol established emission

reduction responsibilities for developed countries from 2008 to 2012, introducing policies,

monitoring, and reporting systems [11]. In 2015, the Paris Agreement focused on restrict-

ing global temperature increase to 2◦C by 2100 and pursuing efforts to limit the increase to

1.5◦C. Recently, COP27 and COP28, aligned with the aforementioned, have been dedicated

to ambitious targets to mitigate greenhouse gas emissions. Concerning this, it is important

to emphasize that there is no definitive solution or clearly defined roadmap for addressing

climate change. However, the implementation of all available strategies and technologies is

required to solve this current world problem [12].

Therefore, tomitigate global environmental issues andmeet the energy requirements of con-

temporary society, the incorporation of alternative and sustainable energy sources into our

daily basis is mandatory. Promising renewable and green energy sources are being inten-

sively investigated, especially in air transportation. The alternatives to the aviation sector

can be classified into drop-in and non drop-in fuels. The former corresponds to fuels that

can be used as direct substitutes or as a mixture with conventional jet fuel, such as biofuel.

The non-drop-in fuels correspond to alternatives that require modifications in aircraft and

infrastructure. An example that has been studied is the implementation of hydrogen. In

this context, drop-in fuels emerge as the most promising solution in the short/mid-term to

address the CO2 emissions in aviation. In particular, drop-in fuels present a higher techno-

logical readiness, possessing a similar energy density to conventional fossil, requiring mi-

nor adjustments to the aircraft and its propulsion system [13]. However, from the perspec-

tive of long-term investment decisions, it is unclear which option offers the greatest over-

all environmental performance or whether alternatives are more sustainable or superior to

fossil-derived kerosene [14]. Biofuels are a renewable energy source derived from sustain-

able feedstock and are considered potential carbon-neutral fuels that reduce pollutant emis-

sions. These fuels can be obtained from firewood, animal fats and oils, animal dung, and

vegetable oils. Using alternative fuels reduces the risk of scarcity with the variability of en-

ergy sources and reduces oil dependence, being a finite natural source [15, 16]. However,

a primary challenge remains the availability of a sustainable biomass source to address the

aviation demand alongside its costs [13]. Moreover, concerns regarding low energy content,

high viscosity, and lower volatility properties are also reported.

As mentioned earlier, liquid hydrocarbon fuels have been indispensable for transportation
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for decades, and several alternatives are actively being investigated to address aviation con-

cerns. However, the energy content of liquid hydrocarbons has nearly achieved its theoretical

limit, creating further enhancements through chemicalmethods challenging [17,18]. The ex-

pansion of the aviation industry, coupled with the limited volume of engines in the current

fleet and increasing concerns about fossil fuel, disrupts the attention to novel solutions. An

emerging solution is the addition of nanoparticles to a liquid fuel. This new fuel generation

is noted as nanofuels centered on dispersing energetic or inert nanoparticles, i.e., particles

in size between 1 nm and 100 nm, stably suspended in conventional liquid fuels [19]. In the

1980s, nanotechnology disrupted attention in the scientific community. Following this, nan-

otechnology emerged as a research focus for basic and applied sciences due to its potential to

address scientific, engineering, and industrial challenges [20]. The nanomaterials possess

different physicochemical properties from the bulk material, which inherently depends on

their size and shape [21]. Figure 1.2 shows the areas in which nanoscience and nanotech-

nology are being explored. From a mechanical engineering point of view, the addition of

nanoparticles to a liquid fuel has been explored in the transport sector.

Figure 1.2: Nanoscience and nanotechnology in science and engineering. Adapted from [21].

In particular, metallic nanoparticles, such as aluminum, magnesium, and boron, can ex-

hibit higher volumetric and gravimetric energy densities that potentially enhance the fuel

reactivity [18]. Due to the increased reactive surface area allied with the improved ther-

mal and mass transport characteristics of nanomaterials, the high heat of formation of these

metallic fuels affects the combustion behavior. Incorporating metal nanoparticles into liq-

uid fuels has a catalytic effect, improving the combustion rate, reducing ignition delay and

fuel consumption, and lowering emissions [22]. Nanoparticles exhibit a substantially higher

surface-area-to-volume ratio, providing a larger contact surface area during the rapid oxida-

tion process [23]. Consequently, for a fixed combustor volume, as in aircraft, adding metal
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particles to a liquid fuel can enhance the energy released during combustion [24]. For this

reason, adding nanoparticles to biofuel is a noteworthy research subject that enhances fuel

combustion performance to mitigate their inherent concerns. In this context, several in-

vestigations dedicated to the addition of nanoparticles to alternative fuels are presented in

the literature, addressing different fields of research [17, 19,25–28]. Despite their potential,

nanofuels present certain challenges, particularly regarding emissions from the combustion

of solid particles and long-term stability. To establish nanofuels as feasible future fuels, it is

essential to comprehend the combustion mechanisms and implement methods to minimize

particle aggregation.

In the transportation sector, liquid fuel is injected into the combustion chamber. In this

practical spray system, liquid droplets are injected either with high momentum or into a

strongly accelerating flow field after primary atomization. In both cases, the aerodynamic

shear at the interface between the droplet and the flow field induces disintegration (i.e., sec-

ondary atomization) [29]. This secondary atomization of liquid fuel increases its interfacial

area with air, which in turn improves the evaporation and mixing of fuel with air. Finally,

when mixed properly, ignition can occurs. The characteristics of a fuel spray, such as liquid

phase penetration, atomization, air entrainment, and mixture formation, play a crucial role

in controlling the combustion process, where investigations dedicated to single droplets are

also crucial. As a result, experimental and numerical studies are valuable in advancing sci-

entific knowledge. Experimental research enables the examination of theoretical hypotheses

by providing data regarding phenomena through diverse empirical methods. This improves

the accuracy of models and serves as a useful tool for numerical research. Nevertheless, con-

ducting experimental studies can present challenges related to substantial resources, such

as time, funding, and equipment. Thus, numerical work reduces the cost of equipment and

materials and enables the analysis of complex phenomena in cases where analytical solu-

tions are difficult to acquire or evaluate experimentally. In this respect, it is essential to

investigate the entire process comprehensively, from the initial stages of their preparation

and characterization, to discover methods that could improve the stability of nanofuels is es-

sential. Following that, and considering that single droplet combustion is a prerequisite to

understanding spray combustion, experimental and numerical approaches are required to

understand nanofuel combustion mechanisms. In light of this, the addition of nanoparticle

particles also impacts the atomization process, requiring a detailed understanding of their

effects on primary and secondary atomization. Consequently, it affects spray combustion in

terms of performance and emissions. Finally, the development of laboratory-scale burners

is essential for research progress, allowing a representation of real combustors with a sim-

pler design and well-defined and optically accessible configurations to enable detailed data

acquisition and facilitate modeling.
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1.2 Objectives

Research on alternative fuels to address fossil fuel dependency and environmental concerns

is a critical issue. It is imperative to change the paradigm of the current world. Understand-

ing the factors and repercussions of our actions is a path to finding solutions. In particular,

aviation has notorious implications for globalization, operating on a conventional fuel de-

rived from finite fossil fuels and responsible for high pollutants and greenhouse gas emis-

sions. Consequently, identifying solutions to fulfill aviation fuel requirements and mitigate

environmental issues is essential. Recently, nanoparticles have started to be perceived as

a promising means to improve the quality of so-called alternative fuels that can be used in

actual engines, allowing for a smooth transition to other more disruptive propulsion tech-

nologies.

The main objective of this PhD thesis is to evaluate fundamentally the potential use of the

addition of nanoparticles to a liquid alternative fuel in terms of stability, atomization, and

combustion. To accomplish this purpose, a comparative analysis of conventional fuel, pure

alternative fuel, and nanofuels (liquid fuel containing nanoparticles) is performed. To attain

the main objective of this study, several specific goals should be addressed in terms of:

• Selection and characterization of the fuels and particles, followed by the identification

of physical and chemical methods to improve the stability of nanofuels, particularly for

higher particle concentration. The stability of different particle sizes and concentra-

tions is evaluated through visual inspection.

• Adaptation of the experimental setup to evaluate nanofuel single droplet combustion

in a droplet tube furnace using a high-speed camera and image data processing. The

influence of furnace temperatures, particle sizes, and concentrations is investigated

concerning droplet size evolution and disruptive burning phenomena. This includes a

detailed analysis of the micro-explosions nanofuels droplet combustion. Additionally,

conventional jet fuel, pure biofuel, and nanofuels are compared.

• Development of a simplified macroscopic model focused on single droplet combus-

tion of a multi-component fuel to a surrogate fuel, as well as the influence of adding

nanoparticles to a liquid fuel. The purpose is to compare numerically the combustion

behavior of a single droplet involving pure biofuel and biofuel with nanoparticles.

• Evaluation of the atomization process for conventional and alternative jet fuel. The in-

fluence of nanoparticles in primary and secondary atomization is addressed. Spray vi-

sualization under different operating conditions alliedwithmeasurements on the spray

cone angle is conducted. Additionally, themeasurements concerning the breakup length

lead to the development of a correlation and comparisonwith the literature. The Phase-

Doppler interferometer technique is adopted to compare fuels droplet diameter and

velocity distribution.
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• Development of a laboratory combustion chamber to evaluate the spray combustion of

liquid fuels.

1.3 Contributions

The present work examines alternative fuels in the aviation context using experimental and

numerical approaches. In light of this, a literature review concerning the challenges of this

industry in terms of solutions to address fossil fuels and environmental concerns was carried

out. For a short/mid-term solution, biofuels present themost acceptable alternative. Besides

their noticeable benefits, concerns regarding the demand for aviation fuels require further

investigation. Recent advancements in nanotechnology have enabled innovative research us-

ing nanoparticles. These nanoparticles typically range from 1-100 nm and possess properties

different from those of bulk material. Investigations dedicated to enhancing biofuel perfor-

mance using nanoparticles are a novel and relevant subject, offering solutions to the issues

arising from biofuel applications. Due to this, the research topic of this PhD thesis centers

on adding aluminum nanoparticles to an alternative aviation fuel. The objective is to com-

plement and fill the gaps highlighted in the literature discussed by the scientific community.

A significant issue related to the application of nanofuels is their stability. The present work

investigates diverse approaches established to guarantee the stability of the nanoparticles

in alternative fuels for long periods and address the potential use of nanofuel in real appli-

cations. This part of this work proved that physical and chemical procedures are essential

to ensure a stable nanofuel for long periods, particularly for higher particle concentrations.

Moreover, in terms of fuel characterization, major deviations from the pure fuel were noticed

as an influence of the particle concentration. This observationwas incorporated into the sub-

sequent phases of the research, particularly in the atomization and combustion experiments.

A specific procedure regarding the nanofuel preparation was established to guarantee their

stability during the experiments.

Following thenanofuel preparation and characterization, experiments on single droplet com-

bustion were performed. This is an essential task in the field of fuel combustion, acting as a

preliminary step. In the available literature,most of the publications focus on nanofuel single

droplet combustion experiments using a supporting fiber method. However, this technique

significantly affects the combustion process. In particular, for nanofuels, the supportive fiber

can act as a nucleation site that influences the disruptive burning phenomena. An experi-

mental setup presented in the Instituto Superior Técnico was modified to guarantee safety

and control during the nanofuel combustion. In contrast to themajority of existing literature

concerning nanofuel droplets, the experimental setup used in the present study focuses on

the falling droplet method, allowing high environment temperatures to promote an accept-

able compromise between experimental and practical conditions. This technique is more

complex and requires a more profound understanding of processing the acquired data. The

findings acquired from the single droplet combustion experiments were processed and ana-

lyzed using developed in-house algorithms. Enhancement of the burning rate and the occur-
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rence of disruptive burning phenomena, as previously highlighted in the literature, prove the

benefit in terms of nanofuel use for the transportation sector. To address the gap in knowl-

edge concerning disruptive phenomena, a detailed analysis was conducted to understand

the influence of particle concentration and furnace temperature in these events. Moreover, a

study comparing alternative and conventional jet fuels was undertaken to determine the via-

bility of these emerging solutions in the preliminary stages. A simplified macroscopic model

was developed to better understand the improvement in the combustion process due to the

addition ofmetallic particles to liquid fuels, employing a surrogate fuel to facilitate themulti-

component behavior of a biofuel already tested in aviation gas turbines. This simplification

enables further research and advancements in related areas of study. Current investigations

dedicated to nanofuels focus on individual aspects during the evaporation and combustion,

discarding their complex interconnections. Consequently, the presentwork explored and im-

plemented in the model the most relevant mechanism that must be considered in nanofuel

combustion for different furnace temperatures and particle concentrations, contributing to

the studies in the nanofuel field.

Considering the benefits and considerations acquired in single droplet combustion findings,

evaluating the spray combustion is indispensable to fully understand the potential use of

nanofuel. Due to this, understanding the atomization of a nanofuel was prioritized as the

first step in designing a laboratory combustion chamber to evaluate spray combustion perfor-

mance and its emissions. Studies involving primary and secondary atomization in nanofuels

are relatively rare due to their novelty. Thus, the present study explored the spray charac-

teristics of conventional and alternative jet fuel. Their inherent properties affected by the

particle concentration and different operating conditions were considered for deeper com-

prehension. To accomplish this purpose, an experimental setup was developed to employ

two techniques: imaging and a Phase Doppler Interferometer. Measurements dedicated to

the breakup length, spray cone angle, droplet diameter, and velocity profiles for conventional

and alternative jet fuel are discussed, addressing the existing gaps in knowledge related to

this subject. A correlation regarding the breakup length, including the nanofuels, is pre-

sented and compared with the literature available. Moreover, the influence of the physical

properties and air-fuel ratio are examined in the remaining spray characteristics. The study

culminates in one of its most significant objectives: developing a combustion chamber for

liquid fuels. The purpose was to design and build a modular burner for liquid fuels, consid-

ering the most relevant findings during the progression of this study. The knowledge of fuel

properties, single droplet combustion, and spray provided insight to address the difficulties

in developing a burner. In particular, attention to fuel injection, potential harmful emis-

sions, and flame stability, among other aspects, were considered, and preliminary experi-

ments were carried out to validate the laboratory combustion chamber. The advancement

of the burner is fundamentally important, as it offers an experimental framework for evalu-

ating alternative fuels in aviation and other sectors that require the use of liquid fuels. The

present research serves as a benchmark in nanofuel stability, characterization, atomization,

and combustion. Throughout this PhD thesis, several publications have been performed, ex-

changing knowledge with the scientific community. The contributions are presented below.
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Conference Publications
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ference onLiquidAtomization andSpray Systems - Paris, France (2-4 September 2019).

2. Ferrão, Inês; Vasconcelos, Daniel; Ribeiro, Daniela; Silva, André R. R; Barata, Jorge.

“Jet Fuel and Biofuel Droplets Impinging onto a Dry Surface: Effect of Crossflow Vari-

ation” 14th International Conference on Energy for a Clean Environment - Madeira,

Portugal (8-12 September 2019).

3. Ferrão, Inês; Silva, André; Moita, Ana; Mendes, Miguel; Costa, Mário. “Single Droplet

Combustion of Aluminum Nanoparticles added to a Biofuel” 21st Annual Conference

on Liquid Atomization and Spray Systems - Zhenjiang, China (23-26 October 2020)-

4. Ferrão, Inês; Mendes, Miguel; , Moita, Ana; Silva, André. “The Influence of Aluminum
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Meeting - Naples, Italy (14 - 15 April 2021).

5. Ferrão, Inês; Mendes, Miguel; Moita, Ana; Silva André. “Single Droplet Combustion

of Aluminum Nanoparticles added to a Biofuel: Effect of Particle Concentration and

Ambient Temperature” ICLASS 2021 - 15th Triennial International Conference on Liq-

uid Atomization and Spray Systems - Edimburgo, United Kingdom, (29 Aug. - 2 Sept.

2021).

6. Dias, Francisco; Ferrão, Inês; Mendes, Miguel; Moita, Ana; Silva, André. “Mathemat-

ical Approach for Modeling a Single Droplet Combustion of Jet-A1 and Alkanes” 5th

Meeting of the Young Researchers of LAETA - Lisboa, Portugal (5 - 6 May 2022).

7. Ferrão, Inês; Mendes, Miguel; Moita, Ana; Silva, André. “How do nanoparticles affect

the combustion of a biofuel?” 5thMeeting of the Young Researchers of LAETA - Lisboa,

Portugal (5 - 6 May 2022).

8. Dias, Francisco; Ferrão, Inês; Mendes, Miguel; Moita, Ana; Silva, André. “Numerical

Analysis of a Single Droplet Combustion of Jet-A1 and Alkanes” AIAA Aviation Forum

- Chicago, EUA (27 June – 1 July 2022).

9. Ferrão, Inês; Mendes, Miguel; Moita, Ana; Silva, André. ”Experimental investigation

of disruptive burning phenomena on nanofuel droplets” 20th International Symposium

on Application of Laser and Imaging Techniques to FluidMechanics - Lisboa, Portugal

(11-14 July 2022).

10. Mendes, Tomás; Ferrão, Inês; Mendes, Miguel; Moita, Ana; Silva, André. “The Impact

of High Particles Concentration in a Biofuel Droplet Combustion” 31st Conference on

Liquid Atomization and Spray Systems - Virtual, Israel, (6-8 September 2022).

11. Ferrão, Inês; Mendes, Miguel; Moita, Ana; Silva, André. “Spray dynamics of conven-

tional and alternative jet fuel” 32nd Conference on Liquid Atomization & Spray Systems

- Napoli, Italy (4-7 September 2023).

12. Ferrão, Inês; Mendes, Miguel; Moita, Ana; Silva André. “An Experimental Analysis of

theAir-Liquid Interaction of Conventional andAlternativeAviationFuel” ICLASS2024

- 16th Triennial International Conference on Liquid Atomization and Spray Systems,

Shanghai, China, (June 23-27, 2024).

13. Panão, Miguel; Ferrão, Inês; Moita, Ana. ”Is biofuel HVO an alternative in aviation?

An Infodynamic Comparative Analysis” 21st International Symposium on Application

of Laser and Imaging Techniques to Fluid Mechanics - Lisboa, Portugal (8-11 July

2024).
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14. Ferrão, Inês;Mendes,Miguel;Moita, Ana; SilvaAndré. ”Insights onLiquid JetBreakup

and Spray Formation of an Air-Assisted Atomizer: Conventional and Alternative Jet

Fuel” 21st International Symposium on Application of Laser and Imaging Techniques

to Fluid Mechanics - Lisboa, Portugal (8-11 July 2024).

1.4 Overview

This PhD thesis document is organized into seven chapters, as shown in Figure 1.3. Chap-

ter 1 includes the motivation and context, main objectives, and contribution of the present

study. The Chapter 2 is dedicated literature review, focusing firstly on aviation fuel con-

textualization, followed by droplet and spray background. This includes the main findings

in both experimental and numerical approaches regarding single droplet combustion and

the latest advancements in the nanofuels field. Moreover, the concept and practical applica-

tions of sprays are discussed, addressing the most relevant subject in this topic. Subsequent

to the introduction and literature review of the present research, Chapter 3 is devoted to

fuel preparation, characterization, and study focus on the nanofuel stability. Following the

fuel preparation and characterization, Chapter 4 is dedicated to a single droplet combus-

tion study involving experimental and numerical approaches. The methodology adopted,

operating conditions, and image data processing for the experimental work are presented.

The experimental results are subsequently compared with the numerical findings related to

a simplified macroscopic model. In this context, the influence of adding nanoparticles to a

liquid fuel is evaluated numerically, where the numerical methodology is described. Chap-

ter 5 is dedicated to the study of spray under non-reacting conditions and highlights the two

experimental setups employed, as well as the methodology, operating conditions, and im-

age processing. In addition, the results are discussed centered on the visualization, breakup

length, spray cone angle, and distribution of the droplet diameter and velocities. Chapter

6 focuses on the discussion of developing a combustion chamber for liquid fuels. The design

and build of the burner are presented, including the preliminary experiments to validate the

experimental setup. Finally, Chapter 7 outlines the most relevant conclusions of this study

and suggests future work.
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Figure 1.3: Thesis document outline.
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Chapter 2

Literature Review

2.1 Introduction

The current chapter provides an overview of conventional liquid fuels in current times and

their reliance on the aviation industry. From this point of view, aviation fuel composition,

global emissions, and their environmental impact are outlined. Strategies to mitigate the

concerns regarding using a renewable energy source are also presented. Subsequently, a de-

tailed review of topics pertinent to the research focus of this thesis dedicated to droplets and

sprays is presented. Fundamental concepts, practical applications, and the factors that af-

fect their dynamics will be discussed. The advancement in the nanofuel field is presented,

addressing their advantages and disadvantages to better understand their viability in practi-

cal application. Investigations concerning the experimental and numerical studies of single

droplet combustion are also outlined. In addition, the understanding of mechanisms related

to the breakup and atomization of liquid fuels, considering pure fuels and fuels with nano-

materials, is addressed as being essential in the area of combustion and propulsion systems.

2.2 Aviation Fuels Contextualization

Air transport has a relevant impact on globalization, connecting people andbusinessesworld-

wide. In this context, the aviation industry has allowed a favorable correlation between travel

time anddistance. Froman economic perspective, it has generatednumerous jobs, promoted

the development of the tourism industry, and facilitated international trade. This emphasizes

the disruption of the general interest in safety and an increasing desire for enhancements in

the aviation industry. In terms of social development, it has promoted educational oppor-

tunities, cultural exchange, and fast response during disasters, allowing the delivery of food,

medical, and rescue services [30]. Consequently, the growth of air transport has been noto-

rious in the last decades. Figure 2.1 shows the world passenger traffic evolution from 1945

to 2022. As evident, its development has been noteworthy until the appearance of the coro-

navirus (COVID-19) pandemic. The appearance of COVID-19 posed one of the most critical

challenges in aviation history. The global lockout caused an unprecedented decline in world

passengers in recent years to prevent the virus from spreading. Despite the challenges due to

the pandemic, it is predicted that there will be continuous growth in the aviation sector, with

passenger miles expected to double by 2050, compared to 2010 [31]. Apart from this period

of travel restrictions, air transport remains essential for the global economy and society and

should operate sustainably and efficiently in the near future.
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Figure 2.1: World passenger traffic evolution, 1945–2022, adapted from [32].

Due to this, fuel consumption is a crucial element of the expansion of the aviation industry.

This means that an increase in air traffic requires an increase in energy usage. Jet fuel is a

specialized aviation fuel that is precisely prepared for the propulsion of aviation gas turbine

engines, being one of the highest operating costs for the aviation industry [33]. According to

Edwards et al. [34], fuel costs have increased and account for approximately 32% of global

operating expenses for airlines in 2014, five times greater than in 2003 values [35]. In re-

cent decades, aviation fuel costs have exhibited substantial fluctuations directly related to

the variation in petroleum global supply [36].

Aviation fuel, a petroleum-derived fuel utilized for aircraft propulsion, considers rigorous

quality standards compared to fuels employed in road transportation. Jet fuel supplies an

energy source for propulsion and performs other functions for the proper operation of air-

craft, such as a hydraulic fluid and coolingmedium in aircraft engines [37,38]. Conventional

aviation fuel is provided by kerosene, produced from crude oil, a finite and non-renewable

energy source [39]. In particular, coal, oil, and gas are the three most recognized primary

fossil fuels [40]. Fossil fuels containing carbon are a product of geological processes from

the remains of microscopic organisms hundreds of millions of years ago under high pressure

and temperature and are safely stored underground. Crude oil or petroleum has been crucial

in promoting the industrial world and improving living standards. This mixture of hydrocar-

bons provides a valuable energy source for transportation, heating, and industrial purposes.

To acquire aviation fuel from crude oil, refinery processes, such as distillation, hydro treat-

ment, and catalytic reforming, are necessary [41]. The refining process involves separating

various components through atmospheric and vacuum fractional distillation. The process

begins with heating the crude oil, causing the components to boil at different temperatures,

transforming them into gases. These gases are subsequently recondensed into liquids. Fig-

ure 2.2 shows the refining process, initiating from the heating phase and concluding with
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acquiring various products used in quotidian applications.

Figure 2.2: By-products of fractional distillation, derived from [42].

The lowest boiling fractions are obtained from the top of the distillation column, while the

residual fraction or bottom fractions can operate as a source of heavy boiler fuel [10]. Jet

kerosene is commonly distilled between a boiling point range of 150 ◦C to 300 ◦C. Subse-

quently, it combined high-octane streams and additives to satisfy the performance criteria

required for aviation fuel [39]. Presently, themajority of removed jet fuel is derived from the

middle distillates of crude oil, specifically the kerosene fraction, which distills between the

gasoline and diesel fractions.

In 1939, aviation gasoline (avgas) fuelled the first successful aircraft. Gasoline was chosen

due to its wide accessibility during that period, being the primary fuel for all piston-engine

aircraft. A few years later, Frank Whittle used ”illuminating kerosene” as fuel for a turbo-

jet engine that demonstrated a higher tolerance for various fuel properties than piston en-

gines [43]. Concerns regarding gasoline use were mainly due to its high volatility and poor

lubricity, leading to wear and reducing the life of metering pumps [44]. Consequently, in the

early stages, it became evident that modifications would be necessary for avgas to operate

effectively in jet-powered aircraft. Thus, the requirement for increased power has disrupted

the attention for aviation gas turbines powered by kerosene, leading to further advancements

and modifications in the conventional aviation fuels named jet fuel [45]. The selection of

liquid fuel as an energy source for the aviation sector was mainly based on petroleum advan-

tage. In this respect, liquid fuels possess a higher energy content per unit volume than gases,

which are more manageable and suitable for handling and distribution than solids. Among

the liquid options available, liquid hydrocarbons present an ideal balance for energy content,

availability, and price [45].

2.2.1 Jet Fuel Composition

Conventional jet fuel, typically denoted as jet fuel, is a complex fuel composed of several com-

ponents, featuring a carbon chain length ranging from C8 to C16. Hydrocarbon compounds
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in jet fuel can be classified into four groups: n-alkanes, isoalkanes, cycloalkanes, and aro-

matics [46,47]. The predominant components are branched and linear paraffins and naph-

thenes (cycloalkanes), commonly representingmore than 70%of the components by volume.

Paraffins present a high hydrogen to carbon ratio, leading to a substantial heat release per

unit weight and cleaner combustion compared to other hydrocarbons [48]. Cycloparaffins

exhibit a lower hydrogen-to-carbon ratio, which generates less heat per unit weight while

contributing to the fuel increased density. However, their advantage relies on the reduction

of the fuel freeze point essential for high altitude flights [49]. Aromatics enhance the fuel lu-

bricity and guarantee that seals and O-rings operate as intended to prevent fuel leakage [50],

and should not exceed 25% in jet fuel composition. According to Blakey et al. [49], there is a

minimum value for the aromatic content of 8% in jet fuel due to the aging seals in the aircraft

and engine potentially leaking.

The fuel composition affects its physical properties and should comply with the specifica-

tions established for each transportation sector [38]. For the aviation industry, the initial

fuel specifications emerged in 1943 in the UK and 1944 in the US [43, 51]. Therefore, many

changes were performed over the years, primarily driven by safety and security considera-

tions [49]. Civil aviation fuel specifications are regulated by the American Society for Testing

and Materials (ASTM) International and the British Ministry of Defence (MOD). In this re-

spect, ASTM D1655 Standard Specification for Aviation Turbine Fuels and MOD Defence

Standard 91-91 are the specifications for jet fuel supported by an extensive knowledge of the

production and utilization of aviation fuels derived from conventional sources [52]. In gen-

eral, the fuel requirements and considerations rely on [33,49,50]:

• High heat content for maximum range or payload

• High specific energy to decrease take-off weight

• Good atomization

• Rapid evaporation

• Good burning characteristics, including relight capability at altitude

• Low freezing point and viscosity in cold temperatures to promote safe operation at

cruising altitudes

• Maximum allowable sulfur and aromatics content to ensure correct O-ring seal and

prevent fuel leakage

• Minimum fuel electrical conductivity

• Minimum allowable flash point to ensure safety operations due to the fire-hazard con-

sideration

• Low explosion risk

• High specific heat capacity

• Free from contaminants

• Minimum carbon formation

• Low viscosity and high lubricity
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• High thermal stability that prevents the chemical decomposition of the fuel within the

gas turbine engine

• Wide availability and acceptable cost

• Products of combustion acceptable environmentally

• Good ground storage and handling characteristics

The main fuels employed in civil aviation are Jet A and Jet A-1. Jet A is used in the United

States, whereas Jet A-1 is employed throughout the rest of the world. The main difference

between these fuels is the freezing point. For Jet A, the freezing point is –40 ◦C while the Jet

A-1 presents –47 ◦C. The lower freezing point of Jet A-1 is more appropriate for long-haul

flights, especially on polar routes during the winter [45]. Considerations regarding fuel cost

and accessibility influence the use of Jet A, especially in the US. The typical fuel for military

purposes is JP-5 and JP-8, specifically developed for high-performance requirements. The

main distinction between civil and military fuel is the use of additives dedicated to the pre-

vention of water in fuel, fuel pump failure, corrosion, icing inhibitors, as well as incidents

due to static discharge during fuelling procedures and acidity level [38,44,53].

In aviation gas turbines, power generation occurs by converting the fuel chemical energy

into mechanical energy. It is essential to understand how a gas turbine operates and the

mechanisms behind its function. An aviation gas turbine is an internal combustion engine

responsible for aircraft propulsion for air transportation. This complex engine has several

systems and subsystems that should operate simultaneously [54]. As previously stated, the

objective of this engine is to supply propulsive energy to propel the aircraft during itsmission

with the suitable attainment of performance, efficiency, and security [54]. The fundamental

ideas regarding the operation of a gas turbine rely on the intake and compression of the air,

combustion, and finally, expansion and exhaust, where the transformed energy is employed.

Shortly and in-depth, thrust is generated by the propulsion engine to propel an aircraft through

the air. Firstly, the engine captures the incoming air, and the air intake duct must ensure the

engine receives unrestricted and clean airflow. A portion of this incoming air flows through

the fan, proceeding into the core compressor. Subsequently, it enters the combustion cham-

ber, where it combines with fuel, leading to combustion. The combustion area controls the

combustion process between air and fuel, releasing heat that allows the expansion and ac-

celeration of air. The combustion chamber should efficiently burn fuel across various op-

erational conditions while guaranteeing stable combustion to prevent flame blow-out [55].

Moreover, the gases escaping the combustion chamber must be suitably cooled by mixing

with air to protect the turbine blades from damage. Generally, the fuel is introduced in the

combustion area as awell-atomized spray in combustors. The decrease in droplet diameter is

directly related to an increase in the evaporation rate. The spray quality is relevant for com-

bustion efficiency, stability limits, and pollutant emission. There are three combustor types:

tubular, tuboannular, and annular [55]. Thereafter, the hot exhaust passes through the core

and fan turbines before ultimately leaving through the nozzle. A large amount of air should
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be supplied to the turbine to generate the required power. The conversion of the gaseous

energy of the air and burned fuel mixture out of the combustor into mechanical energy is

performed by the turbine that drives the compressor (whichmight incorporate an additional

fan or propeller). A shaft connects the turbine and compressor units, as the turbine provides

the power needed to operate the compressor. The purpose of the fan is to significantly in-

crease the amount of air moving through the engine, thereby increasing the engine thrust. In

conclusion, the gas flow exiting the turbine is pushed to the atmosphere in an exhaust nozzle

to generate thrust or propulsion power. The remaining incoming air moves through the fan

and bypasses the engine. The proportion of air that goes around the engine compared to the

air passing through the core is denominated as the bypass ratio. Thrust is produced by air

flowing through the fan (bypass air) and the gas generator. High-bypass ratios are desired in

civil aviation for satisfactory fuel efficiency and low noise [56]. Currently, turbofan engines

power most commercial aircraft [13], as depicted in Figure 2.3.

Figure 2.3: Pratt and Whitney PW4084 turbofan, the jet engine used to power Boeing 777 aircraft, adapted
from [57].

2.2.2 Jet Fuel Emissions

As noted earlier, the fuel combustion occurs in the combustion chamber. The fuel is at-

omized, breaking into multiple smaller droplets, increasing its surface area. This atomized

liquid fuel is mixed with pressurized air, leading to ignition and combustion that releases

gaseous and non-gaseous species at ground level, such as at the airport and flight level, which

may impact the local air quality and the climate [58]. Due to the complex chemical composi-

tion of aviation fuel, greenhouse gases, and pollutants are released into the atmosphere when

they react with air under specific conditions that are inherently related to the composition of

the fuel. According to the literature, the emissions are also associated with the temperature

and pressure of the combustion chamber, air-fuel ratio, and the efficiency of the atomized

liquid fuel [56, 59]. Moreover, engine technology, model, and thrust additionally affect the

emissions expelled by the aircraft. The air quality is impacted by high-altitude emissions as

well as by ground emissions in the vicinity of large airports [60]. Considering the complete

and ideal combustion of hydrocarbons, the products released are CO2 and water without any

pollutants. Nevertheless, the combustion in real engines is never ideal, leading to the for-

mation of additional pollutants [61]. The burning of jet fuel emits carbon dioxide (CO2), wa-

ter vapor (H2O), carbon monoxide (CO), unburned hydrocarbons (HC), sulfur oxides (SOx),

soot particles (Csoot), nitric oxide (NO), and nitrogen dioxide (NO2), where NO and NO2 to-
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gether are expressed as NOx [36]. Figure 2.4 shows the emissions produced from jet fuel

combustion and its impact on the environment and society. The emissions can impact the

development and duration of contrails, which have implications on climate through radia-

tive forcing [61]. Emissions consist of a component of the airworthiness certification process

Figure 2.4: Emissions and effect of air transportation, based on [36,62].

under the oversight of a national aviation regulatory authority [63]. The International Civil

Aviation Organization recommended emission regulations for civil aircraft requiring certi-

fication during the Landing-Take Off (LTO) phases when aircraft operate at altitudes below

3000 feet [64]. The examination averages jet engine loads and duration at several load con-

ditions simulating scenarios in the vicinity of and at an airport [60]. The LTO cycle involves

power configurations such as taxi, approach, climb, and takeoff, relating to 7, 30, 85, and

100% thrust, respectively [61]. At high altitudes, the effects are related to the possibility of

contrail formation, impacts on the aerosol radiative effects, and lifetimes for emissions above

the cloud deck [65].

Generally, air transportation emissions have two primary impacts, including local air qual-

ity, particularly in the proximity of airports, and global climate [63]. Based on this, a detailed

overview of each emission released by the aviation sector will be provided. Carbon dioxide

(CO2) is the predominant gas responsible for the greenhouse effect that, in excess, leads to

global warming. The emissions of CO2 are directly related to jet fuel combustion and corre-

spond approximately to 72% of total combustion products [56]. The emissions of CO2 can be

decreased by increasing the fuel hydrogen/carbon ratio, which can be applicable to possible

alternative fuels in the air transportation industry [66]. Furthermore, the Earth tempera-
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ture rise can also be influenced by the non-CO2 emissions, more specifically nitrogen oxides

(NOx), water vapor, and soot, as will further be explained [7]. Nitrogen oxides (NOx) are

generally significant during the climb and cruise, particularly when combustion tempera-

tures are higher, through the thermal oxidation of atmospheric N2 [49]. These emissions are

susceptible to the combustion chamber pressure, temperature, flow rate, and geometry [56].

To address this issue, efforts towards new engine designs have beenmade to guarantee rapid

and complete combustion, resulting in uniform combustion temperatures and a subsequent

decrease in NOx emissions. [45]. These influence the environment by altering the levels of

atmospheric ozone (O3) and methane (CH4), both critical greenhouse gases resulting in an

influence on the Earth radiative balance [36]. More precisely, NOx emissions result in fur-

ther microphysical reactions that locally cause an increase in ozone (O3) formation. This

commonly occurs in tropopause cruise altitudes of commercial aircraft. Besides that, NOx
also affects the lifetime of methane (CH4) at tropopause altitudes [36]. This suggests that

interactions with NOx emissions have been related to a decrease in the lifetime of methane

at tropopause altitudes. Consequently, there is a marginal reduction in radiative forcing due

to the local decrease in CH4. The increase in radiative forcing impact caused by O3 is com-

monly identified as outweighing any reduction in radiative forcing due tomethane concentra-

tion decrease, leading to an overall warming effect that particularly varies with altitude [36].

More specifically, the aviation emissions of NOx at low altitudes contribute to ozone forma-

tion, concerning human health and local air quality. Conversely, at high altitudes, NOx ozone

depletion leads to an increase at the surface level of Ultraviolet radiation (UV) [63]. Water

emissions are also released by hydrocarbon combustion, which tends to condense into clouds

of ice crystals that induce the appearance of contrails or aviation-induced cloudiness [36].

Regarding the CO emissions, Blakey et al. [49] stated that are higher when the air in the com-

bustion chamber is at the lowest temperature and pressure at the lower power idle conditions

where jet fuel combustion is incomplete and less efficient. This occurs when an engine oper-

ates in a fuel-rich condition caused by an insufficient supply of oxygen required to complete

the reaction into CO2. Additionally, CO emissions are related to fuel injectors and increase

with the decrease of the thrust [56]. The effects of CO emissions on human health rely on

reducing the capacity of the blood to absorb oxygen and, in high concentrations, can cause

asphyxiation and even death [55]. Sulfur oxides (SOx) appear as a consequence of the com-

bustion of sulfur content present in aviation fuel in low concentrations thatmay contribute to

aerosols and particulate formation [45]. The sulfur oxides are toxic, leading to the reduction

in turbine blade life and the formation of sulfuric acid in the atmosphere [63]. Particulates

and unburned hydrocarbons are emitted due to incomplete combustion of jet fuel and are no-

ticed as smoke or soot expelled from the engine. Moreover, these emissions are also related

to poor fuel atomization, insufficient reaction rates, the localized extinguishing of the flame,

or a combination of all of these conditions [63]. The main influencing factors for unburned

hydrocarbons and CO emissions are similar. Soot emissions are related to the aromatic con-

tent in jet fuel and negatively impact the environment and human health. In this context, the

presence of soot particles at the surface level significantly contributes to the deterioration of

urban air quality, creates haze and smog, and can be harmful if inhaled. Soot emissions have
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a significant impact on contrail characteristics and the formation of cirrus clouds, influenc-

ing the Earth Radiative Forcing constant [61]. Table 2.1 summarizes aviation factors related

to emissions, previously discussed in Braun-Unkhof et al. [61].

Table 2.1: Factors that contribute to aviation emissions [61].

Emissions Factors

CO2 and H2O Proportional to fuel combustion

H2O The higher the H/C ratio, the higher the amount of water released

SOx Proportional to amount of sulfur (S) within the fuel

UHC, NOx, CO Dependent on the combustion parameters (Temperature, pressure, among others)

CO and UHC High at idle and taxi

NOx, Soot High at take-off, climb

2.2.3 Strategies To Address Aviation Environmental Concerns

Reflecting on the impacts of emissions, it is concluded that introducing sustainable alter-

natives in the aviation sector is imperative. According to the International Air Transport

Association (IATA), sustainability is a term that refers to something that can be constantly

sourced consistently with economic, social, and environmental goals [67]. The main objec-

tive is tomaintain an ecological equilibrium by preventing the depletion of natural resources.

However, the decarbonization and application of the term sustainability in aviation is quite

challenging compared to other transportation sectors. As indicated above, high requirements

are crucial for reliability and security in aviation. Air transportation demands specific power

and energy characteristics under various operational circumstances. Besides that, a sustain-

able alternative for the future of aviation should also include considerations on direct CO2

and non-CO2 emissions, life cycle emissions, cost and scalability, material properties, safety,

toxicity, and fuel handling requirement societal impact and public perception [36]. There-

fore, any proposed alternative aviation fuelmustmeet international standards, including cri-

teria dedicated to thermal stability, acceptable cold flow characteristics, and a low freezing

point [68]. In 2010, a starting point to change the aviation sector paradigm was developed.

To address the CO2 emissions, the following objectives were established [69]:

• An average improvement in fuel efficiency of 1.5% per year between 2010 and 2020

• A cap on net aviation CO2 emissions from 2020

• A reduction in net aviation CO2 emissions of 50% by 2050 relative to 2005 levels

Furthermore, the International Civil Aviation Organization (ICAO) aims to achieve an an-

nual 2% fuel efficiency, followed by carbon-neutral growth beyond 2020 [39]. To address

the CO2 emissions, in 2016, ICAO introduced the Carbon Offsetting and Reduction Scheme

for International Aviation (CORSIA). CORSIA is a global market-based measure scheme for

international aviation with a baseline initially focused on an average of 2019 and 2020 emis-

sions. Nevertheless, the COVID-19 pandemic changed the aviation perspective, significantly

declining the air transport market to less than half of the levels reported in 2019, leading
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to a revision of the CORSIA baseline. In June 2020, the ICAO Council adopted the 2019

emissions exclusively as the baseline for CORSIA from 2021 to 2023 [70]. CORSIA will be

executed in three stages: a pilot phase from 2021 through 2024, a first phase from 2024

through 2026, and a second phase from 2027, where the offsetting requirements will ap-

ply to all global flights [70]. The aviation sector centers the emissions reductions through

improvements in airframe and engine technologies, more efficient aircraft and ground oper-

ations, and sustainable aviation fuels (SAF) [71]. Figure 2.5 shows the strategies specified by

ICAO to stabilize net emissions in the air transport sector.

Figure 2.5: ICAO Global environmental trends on CO2 emissions and contribution of measures for reducing
international aviation net CO2 emissions, adapted from [69].

Relying solely on operating improvements and innovative technologies cannot directly re-

solve the decarbonization of the aviation industry. Instead, it should be part of a compre-

hensive set of strategies where numerous actions must be taken in the aviation industry to

attain the objectives of ICAO, as shown in Figure 2.6.

Figure 2.6: Contribution toward achieving Net Zero Carbon by 2050, adapted from [72].
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These efforts and adaptations require the comprehensive development of society, entities,

and governments worldwide, being intensified in recent years. In 2021, to address and re-

vise the long-term goal for 2050, at the 77th Annual General Meeting, the IATA approved a

resolution for the global air transport industry. The goal is to achieve net-zero carbon emis-

sions by 2050, aligning with the Paris Agreement goal for global warming not exceeding 1.5
◦C. To achieve net-zero carbon emissions, the aviation sector must reduce emissions at the

highest possible level at their origin. The net-zero carbon emissions target can be achieved

by utilizing sustainable aviation fuels (SAF), adopting innovative propulsion technologies,

and various efficiency enhancements, including improvements in air traffic navigation, as

previously stated [69].

Investigations dedicated to aerodynamics and structural solutions have focused onusing new

materials, lighter airplanes with additive manufacturing components, novel wing or aircraft

concepts, and new energy-powered aircraft in order to increase efficiency [73]. Concerning

alternative fuels, the IATA defined sustainable aviation fuel as a main term for nonconven-

tional aviation fuel [72]. This designation has already been accepted by the Federal Aviation

Administration (FAA) and the European Aviation Safety Agency (EASA) [74]. Aviation fuels

could be considered drop-in or non-drop-in fuels. The expression drop-in corresponds to a

fuel that can be used as a direct substitute or blend for conventional jet fuel (typically Jet

A or Jet A-1) without demanding any adaptation to the aircraft engines or fuel infrastruc-

ture [7]. The chemical and physical properties of these fuels display similarities to conven-

tional jet fuel, promoting easy blending and enabling its application in the current systems.

Conversely, non-drop-in aviation fuels are alternative fuels that are not interchangeable with

conventional jet fuel and require engine modifications, fuel systems, or infrastructure [7].

Sustainable aviation fuel depends mainly on feedstock and can be divided into biofuels and

synthetic aviation fuels. SAF biofuels are related to biomass-based fuels, solid, liquid, and

gaseous waste-based fuels. Conversely, synthetic aviation fuels, termed e-fuels, are associ-

ated with green hydrogen and captured CO2 that are converted into alternative fuel via a

Fischer-Tropsch process [75]. Commonly, biofuels refer to fuel resulting from biological re-

sources. Yet, advancements in technology allow the production of fuels from non-biological

resources (e.g., hydrogen and e-fuels) [76]. As a result, the term SAF comprehensively en-

closes all these alternative aviation fuels. IATA has recognized the production of drop-in

sustainable liquid fuels (SAFs) as the most favorable strategy, particularly in the short term,

tomitigate the environmental impact of the aviation sector. Consequently, enhancing indus-

trialization and optimizing the production of SAF seems to be the most efficient approach to

address decarbonization in the aviation industry, where prioritizing procedures to accelerate

production, incentivizing adoption, andminimizing costs should be a central focus [73]. This

implementation is the main practical fuel alternative for larger, long-range aircraft without

significant new designs and is expected to remain unchanged until the year 2050 [75,77].

According to Cracknell et al. [75], using SAF not only decreases CO2 emissions throughout its

life cycle. It is also important to reduce non-volatile particulate matter and contrails. These

factors contribute to radiative forcing and, consequently, global warming. To align with the
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term suitability, SAF feedstock should avoid conflicting with food crops or production and

prevent the need for additional resource usage, such as water or land clearing. Additionally,

it is recommended to avoid deforestation, soil productivity, or biodiversity loss. During fuel

production, it is essential to maintain human rights, labor rights, and the rights of land and

water use. As a drop-in, SAFs are mixed with jet fuel in different percentages depending on

the conversion technology, as will be further discussed. The introduction of SAF not only

benefits in terms of emissions but also has the potential to produce economic and social ad-

vantages by developing new industries and creating new jobs. Moreover, adopting SAF can

mitigate the risks associated with supply chain disruptions in jet fuel due to price volatil-

ity and geopolitical concerns [53]. Sustainable aviation fuels presently face high production

costs, being not economically competitive. Hence, a significant path exists to produce re-

newable aviation fuels that are economically feasible. The aviation industry, government,

and biofuel companies, among others, require effort toward an optimal strategy that uti-

lizes the most adequate feedstock sources to promote the widespread use of this alternative

source [33]. Furthermore, novel technologies such as electric (battery-driven) and hydrogen

have been explored besides integrating sustainable fuels, whether biofuels or synthetic fu-

els. These innovations demand significant modifications in aero-engine configurations and

infrastructures for further application, as will be further discussed [14].

Implementing SAF in the aviation industry must satisfy specific criteria to be categorized as

drop-in fuels. In light of this, SAF must meet ASTM standards to guarantee safety, operabil-

ity, and optimal performance within the current aircraft fleet [31]. To control the produc-

tion and quality of sustainable aviation fuels, an expansion of D1655 was created to include

fuel specifications required for SAF blending [33]. In 2009, this expansion was formalized

as ASTM Specification D7566 (Standard Specification for Aviation Turbine Fuel Containing

Synthesized Hydrocarbons), which requires a rigorous testing and approval process focused

on assuring the safety compliance of SAF. If SAF agrees with the requirements of ASTM

D7566, the properties of SAF and jet fuel blend must satisfy the ASTMD1655 standard [50].

In this respect, ASTM 7566 mandates that sustainable aviation fuel must be mixed with a

minimum of 50% jet fuel [7]. The sector has been performing active efforts to attain compat-

ibility with 100%SAF.However, significant actionswithin the industry remain indispensable

to guarantee the certification and widespread implementation of 100% SAFs [75]. Combin-

ing conventional and sustainable aviation fuel aims to guarantee the composition of paraf-

fin and aromatics [53]. In particular, the lack of aromatic content due to the absence in

the SAF composition can difficult seal compatibility. Therefore, a minimum of 8% of aro-

matic content is required to more closely resemble the composition of jet fuel derived from

petroleum [2,41]. This reference value is an active research topic that demandsmore investi-

gation for the 100%SAF implementation and tominimize the soot emissions [31]. Compared

with jet fuel, reducing aromatic content in SAF is an advantage since their capacity to reduce

soot formation can positively affect aircraft emissions. As a primary step, new turbine engine

fuel additives and blend components must be certified to ASTM D4054 (Standard Practice

for Qualification and Approval of New Aviation Turbine Fuels and Fuel Additives). These

new elements required a separate specification with more stringent criteria due to the lim-
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ited experience in employing new processing techniques to convert feedstock such as plant

oils, woody biomass, or coal into liquid fuels [74]. ASTM D4054 is an iterative and meticu-

lous procedure that instructs fuel developers to perform examinations of fuel samples. This

certification was conceived to qualify and approve new fuels and additives for gas turbine

engines dedicated to commercial and military aviation purposes [43]. The fuel examination

explores how the candidate fuel or additive affects fuel specification, fit-for-purpose proper-

ties, fuel systemmaterials, turbinematerials, other approved additives, and engine operabil-

ity [43,78]. In this respect, investigations dedicated to the fuel in terms of physical properties

(e.g., density as a function of temperature) and ground handling considerations, including

factors such as flammability limits and autoignition temperature, are explored [58]. Follow-

ing the successful completion of the ASTM D4054 certification, the fuel is included in the

two essential standards: ASTM D1655, summarizing specifications for Jet A-1 petroleum jet

fuel, and ASTM D7566, specifying additional biofuel requirements [2]. In compliance with

ASTM D4054, there are two ways of certification: Tiered Test (normal way) or Fast Track

Programs (accelerated way) [2, 37]. Figure 2.7 shows the Tiered Testing Program, evidenc-

ing the estimated costs and durations for several of the steps [37].

Figure 2.7: A nominal ASTM D4054 evaluation process, adapted from [37].

In general, three phases describe this certification process. The first step focuses on the phys-

ical properties of the fuel. Then, the fuel is tested on stands, the components of the fuel

system, and a real engine. The final step is dedicated to the vote and approval of changes

to ASTM normative documents [2]. The information produced during the D4054 process

is crucial to the ASTM International subcommittee members for evaluating the new fuel to

comparewith the established properties and characteristics of conventional jet fuel [78]. The
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purpose of the accelerated way is to minimize the duration and costs involved in the certifi-

cation process. If the fuel effectively passes the certification process in an accelerated path, a

maximumof 10% can be blendedwith conventional jet fuel. The assessment procedure refers

to the FAA-approved operating limits established according to ASTM fuel specifications.

Recently, the European Commission presented the “Fit for 55” package to reduce greenhouse

gas emissions by 55% in 2030 compared to 1990 levels. A sequence of recommendations

was released that intended to align climate, energy, land use, transportation, and taxation

policies in the European Union to mitigate greenhouse gas emissions [76]. The “Fit for 55”

package initiative will impact various sectors, focusing on energy and transport. The aviation

sector was dedicated to revising the EU emissions trading system for aviation, developing the

ReFuelEUaviation proposal to accelerate the uptake of SAF, and revising the alternative fuels

infrastructure regulation (AFIR). Table 2.2 specifies the minimum proportions of biofuels

and synthetic aviation fuels required in ReFuelEU by years.

Table 2.2: Minimum proportions of alternative aviation fuels required in ReFuelEU by years. Adapted
from [76].

Effective Dates Biofuels Synthetic Aviation Fuels

January 1, 2025 2%

January 1, 2030 6%

January 1, 2030 –
December 31, 2031

Average share of 1.2%, with a minimum
share of 0.7% in each year

January 1, 2032 –
December 31, 2034

Average share of 2%, with minimum shares
each year of 1.2% from January 1, 2032, un-
til December 31, 2033, and 2% from Jan-
uary 1, 2034, to December 31, 2034

January 1, 2035 20% 5%

January 1, 2040 34% 10%

January 1, 2045 42% 15%

January 1, 2050 70% 35%

The quota for synthetic aviation is less than for biofuels due to technological advancement

constraints compared to biomass fuel production. Renewable fuels of non-biological origin

are typically noted as RFNBOs or e-fuels [76]. These synthetic fuels represent renewable liq-

uid and gaseous transport fuels from renewable energy origins distinct from biomass. RFN-

BOs are hydrocarbons that are synthesized using hydrogen (H2) and carbon dioxide (CO2).

Green hydrogen is produced by water electrolysis or steam reforming of natural gas that uses

renewable energy. Carbon dioxide can be captured from the combustion of fossil fuels pro-

duced by both industrial sources or directly from the air [79,80]. The effectiveness of these

alternative fuels in mitigating climate change remains largely uncertain [80]. The produc-

tion of synthetic liquid fuels, based on H2 and CO2, can be acquired through two distinct

methods: Fischer-Tropsch (FT) and methanol synthesis [79, 81]. However, productions of

RFNBOs are constrained due to available renewable electricity generation capabilities and

the large-scale infrastructure for material inputs, such as hydrogen from water electrolysis

and CO from CO2 reduction [82–84]. The successful introduction of synthetic fuels relies on
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supportive policy frameworks. Most of these alternatives exist in the demonstration phase

and possess industrial challenges. As previously stated, regarding the renewable fuels from

biomass, wide production methods and sustainable, cost-effective feedstock pathways will

be essential to significantly contribute toward the CO2 reduction. As established by ReFu-

elEU, the proportions of biofuels in aviation fuel must achieve a quota of 70% in 2050. This

prompts the question of whether enough SAF is available to achieve this prerequisite [85].

Besides the fact that sustainable production of biomass is a fundamental pillar in enabling the

decarbonization process through the use of SAF, it has encountered criticism due to issues

over induced land use change when transforming high-carbon stock land into agricultural

and plantation use [31].

2.2.4 Sustainable Aviation Fuels - Biofuels

SAF biofuels are assumed to be nearly carbon-neutral over their life cycle [67]. In order to

understand how these alternatives achieve carbon neutrality, a summary of the carbon life

cycles of jet fuel and biofuel is presented. Figure 2.8 shows a comparison between CO2 life

cycle of jet fuel and sustainable aviation fuel (SAF). It is important to note that life cycle CO2

emissions of SAF depend on the feedstock and conversion pathway [85].

���

(a)

���

(b)

Figure 2.8: CO2 life cycle comparison between: a) Fossil fuels: b) Sustainable biofuels. Adapted from [86].

Jet fuel is a fossil fuel derived from the decomposition of microscopic organisms hundreds

of millions of years ago under high pressure and high temperature. When jet fuel burns, it

releases CO2 to the atmosphere without recycling. On the other hand, for biofuel, the CO2 is

absorbedbyplants during its growth of biomass, being approximately identical to the amount

of carbon dioxide released to the atmosphere by the combustion of aero-engines, leading

roughly a carbon-neutral over its life cycle [67]. Biomass is a range of organisms developed

through photosynthesis, including plants and microorganisms.

Drop-in biofuels generally refer to fuels derived from biomass sources acquired from biologi-
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cal, thermal, and chemical conversionmethods [13]. The use of biomass to obtain sustainable

liquid fuel is among the most favorable candidate feedstocks required for the road and avia-

tion sector [13,87]. In fact, aviation is challenged by the comparative environment with the

road transport sector regarding policy support, availability, and price of feedstock and sup-

ply chain. The biofuel production for each sector can utilize the same production facilities

and supply chain. However, the costs related to aviation biofuel are higher depending on the

feedstock and the additional advanced refining processes compared with road transporta-

tion. Additional costs are also associated with the testing and certification of sustainable

fuels for aviation [39, 88]. Introducing biofuels in aviation has been challenging due to its

costs, generally about 2 to 3 times the price of kerosene [73]. Furthermore, the unique char-

acteristics of jet fuel and the available alternative fuels employed in road transport, such as

biodiesel, cannot be applied in the aviation industry. Sustainable aviation fuels derived from

biomass must possess properties suitable for low temperatures and high energy density to

meet the energy requirements of long-haul flights, which contradicts biodiesel properties, as

will be elaborated further [1]. Aviation fuels must be in the absence of oxygenated hydrocar-

bons and other non-heteroatom-free hydrocarbons that are adverse to fuel performance and

safety [88].

The approval certification for biofuel and jet fuel blends under specific ratios depends on the

producing pathways. Currently, ASTM D7566 specifies the blending proportion depending

on the fuel and the production pathways [66]. The pathways are influenced by the feedstock

employed in the conversion process, which includes lignocellulosic biomass, vegetable oils,

starchy materials, sugars, industrial waste materials, and triglycerides [7, 66]. The produc-

tion pathways of biofuels involve several stages. Initially, the produced feedstock is collected.

Once the feedstock acquisition is completed, a series of pretreatment procedures specific to

the feedstock type are conducted to achieve the characteristics for the conversion process.

The procedure is completed when the conversion process is finalized, and the fuel is pre-

pared for transportation and usage [86]. SAF biofuel production pathways are commonly

classified into four categories: gas to jet fuels, oil to jet fuel, sugar to jet fuel, and alcohol to

jet fuels [7]. Each category requires distinct pretreatment methods and is appropriate for

specific types of conversion processes [86]. The use of edible crops for biofuel production is

expensive and is identified as a critical competition between food and energy. Moreover, to

fulfill the sustainability criteria established by the aviation industry, edible crops are not con-

sidered viable alternatives for future implementation [86]. Consequently, to produce biofuel

from non-edible matter that is economically viable, it is crucial to find acceptable and feasi-

ble materials or crops [68]. The feedstock can be categorized into four groups, as illustrated

in Figure 2.9. First generation biofuels are purely derived from edible feedstocks. These bio-

fuels are food-based and related to plants and animals intended for human consumption,

which include cereal crops, vegetable oils, sugarcane, and sugar beets [42,89] and are typi-

cally used in road transportation [90]. As previously stated, not all biofuels are compatible

for use in the aviation sector due to lower energy density and higher freezing points com-

pared with conventional jet fuel [86]. The biofuels dedicated to ground transportation can

include oxygen-containing fuels. However, the presence of oxygen tends to reduce the fuel
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Figure 2.9: Biofuel generations, derived from [42].

energy density and stability, affecting the fuel properties and leading to consequences for

aero-engines [78]. There are several disadvantages to this biofuel generation, which relies

on sustainability concerns, including adverse impacts on food prices, highwater, nutrient de-

mands, and alterations in local environments due to pesticide use and other substances [86].

Conversely, advantages in terms of simplicity of the process and lack of intense pretreatment

are reported in [91]. However, this production technology plays a significant role in the cir-

cular economydue to the relativelymature state of the first generation SAFmarket [88]. Fur-

thermore, production expansion is crucial to attaining the pre-defined objectives, possessing

a substantial technical challenge, requiring the construction of additional infrastructure [92].

Biodiesel and ethanol are considered first generation biofuels since they are commonly ob-

tained from corn, sugarcane, sorghum, and sunflower [93]. Alternatively, bioethanol is not

solely considered first-generation biofuels. Relying on the feedstock and production strain,

bioethanol can also be viewed as second or even third generation biofuel [91]. Subsequently,

a summary of the remaining generations will be presented.

The second generation involves feedstock from non-edible biomass resources, hence does

not possess energy and food competition issues, allowing waste stream valorization (circular

economy) [91]. Essentially, these second generation biofuels are produced fromwood, straw,

lignocellulosic feedstocks tomunicipal solid wastes, and all the other remaining parts of har-

vested crops after removing their edible parts that do not compete with edible crops [42,94].

The drawbacks of the second generation are mainly the technical barrier and its high costs

due to the requirements of intense pretreatments required in complex feedstocks [89, 91].

The third generation is typically known as algae biofuels. Algae are attractive to produce al-
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ternative fuel since these possess no food value, offer high yields without substantial land

needs, and have relatively low-cost requirements [89]. Additionally, it can grow in environ-

ments not recommended for consumption, such as polluted water or water unsuitable for

agriculture [89]. Algae has the ability to fix CO2 as a means of extracting CO2 from flue gases

emitted, for example, by power plants, reducing greenhouse gas emissions [1]. Nevertheless,

the advancement of this biofuel generation is restricted as large-scale production is still in

progress, presenting high downstream costs [42]. The drying process for these biofuels can

also be highly energy intensive. These aremainly derived frommicroalgae and cyanobacteria

biomass that can generate alcohols and lipids to convert into biodiesel or other high energy

fuel products [91]. Besides all of these challenges, alternative fuels derived from microalgae

are currently considered as one of the most promising sources of biofuels [88]. Lastly, the

fourth generation involves genetic engineering to enhance desired traits in organisms uti-

lized for biofuel production [91]. Examples of organisms that are genetically modified are

typically microalgae, cyanobacteria, fungi, and yeast. In this respect, the purpose is to in-

crease oil and/or sugar yields and exhibit carbon-negative capabilities [89]. This method is

still in the research process, requiring further investigations in terms of potential health and

environmental risks posed by these organisms. Second, third, and fourth generation biofu-

els are also termed advanced biofuels due to their perceived advantages over first-generation

fuels. However, more research and development are required since these biofuels are still

undergoing and have not yet achieved their full commercial potential [1].

Following the introduction of biofuel generations, an examination of the conversion path-

ways approved by ASTM International is presented. Table 2.3 shows the current approved

conversion processes or annexes incorporated into D7566 for SAF biofuel production, initial

release in 2009. The feedstock and maximum blend ratio for each conversion process are

also displayed in Table 2.3. Each annex comprises details regarding the conversion process,

feedstock, and composition of the alternative fuel, coupled with properties that the alter-

native fuel must meet [95]. Each pathway exhibits distinct characteristics, benefits, draw-

backs, cost-effectiveness, and environmental impact. Moreover, they are specified with re-

action pathways, feedstock, and catalyst requirements that are essential to understanding

how these conversion processes can potentially reduce carbon emissions and affect the en-

ergetic transition for a more sustainable air transportation sector [7,92]. An overview of the

biofuel conversion processes is detailed and provided in Appendix A.1.

• Fischer-Tropsch hydroprocessed synthesized paraffinic kerosene (FT)

Thedevelopment of alternative aviation fuel startedwith the approval of Sasol Fischer-Tropsch

(FT) coal-to-liquid (CTL) semi-synthetic jet fuel in 1999 as a result of jet fuel scarcity coupled

with its increasing demand [74]. Around the mid-1990s, with the UK AFC and ASTM Inter-

national specification writing organization, Sasol disrupted the effort to incorporate this al-

ternative fuel in jet fuel specifications [74]. The FT synthesis was originally developed by the

German researchers Franz Fischer and Hans Tropsch in 1922. The purpose was to produce

liquid fuels from coal [38,86].
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Table 2.3: SAF approved conversion processes [96].

Conversion process Abbreviation Feedstocks
Maximum
Blend Ratio

Fischer-Tropsch hydroprocessed synthesized
paraffinic kerosene

FT
Coal, natural gas,
biomass

50%

Synthesized paraffinic kerosene from hy-
droprocessed esters and fatty acids

HEFA
Bio-oils, animal fat,
recycled oils

50%

Synthesized iso-paraffins fromhydroprocessed
fermented sugars

SIP
Biomass used for
sugar production

10%

Synthesized kerosene with aromatics derived
by alkylation of light aromatics from non-
petroleum sources

FT-SKA
Coal, natural gas,
biomass

50%

Alcohol to jet synthetic paraffinic kerosene ATJ-SPK
Biomass from
ethanol, isobu-
tanol or isobuthene

50%

Catalytic hydrothermolysis jet fuel CHJ

Triglycerides such as
soybean oil, jatropha
oil, camelina oil, cari-
nata oil, and tung oil

50%

Synthesized paraffinic kerosene from hydro-
carbon - hydroprocessed esters and fatty acids

HC-HEFA-SPK Algae 10%

co-hydroprocessing of esters and fatty acids in
a conventional petroleum refinery

co-processed
HEFA

Fats, oils, and greases
(FOG) co-processed
with petroleum

5%

co-hydroprocessing of Fischer-Tropsch hydro-
carbons in a conventional petroleum refinery

co-processed FT

Fischer-Tropsch
hydrocarbons co-
processed with
petroleum

5%

co-hydroprocessing of biomass
co-processed
biomass

5%

As mentioned earlier, the pathways are classified into four categories. Fischer-Tropsch falls

within the gas-to-jet classification. This process converts biomass into liquids. According

to Gunerhan et al. [97], the fundamental steps to obtain this alternative fuel rely on syngas

production, gas purification, FT synthesis, and product upgrading. Firstly, the biomass is

pre-treated and converted to syngas by the gasification process, succeeded by the syngas im-

provement [13]. Syngas predominantly include carbon monoxide (CO) and hydrogen (H2),

serving as the primary constituents for producing FT liquid hydrocarbons [98]. The biofuel

produced from the FT reaction possesses amixture of hydrocarbonswith carbon numbers 9–

15 [38,98]. The resulting product composition and ratio depend on the reactor and catalyst

type [99]. Typically, coal and natural gas are feedstocks for the synthesis of FT.However, coal

and natural gas, being non-renewable sources, are unsuitable for producing SAF [99]. The

sources for this process are predominantly woody biomass, such as municipal solid waste,

agricultural wastes and forest, and energy crops [100]. The first synthetic jet fuel pathway

FT synthesis process (FT-SPK), listed as Annex A1 of D7566, was approved in September

2009, allowing a maximum blend ratio of 50%, as shown in Table 2.3. The biofuel obtained

from this process is non-toxic and commonly sulfur-free. It contains very few aromatics
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compared to diesel and gasoline, promoting lower emissions in aviation engines, possess-

ing a TRL of 7 [8, 101]. The disadvantages of its conversion process are mainly related to

the economic viability of feedstocks regarding the gasification technology and syngas clean-

up [98]. Furthermore, the collection facilities from different areas, relatively low heat value,

and unstable fuel quantity and quality will also produce extra costs and uncertainties in the

process [38,102]. However, the FT process remains an appealing option for biomass utiliza-

tion as a gasification product (syngas) and solid by-product (biochar), which can be relevant

in diverse applications [38].

• Synthesizedkerosenewith aromatics derivedby alkylationof light aromat-

ics from non-petroleum sources (FT-SKA)

The absence of aromatics content in the alternative fuels can develop fuel leakage concerns

caused by the inadequate swelling of the elastomer seals [38]. Therefore, in 2015, Fischer-

Tropsch synthetic kerosene with aromatics (FT-SKA) was certified by ASTM, listed as Annex

4 [97, 98]. This alternative fuel is a variation of the Fischer-Tropsch process, where a small

portion of light aromatic hydrocarbons is added [92]. Similar to the FT process, the blend

limited is 50% [98]. This value can be increased in the following years or even be certified

for 100% conventional fuel replacement [86, 92]. According to Shehab et al. [92], FT-SKA

positively influences the fuel cold-weather performance. The aircraft engines are subjected

to low temperatures, which may lead to solidification and increased viscosity, potentially

impacting the fuel flow characteristics and affecting the aircraft propulsion system [92].

• Synthesizedparaffinic kerosene fromhydroprocessedesters and fatty acids

(HEFA)

Concerning the category of oil to jet, HEFA is a common method to obtain alternative jet

fuels from oils [97]. Hydroprocessed Esters and Fatty Acids (HEFA), or Hydroprocessed Re-

newable Jet (HRJ), converts oil from lipids to hydrocarbons using hydrotreatment and iso-

merization [66, 86]. According to Cabrera and Sousa [86], the biogenic material is initially

purified, followed by the deoxygenation stage employing a chemical reaction using hydrogen

and catalysts, where the undesired molecules are removed. Subsequently, the remaining

hydrocarbons are cracked and isomerized. Ultimately, distillation occurs, separating final

products, resulting in the HEFA biofuel [86]. UOP Honeywell developed this biofuel pro-

duction in 2009, which consists of the hydrogenation, deoxygenation, isomerization, and

selectively hydrocracking of the feedstock to produce paraffinic hydrocarbons possessing 9

to 16 carbon atoms and a high iso/normal ratio [38, 103]. Moreover, it has been recognized

as a promising technology for manufacturing biofuels in road and air transportation. The

feedstock employed for this conversion process is based on vegetable oils and animal fats

containing triglycerides (palm, jatropha, canola, soybean, and grease) [97,99]. This process

was the second approved and listed as Annex 2, receiving its certification by ASTM in 2011

with a maximum blending of 50% [86]. As noted in the Fischer-Tropsh process, blending

with conventional jet fuel is required to incorporate the normal paraffin, cycloparaffins, and
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aromatics lacking in HEFA [95]. HEFA alternative fuels have already been tested in several

airlines in passenger flights [101]. This is supported by the Commercial Aviation Alternative

Fuels Initiative (CAAFI) through the Readiness Level, where the HEFA process shows a TRL

of 9. HEFA conversion process is a fully commercialized and mature technology with fewer

processing steps producinghigh volumes of SAF, resulting in biofuels exhibiting high thermal

stability, high cetane numbers, and low greenhouse gas emissions [89, 98, 104]. However,

there are concerns regarding the feedstock since it employs the similar feedstock as biodiesel

production, potentially affecting the cost of edible oil, increasing land use change, and im-

posing strain on environmental resources. Compared with biodiesel, HEFA biofuel presents

a higher cetane number, heating value, and lower oxygen content [38].

• Synthesized iso-paraffins from hydroprocessed fermented sugars (SIP)

Hydroprocessed Fermented Sugars to Synthetic Isoparaffins (HFS-SIP) is a pathway ap-

proved in June 2014, presented in Annex A3 of D7566, allowing a maximum blend ratio

of 10%. As noted earlier, the blend ratio value is lower than FT and HEFA, due to the fuel

viscosity, an essential parameter in the atomization process affecting the performance of the

engines [38, 105]. The higher viscosity of SIP fuel can influence the combustion rate and

fuel emissions. Before the certification, it was denoted as DSHC (direct sugar to hydrocar-

bons) [86]. Currently, the HFS-SIP fuel is produced through the fermentation of sugars ob-

tained from renewable sources such as corn and sugarcane to obtain ethanol or butanol [92].

Amyris and Total developed this conversion process and employed an advanced fermenta-

tion technique to convert sugars into unsaturated hydrocarbonmolecules (farnesene). Then,

farnesene is upgraded into jet fuel through hydroprocessing, leading to the alternative fuel,

which is a paraffinic hydrocarbon with the empirical formula C15H32 [92]. FT and HEFA are

developed based on thermochemical processes, whereas SIP uses a combination of biologi-

cal or enzymatic conversion of feedstocks into alcohols or farnesene before proceeding with

subsequent thermochemical conversion stages [106]. Moreover, the biological routes for this

process require the engineering of enzymes andmicroorganismsmetabolism to be produced

on a large scale to compete with the traditional fuels in transportation [107]. SIP presents

high production costs due to the complexity and low efficiency of converting lignocellulosic

sugars into fuels [101].

• Alcohol to jet synthetic paraffinic kerosene (ATJ-SPK)

Alcohol to jet synthetic paraffinic kerosene (ATJ-SPK) is a biochemical conversion process

approved by ASTM in April 2016 for isobutanol and in June 2018 for ethanol, allowing

a blend limit of 30%. ATJ-SPK converts alcohols into alternative fuel through chemical

reactions—dehydration, hydrogenation, oligomerization, and hydrotreatment. Finally, dis-

tillation or separation occurs to obtain the desired biofuel. The feedstock employed for this

process is mainly bio-alcohols (ethanol or isobutanol) produced from starch, sugars, and lig-

nocellulosic biomass (e.g., corn stover) [38]. ATJ-SPK routes are attractive due to their wide

range of bio-based feedstock [92, 101]. Moreover, the processes involved are already com-
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mercially demonstrated, reducing the risk scale-up challenges for the pathway [100]. The

economic feasibility of this process is affected by low conversion yields and high raw ma-

terial prices [38]. In light of the previous conversion process, for ATJ-SPK and HFS-SIP,

the conversion of sugar/starch is further advanced (TRL 7 to 8) compared to the feedstock

lignocelluloses (TRL 5 to 6) [8].

• Catalytic hydrothermolysis jet fuel (CHJ)

In 2020, Catalytic-Hydrothermolysis-Synthesized Kerosene (CHJ) was certified, allowing a

maximum blending ratio of 50%. This Annex A6 conversion process involves heating water

and biomass to high temperatures and pressures using a catalyst [92]. This catalyst disinte-

grates the complex organic molecules in the biomass into less complex hydrocarbons. This

leads to the resulting liquid that is then refined and blended to create a fuel that can be used

as a sustainable aviation fuel [92]. The feedstock employed in the CHJ process is mainly

triglyceride-based feedstocks such as soybean, jatropha, camelina, carinata, and tung oils,

being similar to the resources used in the HEFA process [86,97]. Since this fuel is currently

under the demonstration stage, it presents a TRL of 3-4 [8].

• Synthesized paraffinic kerosene from hydrocarbon - hydroprocessed es-

ters and fatty acids (HC-HEFA-SPK)

In 2020, another conversion process was approved, the HC-HEFA pathway listed as ASTM

D7566 Annex 7. The HC-HEFA process uses waste oils, fats, and algae, and the feed is con-

verted to hydrocarbons by treating the feedstock with hydrogen, removing oxygen and other

less desirable molecules. Subsequently, the hydrocarbons undergo cracking and isomeriza-

tion, producing a synthetic jet fuel suitable for blending [92]. This pathway differs from

the HEFA pathway in terms of raw material source. However, based on the certification of

ASTM, the only source approved is a special algae species (Botryococcus braunii) [97]. The

feedstock generated by the Botryococcus braunii algae is an oil rich in unsaturated hydrocar-

bons called botryococcenes that differs from the triglycerides or fatty acids produced by other

algae species. D4054 Fast Track initially approved theHC-HEFA process, due to this, amax-

imum blending of 10% is allowed, and it is currently at the pilot demonstration technological

level [38,68].

• Co-processing

The minimum value permitted for the blend ratio corresponds to the co-processing. Co-

processing is not recognized as a biofuel production method certified under ASTM D7566

specifications. Nevertheless, it is acceptable under ASTM D1655 Annex A1 [97]. The pur-

pose is to expand the proportion of renewable fuels in the final product, decrease the carbon

footprint of the refinery, and create a great volume of sustainable aviation fuel [92]. Cur-

rently, three co-processing methods have been approved, as displayed in Table 2.3.
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As discussed earlier, advancements regarding the use and production of alternatives have

been notorious in recent years, having already been tested in real aviation gas turbines. The

first flight operating with sustainable aviation fuel was in February 2008, performed by Vir-

gin Atlantic. This flight was carried by a Boeing 747 without passengers to comprehend the

viability of biofuels in air travel [9, 108]. A few years later, in June 2011, KLM Airlines car-

ried out the first commercial flight with 171 passengers betweenAmsterdamSchiphol Airport

and Paris Charles de Gaulle Airport, operating with a 50% SAF blend [53, 72]. The viability

of SAF in aviation was proved between 2011 and 2015, with over 2500 commercial passenger

flights of 22 different airlines using SAF with blends of up to 50%, using jatropha, cooking

oil, camelina, and sugarcane feedstock [53,72]. The production of SAF biofuels around 2019

was approximately 1% of the total global jet fuel demand [38,109]. Besides the fact that sev-

eral pathways are already approved, only HEFA-SPK is produced by several companies at an

industrial scale [8]. Over time, additional biofuel pathways received approval, and in 2021,

the SAF production tripled to 300million liters from 100million liters [72]. According to Cui

and Chen [9] in December 2021, United Airlines executed a successful demonstration flight

operating with 100% SAFs in one of its engines. Rony et al. [68] summarized biofuel pro-

duction and test research in the aviation industry dedicated to test and commercial flights.

To date, strategies to improve the production of SAF are being developed to ease the energy

transition of the aviation sector.

2.2.5 Additional Alternative Technologies for Sustainable Aviation

Overall, the production of biofuels is constrained by the availability of feedstock, and ex-

panding production could lead to competition with food crops that are also required for

other means of transport. Therefore, it is crucial to identify the most promising and sus-

tainable feedstocks based on their life cycle assessment to enhance their use and improve

the widespread production of SAF. Coupled with this, the current production capacity is in-

sufficient, and its costs are higher than those of conventional jet fuel. Reducing jet fuel usage

is essential to achieve the criteria for carbon neutrality. Hence, initiatives to explore and re-

search new alternatives for aviation have been developed. After introducing the conversion

process to obtain biofuels, additional alternative technologies for the decarbonization of avi-

ation will be further explored. In this respect, synthetic fuels, electric propulsion, and the

use of hydrogen in aviation will be discussed.

• E-Fuels

The limited accessibility of biogenic feedstock for biofuel production has prompted the devel-

opment of synthetic fuels from non-biogenic sources [8]. Synthetic fuels, e-fuels, or power-

to-liquid are hydrocarbon fuels produced from hydrogen (H2) and carbon dioxide (CO2).

In this scenario, this developing category of carbon-neutral corresponds to liquid fuels that

have similar properties to jet fuel. These fuels are considered candidates that can be imple-

mented with minimal adjustments to conventional aviation engines and employ the current

fuel distribution and refuelling infrastructure [110]. Consequently, its environmental impact
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depends on several factors, such as the source of CO2, the technology for H2 production, the

electricity mix, and the electrolyzer efficiency [80].

The production of synthetic fuels requires highly energy-intensive processes related to H2

production from water electrolysis and obtaining CO2, requiring renewable electricity to of-

fer substantial potential for reducing emissions. In this respect, one of the main challenges

for the large production of these fuels is the availability of green electricity that compromises

its application [110]. As noted in Table 2.2, the availability of non-biogenic fuels may expand

in the near- to mid-term, being presently limited to experimental phases that can positively

contribute to long international flights [8, 92, 111]. Moreover, the production cost of this

method is about 5 times higher than kerosene [73]. To address the issue concerning renew-

able electricity, an alternative is to use solar or wind power [92,110]. TheH2 can be produced

via electrolysis of water, while CO2 can be obtained frombiomass combustion, industrial pro-

cesses (e.g., flue gases from fossil oil combustion), biogenic CO2, and CO2 captured directly

from the air [80, 101].

The methodology for acquiring CO2 was described in Ballal et al. [80]. The authors stated

that capturing CO2 can be achieved by employing direct air capture (DAC). This process uses

ventilators, heat exchangers, adsorbents, and a vacuum system to capture the atmospheric

CO2 using a temperature-vacuum swing process in an adsorption–desorption cycle. From

the biogenic point of view, the obtained CO2 relies on the biomass-to-liquid conversion pro-

cess. In this technique, about 45% of biomass carbon is released from the system as CO2 sub-

sequent to gasification and syngas purification [80]. Following this step, the CO2 can be com-

bined with hydrogen derived from electrolysis technologies to generate e-fuels, consequently

improving the carbon conversion efficiency of the biomass-to-liquid process [80, 112]. The

use of biogenic carbon presents the most considerable potential advantages in both present

and future instances. However, its true potential for emissions mitigation compared to fossil

jet fuel remains significantly reliant on the electricity mix [80]. Alternatively, the CO2 can be

provided from a fossil-fueled power plant based on natural gas [80]. In this context, a com-

mon capture method enables the passage of treated flue gas through a chemical adsorption

column. Consequently, an amine-based solvent captures the CO2 in the flue gas and releases

it as a purified stream. Instead of storing CO2 it can be considered a carbon source for pro-

ducing e-fuels [80]. The production of e-fuels should rely on a renewable transformation of

power energy into chemical energy that allows for the long-term use of alternative fuels and

easy transportation. E-fuels are derived from the synthesis ofH2 andCO2, and thenproduced

through two distinct methods: Fischer-Tropsch (FT) synthesis and methanol synthesis that

corresponds to catalytic reactions to produce liquid hydrocarbon fuels [14, 79, 110]. How-

ever, only the FT method is certified by the ASTM [14]. In this context, renewable electricity

is employed to produce H2 and capture CO2 to acquire SAF. Subsequently, the transforma-

tion into syngas occurs, leading to hydrocarbon synthesis through the Fischer-Tropsch (FT)

process [113]. Comparing the costs, the Fischer-Tropsch (FT) process for producing e-fuels

is higher than those sourced from biogenic feedstocks due to the substantial requirement for

renewable or ”green” electricity [8]. Besides this, e-fuels fromnon-biogenic feedstock exhibit
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higher availability but limited production capacities [8].

• Electric Aircraft Propulsion

Electric vehicles in ground transportation have attracted notable interest in recent years.

Currently, the development of electric batteries or fuel cell vehicles has promoted remark-

able advancements in the operational capabilities and storage characteristics [36,109]. Elec-

tric vehicles do not promote direct emissions, which can be relevant in addressing climate

change. Moreover, advantages in terms of low noise and operating cost reduction have been

mentioned [114]. Concerning the emissions from conventional jet fuel, the electrification

of aircraft has been explored. Compared to ground transportation, there are several limited

prospects for long-distance commercial passenger flights and larger air vehicles [31]. Despite

the benefits of electric propulsion systems for aircraft, considering the current low energy

density of battery technology, achieving a medium-range flight exclusively powered by elec-

tric propulsion within the next decade seems impractical [115]. Several projects for electric

aircraft have been developed that should be adapted for their purposes, meaning that differ-

ent aircraft types require distinct levels of specific energy and specific power to be viable. In

light of this, Dahal et al. [116] stated that batteries can propel short-range planes with fewer

seats, which is insufficient for single- and twin-aisle aircraft. The ongoing advancements

in battery technologies offer the possibility of significant improvements in specific energy.

This remains a challenge in determining an exact value for the enhancement, which is re-

quired for the design and development of electric aircraft [117]. Additionally, using batteries

results in a consistent performance in aircraft performance throughout the flight since bat-

teries do not significantly reduce mass during discharge, as conversely occurs in typically

aero-engine, which exhibits weight reduction as fuel is consumed [36]. The aircraft weight

remains approximately constant as the energy is consumed, implying that there is no effect

on the aircraft center of gravity, offering increased adaptability in aircraft design. Unfortu-

nately, it had a negative effect on the landing performance and substantially increased the

energy requirements [73,86]. It is also important to highlight that batteries not only serve as

propulsion systems. These elements are essential to aircraft power services such as the flight

control system, cabin environmental control system, or the auxiliary power unit (APU) [14].

Despite being one of themost promising energy sources for propulsion, batteries face several

limitations that must be overcome for their widespread use in aviation, as previously high-

lighted. Issues related to high costs and insufficient development of lighter and high-energy-

density batteries lead to maximum range limitations, reliance on scarce critical elements,

and require further developments in infrastructures and aircraft [13, 14]. The development

of batteries consists of energy-intensive processes which have an adverse effect on the en-

vironment. Additionally, the production requires scarce and critical materials with diverse

social risks and unsatisfactory working conditions, as previously stated by Barke et al. [117].

Li-ion batteries are becoming increasingly relevant for electric aircraft development due to

their higher specific energy and demonstrated success in portable electronic devices and the

automobile industry [114]. Currently, the gravimetric energy density of lithium-ion (Li-ion)
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battery technology is approximately 300 to 400 Wh kg−1 whereas jet A-1 presents approxi-

mately 12000 Wh kg−1 [14]. Moreover, concerns regarding battery material extraction, ex-

posure of occupational toxins to workers and surrounding communities, and soil erosion, as

discussed in [36]. Policy interventions are necessary to neutralize these effects, such as pro-

ducing batteries using alternativematerials and extensive recycling capacities for lithium-ion

batteries to make these systems viable and fully sustainable [36].

According to Dahal et al. [116], three different electric propulsion configurations are being

evaluated: all-electric, turbo-electric, and hybrid-electric. All-electric propulsion systems

depend exclusively on the battery or fuel cell as the energy source, while hybrid electric

propulsion systems use batteries or fuel cells and gas turbine engines powered by jet fuel.

These systems are presently in development and offer the potential to deploy in short-range

air travel [50]. Nevertheless, the energy density of batteries should be at least triple to en-

able all-electric short-haul flights, as reported by [13]. Adopting hybrid electric propulsion

in aviation offers a pertinent solution to mitigate the limitations resulting from the relatively

low energy density of batteries in fully electric aviation. Hybrid electric propulsion explores

the benefits of both systems and will also be crucial in advancing electric aircraft technol-

ogy [86, 115]. An additional benefit of hybrid propulsion is using SAFs or H2, amplifying

environmental benefits [86]. However, to implement these systems, the aviation infrastruc-

tures should be adapted, especially in terms of recharge cycles [111]. The turbo-electric com-

bines a gas turbine with an electric generator to convert the chemical energy from a fuel into

electrical power to drive the electric propulsor, either entirely or partially [116, 118, 119]. In

a generic sense, for an electric propulsion system, power and thrust for the aircraft are pro-

vided through electric motors driven by a generator, which receives its energy from liquid

or gaseous fuels (e.g., kerosene or hydrogen) and/or batteries [119]. In an all-electric air-

craft, propellers generate thrust, electric motors drive them, and batteries store energy [117].

Figure 2.10 shows a conceptual design for a fully electric aircraft.

Figure 2.10: Conceptual design for a full electric aircraft [74, 120].

Similar to the e-fuels, energy requirements for the electrification of aviation would require a

considerable expansion of the electrical grid [36]. Particularly, the impact on environmental

sustainability mainly relies on the energy production methods of the electrical grid. Due to

this, the ability to decrease emissions through adopting battery-electric aircraft also depends

on expanding renewable energy sources [36]. If electric aviation uses electricity generated by

renewable sources, direct CO2 emissions are negligible throughout the usage phase [13]. Be-
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sides its advantages in reducing aviation emissions, adopting electric aircraft is challenging

and complex since it faces several technological and regulatory challenges that hinder en-

ergy transition in aviation [114]. Furthermore, investigation into hybrid and electric aircraft

has been developed. For long-haul flights, it will depend more on SAF due to the challenges

in currently introducing other options [109]. To enable both short/medium and long-haul

flights through electrification, the mass of the battery required to store the necessary en-

ergy leads to a take-off weight increase of 1.7 and 3.8 times the maximum acceptable take-off

weight of the entire aircraft, respectively [50]. The introduction of electric aircraft is not fea-

sible in the immediate future. As noted by Cabrera and Sousa [86], large battery-powered

aircraft are not expected to perform flight distances of 500km even by 2050. Presently, ad-

vancements in fully electric aircraft designed to transport 2–9 passengers have already been

performed through the NASA X-57 program, Pipistrel Velis Electro aircraft, and Eviation

Alice aircraft, enforcing the purpose of scaling these developments to larger transport-class

applications [36].

• Hydrogen

The implementation of hydrogen in the aviation sector has disrupted attention in academia

and industry [121]. This renewable energy source stands apart from biofuels due to its ab-

sence of food security or sourcing, does not emit greenhouse gases from petroleum, and does

not present the storage limitations experienced by batteries [122]. Compared to batteries,

it provides higher energy-to-mass [50]. Several methods to produce hydrogen are catego-

rized according to their impact on sustainability [73]. If hydrogen is obtained from coal, it

is termed ”black”, when derived from natural gas through steam methane reforming, it is

identified as ”gray”, whereas if generated from natural gas with carbon capture, it is named

”blue”. Green hydrogen emergedwhen its production relies on renewable energy [122]. More

specifically, it is obtained from the electrolysis of water employing electricity derived from

sustainable energy sources, such as wind power, hydroelectricity, or solar power, as noted

by Ficca et al. [73]. This method also produces synthetic fuel, presenting relatively minimal

conversion losses from electricity to hydrogen through electrolysis [86, 111]. Hydrogen is

also required to hydrogenate aviation biofuels [14]. Hydrogen can potentially operate as an

energy source for aircraft through combustion as fuel or in fuel cells. Hydrogen combustion

can be employed as a substitute for liquid fuel. However, engine configuration adjustments

are also necessary, as in airport infrastructures [86]. The hydrogen fuel cell produces elec-

trical power through an electrochemical reaction involving hydrogen and oxygen. Similar to

hydrogen combustion, hydrogen fuel cells employ hydrogen as their primary fuel [73]. This

system emits lower or zero emissions compared to traditional engines; specifically, they are

environmentally friendly and noiseless and generate water vapor as exhaust [73]. Neverthe-

less, their viability in the aviation sector is also restricted by range limitations [86].

In simple terms, hydrogen combustion, either liquid or gaseous, should burned in a modi-

fied turbofan or turboprop engine to produce propulsion [73]. One of the main challenges

in hydrogen propulsion is hydrogen storage. In contrast with jet fuel, a liquid fuel, hydrogen
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is a gas that requires pressurized tank storage to minimize its volume [73]. Due to this, it

requires cryogenic hydrogen, also defined as liquid hydrogen, that demands specific equip-

ment for its storage [14, 73]. Moreover, to liquefy hydrogen, it is essential to decrease its

temperature to -253 ◦C at ambient pressure to convert it into a liquid, which influences the

volumetric energy density and displays limitations on the combustor and fuel system of air-

craft [110]. Cryogenic tanks are larger and heavier than conventional systems and, due to

this, are incompatible with storage in aircraft wings as conventional jet fuel. As a result, fuel

tanks may have to be incorporated into the aircraft fuselage, influencing the seating capacity

and available space [110,111]. It also raises more difficulties regarding the complex pressure

and thermal requirements [75]. Hydrogenpossesses a gravimetric energy density three times

greater than conventional kerosene. However, it presents lower volumetric energy density

than jet fuel, approximately four times requiring more volume of hydrogen, [14, 73, 75]. Ac-

cording to Gray et al. [50], an aircraft under jet fuel operation accounts for 9% and 20%of the

aircraftmaximumallowable take-off weight for short and long haul flight, whereas an aircraft

using cryogenic hydrogen would contribute to 32% and 71% of maximum allowable take-off

weight for short and long-haul flights, respectively. There are several prototypes in develop-

ment for the use of hydrogen in aviation. H2 fuel cell aircraft is exclusively for short-range

flights, while hydrogen turbine aircraft are predicted to be capable of flying longer distances,

it is not expected that they will be able to perform long-distance flights due to their limited

energy density [86, 123].

Despite the several advantages of mitigating conventional jet fuel emissions, using hydro-

gen remains an engineering challenge. To implement hydrogen, it is mandatory to redesign

and build new aircraft and additional infrastructures for production, distribution, and refu-

elling to address fuel storage and safety [50,86,111]. Regarding aircraft fuelled by hydrogen,

it is essential to develop new materials to reduce the tank weight, and as previously men-

tioned, the cryogenic tank is unsuitable for the current aircraft wings. Consequently, during

the design phase, the location of hydrogen tanks should be taken into account during the

preliminary concept to ensure the passengers safety and aircraft operation [14]. Ling-Chin

et al. [124] provide several designs for the use of hydrogen by regional, short-, medium- and

long-range aircraft. Additionally, airports must reinforce the infrastructure to store, liquefy,

and transport hydrogen to aircraft. This requires updated safety procedures due to the use of

cryogenic temperature and should consider the longer refuelling times for aircraft related to

the increased volume needed [73]. As previously indicated, hydrogen combustion does not

emit CO2 emissions. On the other hand, it is responsible for the NOx and water vapor, which

results in contrails at high altitudes [73, 75, 121]. Regarding its combustion, it possesses a

higher stability range, peak combustion temperature, and a higher burning velocity leading

to smaller flame fronts, [75]. As discussed, there is still a long way to go for introducing hy-

drogen, and this alternativemay not be fully available before 2050 to attain the prerequisites

imposed by the ICAO, being the first commercial aircraft expected by 2035 [111]. However,

the research and development process is crucial where improvements in the supply chain

and production process are imperative [13]. Additionally, it is expected that, as time evolves,

the technology reaches a level ofmaturity suitable for aircraft application through decreasing
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costs and increasing the availability of green hydrogen sources to become a competitive and

sustainable option for this industry [73].

2.2.6 Sustainability in Aviation: Alternatives Comparison

As highlighted earlier, there are several relevant alternatives to address the environmental

challenges in the aviation sector. All of these alternatives can play a pertinent position in

addressing the environmental concerns of aviation. Renewable feedstock, such as biomass,

implies that the carbon released in its operation is reintroduced into the atmosphere, whereas

e-fuels, electric aircraft, and hydrogen are predominantly influenced by the primary fuels or

energy carriers utilized in their production processes [116]. The alternatives can be catego-

rized as drop-in and non-drop-in fuels. Biofuels and synthetic fuels are sustainable avia-

tion fuels (SAF) or drop-in aviation fuels that can be relevant in mitigating aviation emis-

sions in the near to medium term [50]. These liquid fuels possess almost identical chemical

and physical characteristics, allowing their implementation in the current fleet and not de-

manding alterations and adjustments in the traditional fuel systems, such as fuel distribu-

tion network [101]. Biofuels have been extensively researched as alternative fuels in recent

years. As noted in Table 2.3, several pathways are already approved. To avoid dependence

on biomass and to reduce the difficulties associated with biofuel land use, synthetic fuels or

e-fuels have emerged as sustainable aviation fuels. These fuels can be relevant to achieving

goals in themediumand long term,mainly for long-haul flights [79,113]. Its production relies

on hydrogen (H2) from water electrolysis and industrial or atmospheric CO2, as previously

stated [8, 14, 113].

Sustainable aviation fuels (synthetic fuels and biofuels) can be stored and transported simi-

larly to conventional fossil fuels, being more resilient in light of disruptions and quickly mit-

igating greenhouse gas and pollutant emissions [42]. Moreover, SAFs are drop-in fuels with

a limited blend with conventional jet fuel previously tested and approved for aero-engines.

There are some challenges to the widespread implementation of SAFs, for example, due to

high costs and renewable electricity [9]. In this respect, new technology options are also

being investigated in the aviation industry. The non-drop alternatives are carbon-free fu-

els mainly focused on electric and hydrogen-powered aircraft. However, aviation relies on

prolonged lifecycles of infrastructures, aircraft, and engine technologies, coupled with an

extremely restricted scope of new technology applications [125]. Due to this, these alter-

natives present specification/legal constraints that require more technological adaptations

in terms of aviation systems, including fuel and airport infrastructure. Furthermore, it in-

volves the costly and time-consuming processes of developing and certifying new aircraft

technology, which makes it difficult to transition to alternative low-carbon energy sources

in the near future [8,85]. The success of their implementation depends on collective efforts

from airlines, airports, air navigation service providers, manufacturers, and substantial gov-

ernment support [73]. Moreover, electric aircraft and hydrogen-powered aircraft are new

technologies that will take 20 years or even from conceptualization to achieve operational

maturity [74, 125]. Its development should also consider risk and safety concerning distinct
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combustion properties of hydrogen and hydrogen blends compared to conventional fuels

and explosion hazards due to the possibility of thermal runaway and combustible gases re-

leased by batteries [75]. Additionally, batteries present a low energy density and highweight,

whereas liquid hydrogen storage requires more volume than conventional kerosene propul-

sion systems, adaption in aircraft structure for the cryogenic tank [119]. The low energy

density of these alternatives reduces the aircraft range and diminishes the extent of adapt-

ability regarding its applicable routes, a disadvantage for airline operations [8]. These new

technologies should initially be implemented in smaller aircraft categories before expand-

ing their use to larger segments, as stated by Ficca et al. [73]. The potential of prioritizing

a change towards hydrogen instead of a drop-in fuel pathway would probably affect the de-

fined goal for the aviation sector decarbonization in 2050. Consequently, Scheelhaase et

al. [125] stated that e-fuels can effectively present higher costs but are more propensity to

global carbon reduction efforts sooner than those originating from a hydrogen trajectory.

Similarly, aircraft powered by all-electric or hybrid modes can address environmental con-

cerns. However, due to the energy storage limitations, it is not expected to be applicable for

long-distance applications currently [101]. Figure 2.11 shows an overview of the alternatives

for aviation regarding its strengths and challenges.

Figure 2.11: Strengths and challenges of alternatives for aviation [1, 14, 126].
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2.3 Single Droplet

The relevance of liquid fuels in our society has already been discussed. In combustion sys-

tems, the study of droplets and spray is fundamental to developing our understanding of how

to improve engines. Moreover, the limited availability of conventional fuel supplies, as well

as the environmental concerns, provides a strong incentive to utilize alternative sources. The

focus of research and development of future alternatives is a requisite to widen the potential

fuel in practical applications, which initially require a fundamental study in terms of droplet

evaporation/combustion, spray atomization, combustion, and its emissions. In light of this,

the present section provides an overview of single droplet evaporation/combustion in terms

of theoretical, experimental, and numerical approaches. In addition, the use of particles in

a liquid fuel is presented, addressing its advantages and disadvantages. Additionally, the

current advancements in this field and the preparation methods are outlined.

2.3.1 Overview

The spray is composed of individual droplets that constitute the dispersed phase surrounded

by a gas medium that corresponds to the continuous phase [127]. Diesel, rocket, and gas-

turbine engines, as well as oil-fired boilers, furnaces, and process heaters, incorporated spray

combustion in their operations [128]. However, spray combustion is a complex multidimen-

sional aerothermochemical process that involves different physical and chemical processes

interacting simultaneously [127]. Due to this, the initial step involves investigating single

droplet evaporation and combustion to understand the spray process in a large-scale system.

Preliminary studies were dedicated to single droplet evaporation concerning dilute sprays.

Frössling [129] evaluated droplet evaporation of water, nitrobenzene, and aniline suspended

in air, and a dimensionless analysis was derived based on the relationship for the Sherwood

number as a function of the Reynolds and Schmidt number [127]. The vaporization of a

droplet is a multidisciplinary topic that involves heat and mass transport, fluid dynamics,

and chemical kinetics [130]. Generally, the process of droplet evaporation consists of two

main phases. The first concerns the detachment of molecules from the surface of the droplet

into gas in the immediate vicinity of the droplets. Afterward, the vapor diffuses from the

droplet surface into the environment [131]. In addition, studies developed byWilliams [132]

and Ranz and Marshall [133] were essential as introductory research for the more complex

study of the ignition and combustion of fuels [134]. Over the past few decades, the evap-

oration and combustion of droplets have been extensively investigated and reported in the

literature [135–139]. Significant advancements have been achieved in theoretical progress

for liquid fuel droplet evaporation and combustion, including the establishment of physical

models. In this context, the classic combustion theory for isolated liquid fuel droplets was

first proposed by Godsave [140] and Spalding [141] and is typically known as the D2-law

for droplet combustion. The model was developed based on an isolated, pure-component

droplet burning in an oxidizing environment. Additionally, the convective effects can be eas-

ily included using the film theory, as will be further discussed. The classic D2-law, derived

by assuming spherical symmetry, quasi-steadiness, and flame-sheet combustion, predicts
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the decrease of the square of the droplet diameter linearly with time. The model assumes

constant average properties for the gas phase. While there can be significant variations in

these properties from the droplet surface to the ambient surroundings, careful selection of

mean values enables reasonably accurate predictions. To facilitate the comprehension, Ta-

ble 2.4 displays the assumptions that yield a simplified model for single droplet combustion

while preserving the essential physical processes.

Table 2.4: Assumptions made in the simplified model for single droplet combustion [128].

No. Assumption

1 A spherical burning droplet, surrounded by a spherically symmetric flame, is located in an infinite
medium.

2 Combustion process is quasi-steady. This means that the process can be described as in a steady
state at any instant in time.

3 Fuel ismono-component with zero solubility for gases, and phase equilibriumprevails at the liquid-
vapor interface.

4 Pressure is constant and uniform.

5 The gaseous phase consists only of fuel vapor, oxidizer, and combustion products.

6 Fuel and oxidizer react in stoichiometric proportions at the flame front. Chemical kinetics are as-
sumed to be infinitely fast, resulting in an infinitesimally thin flame reaction sheet.

7 Lewis number, Le, defined as the ratio of thermal diffusivity to mass diffusivity, is unity.

8 Radiative heat transfer is negligible.

9 Liquid fuel is the only condensed phase, i.e., no soot or liquid water is present.

Figure 2.12 shows a schematic of the spherically-symmetric droplet combustionmodel based

on the previous assumptions presented inTable 2.4. The temperature and species profiles are

displayed through the inner region between the droplet surface and the flame, rs ≤ r ≤ rf ,

and through the outer region beyond the flame, rf ≤ r < ∞. The flame represents a sink

for the outwardly transported fuel vapor and inwardly transported oxidizer gas. A detailed

description of the theoretical formulation for the simplified droplet combustion model is

provided below, which can also be found in Turns [128].

Focusing on the mass conservation in the gas phase and assuming a quasi-steady burning,

the total mass flow rate is constant

ṁ(r) = ṁF = ρgvr4πr
2 = constant , (2.1)

where ṁF is the fuel mass flow rate, ρg is the gas density and vr is the bulk flow velocity. The

total mass flow rate remains identical to the fuel mass flow rate throughout the combustion

process, corresponding to the burning rate, which is relevant in the application of species

conservation, as will be discussed.

In the inner region, designated by region 1 presented in Figure 2.12, Fick’s law can be applied
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Figure 2.12: Schematic of the simplified droplet combustion model and its temperature and species profiles,
adapted from [128, 142].

ṁ′′
F = XF

(
ṁ′′

F + ṁ′′
Pr

)
− ρgDg∇XF , (2.2)

where ṁ′′
F = ṁF /4πr

2 is the mass flux of fuel vapor, ṁ′′
Pr = 0 is the mass flux of combustion

products, XF is the mass fraction of fuel vapor and Dg is the mass diffusivity coefficient for

gases. In spherical coordinates where the only variations occur in the radial direction, the

∇-operator becomes∇() = d()/dr. Therefore, Equation (2.2) yields

ṁF = −4πr2
ρgDg

1−XF

dXF

dr
. (2.3)
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Equation (2.3) has to satisfy two boundary conditions: one at the droplet surface, r = rs, in

which liquid-vapor equilibrium prevails

XF (rs) = XF,s(Ts) , (2.4)

where XF,s is the fuel vapor mass fraction at the droplet surface at surface temperature, Ts;

and another at the flame front location, r = rf , where the fuel vanishes

XF (rf ) = 0 . (2.5)

Integrating Equation (2.3), defining ZF ≡ 1/(4πρgDg) and applying the boundary condi-

tion defined by Equation (2.4), the following expression for the fuel vapor mass fraction is

obtained

XF (r) = 1−
(1−XF,s) exp (−ZF ṁF /r)

exp (−ZF ṁF /rs)
. (2.6)

Applying the flame boundary condition given by Equation (2.5), one gets the following ex-

pression for the fuel vapor mass fraction at the droplet surface

XF,s = 1− exp (−ZF ṁF /rs)

exp (−ZF ṁF /rf )
. (2.7)

To fully resolve the species conservation in region 1, themass fraction of combustionproducts

can be expressed as follows. However, this step is not required to achieve themain objective.

XPr (r) = 1−XF (r) . (2.8)

In the outer region, denoted by region 2, the oxidizer and fuel combine stoichiometrically at

the flame front according to

1 kg fuel + νof kg oxidizer = (ν + 1) kg combustion products,

where νof is the oxidizer-to-fuel stoichiometric mass ratio and includes non reacting gases

thatmay constitute the oxidizer stream, e.g., nitrogen. This relationship is depicted in Figure

2.13. Themass flux vectors inFick’s laware, then, ṁ′′
Ox = −νofṁ′′

F and ṁ
′′
Pr = +(νof+1)ṁ′′

F .

Thus, the Fick’s law in region 2 is
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Figure 2.13: Schematic of the mass flow relationships at the flame reaction sheet. Note that the net mass flow in
both the inner and outer regions is equal to the fuel mass flow rate, ṁF [128].

ṁF = +4πr2
ρgDg

νof +XOx

dXOx

dr
, (2.9)

where XOx is the mass fraction of oxidizer. The boundary conditions that Equation (2.9)

must satisfy are

XOx(rf ) = 0 , (2.10a)

XOx(r → ∞) = XOx,∞ = 1 . (2.10b)

Integration of Equation (2.9) and application of the flame boundary condition described by

Equation (2.10a), yields

XOx (r) = νof

[
exp (−ZF ṁF /r)

exp (−ZF ṁF /rf )
− 1

]
. (2.11)

Applying the boundary condition at r → ∞ given by Equation (2.10b), one obtains the fol-

lowing equation

exp (+ZF ṁF /rf ) =
νof + 1

νof
. (2.12)

To complete the species conservation in region 2, the distribution of combustion products

mass fraction can be expressed as follows

XPr(r) = 1−XOx(r) . (2.13)
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Abrief explanation of energy conservation in the gas phase is discussed. With the assumption

of a unity Lewis number, the one-dimensional spherical Shvab-Zeldovich form of the energy

equation is suitable for describing gas-phase energy conservation [128]

1

r2
d

dr

[
r2
(
ρgvr

∫
cpgdT − ρgDg

d
∫
cpgdT

dr

)]
= −

∑
hof,iṁ

′′′
i , (2.14)

where cpg is the gas specific heat and hof,i and ṁ
′′′
i are, respectively, the enthalpy of formation

andmass production rate per unit volume of component i. As chemical reactions are limited

to the boundary or flame front, the reaction rate term in Equation (2.14) is zero in the flame

inner and outer regions. Moreover, with the assumption of constant properties, Equation

(2.14) can be reformulated and expressed as

d
(
r2 dTdr

)
dr

= ZT ṁF
dT

dr
, (2.15)

where ZT = cpg/(4πkg) was defined for convenience and kg is the gas thermal conductivity.

The parameter ZF , defined in the species conservation analysis, equals ZT when the Lewis

number is unity, as in that case cpg/kg = ρgDg. The boundary conditions applied to Equation

(2.15) are the following: for the inner region,

T (rs) = Ts , (2.16a)

T (rf ) = Tf , (2.16b)

where Tf is the droplet flame temperature; and for the outer region,

T (rf ) = Tf , (2.17a)

T (r → ∞) = T∞ , (2.17b)

where T∞ is the environment temperature. The general solution of Equation (2.15) is

T (r) =
C1 exp (−ZT ṁF /r)

ZT ṁF
+ C2 , (2.18)

and, in region 1, the temperature distribution resulting from the implementation of Equa-

tions (2.16a) and (2.16b) is expressed by

T (r) =
(Ts − Tf ) exp (−ZT ṁF /r) + Tf exp (−ZT ṁF /rs)− Ts exp (−ZT ṁF /rf )

exp (−ZT ṁF /rs)− exp (−ZT ṁF /rf )
, (2.19)
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for rs ≤ r ≤ rf . In region 2, the adoption of Equations (2.17a) and (2.17b) to Equation (2.18),

leads to

T (r) =
(Tf − T∞) exp (−ZT ṁF /r) + T∞ exp (−ZT ṁF /rf )− Tf

exp (−ZT ṁF /rf )− 1
, (2.20)

for rf < r < ∞. Figure 2.14 shows the conductive heat transfer rates and enthalpy fluxes

present at the surface of the evaporating droplet.

Figure 2.14: Schematic of the surface energy balance at the droplet liquid-vapor interface [128].

Thermal energy is conducted from the flame to the surface of the droplet, where part of it is

used to vaporize the fuel, and the rest is transferred into the droplet interior. This process

leads to the following mathematical expression:

Q̇g−i = ṁF (hvap − hliq) + Q̇i−l (2.21)

or
Q̇g−i = ṁFhfg + Q̇i−l , (2.22)

where Q̇g−i is the heat conducted into the droplet surface, hfg = hvap− hliq is the latent heat

of vaporization, and Q̇i−l represents the heat conducted into the interior of the droplet. Q̇i−l
can be addressed using various approaches. Additional details can be found in Turns [128].

The simplest approach to determine Q̇i−l is to assume that the droplet quickly heats up to a

steady temperature, Ts. This means that the droplet thermal inertia is negligible, Q̇i−l = 0.

Moreover, Fourier’s law can evaluate the conductive heat transfer from the gas phase, Q̇g−i.

Replacing in Equation (2.22), results

−
[
−kg4πr2

dT

dr

]
rs

= ṁFhfg , (2.23)

where the temperature gradient at the droplet surface, (dT/dr)rs , can be obtained by differ-

entiating the temperature distribution in region 1, defined by Equation (2.19). Evaluating

the heat-transfer rate at r = rs, by reorganizing and incorporating the definition of ZT in
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Equation (2.23), the following expression can be established

cpg(Tf − Ts)

hfg

exp (−ZT ṁF /rs)

exp (−ZT ṁF /rs)− exp (−ZT ṁF /rf )
+ 1 = 0 . (2.24)

Figure 2.15 depicts the correlation of the various energy fluxes at the flame reaction sheet.

Figure 2.15: Schematic of the surface energy balance at the flame reaction sheet [128].

Considering the flame temperature is the highest temperature present in the system, heat

conduction occurs both into the droplet, Q̇f−i, and towards the surrounding environment

Q̇f−∞. Chemical energy release is addressed by employing standardized enthalpy fluxes for

the fuel, oxidizer, and combustion products. Thus, the surface energy balance at the flame

reaction sheet can be expressed as

ṁFhF + ṁOxhOx − ṁPrhPr = Q̇f−i + Q̇f−∞ . (2.25)

The definitions of the enthalpies are expressed as

hi ≡ hof,i + cpg(T − Tref ), (2.26)

for i = F, Ox, Pr, where Tref is the reference temperature. The heat of combustion per unit

mass of fuel,∆hc, is expressed as

∆hc(Tref ) = (1)hof,F + (νof )h
o
f,Ox − (1 + νof )h

o
f,Pr . (2.27)

Despite the presence of combustion products in the inner region, there is no net flow of these

products occurs between the droplet surface and the flame front. Thus, all the combustion

products flow radially outward away from the flame. The mass flow rates of fuel, oxidizer,

and combustion products are stoichiometrically related. Considering this, Equation (2.25)
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becomes

ṁF [hF + νofhOx − (νof + 1)hPr] = Q̇f−i + Q̇f−∞ . (2.28)

Replacing Equations (2.26) and (2.27) into Equation (2.28), yields

ṁF∆hc + ṁF cpg [(Tf − Tref ) + νof (Tf − Tref )− (νof + 1)(Tf − Tref )] = Q̇f−i + Q̇f−∞ . (2.29)

Considering that cpg is constant,∆hc is independent of temperature; thus, the flame temper-

ature can be chosen as a reference state to simplify Equation (2.29). Repeatedly, relying on

Fourier’s law to evaluate the conductive heat transfer terms, Q̇f−i and Q̇f−∞, it follows

ṁF∆hc = kg4πr
2
f

dT

dr

∣∣∣∣
r−f

− kg4πr
2
f

dT

dr

∣∣∣∣
r+f

, (2.30)

in which Equation (2.19) is differentiated to evaluate the temperature gradient at r = r−f , and

Equation (2.20) is differentiated to evaluate the gradient at r = r+f . By applying these substi-

tutions and rearrangements, the energy balance at the flame reaction sheet can be expressed

as

cpg
∆hc

[
(Ts − Tf ) exp (−ZT ṁF /rf )

exp (−ZT ṁF /rs)− exp (−ZT ṁF /rf )
−

(T∞ − Tf ) exp (−ZT ṁF /rf )

1− exp (−ZT ṁF /rf )

]
− 1 = 0 . (2.31)

Finally, it is assumed that liquid-vapor equilibriumexists at the droplet surface. TheClausius-

Clapeyron equation is incorporated for conditions close to the fuel normal boiling point, re-

sulting in the following expression for the fuel vapor partial pressure at the droplet surface

PF,s = P exp

[
hfg
R

(
1

Tboil
− 1

Ts

)]
, (2.32)

where P = 1 atm is the atmospheric pressure, R = Ru/MW is the specific gas constant,

Ru is the universal gas constant, MW is the molecular weight and Tboil is the fuel normal

boiling temperature. The fuel partial pressure can be related to the fuel mole fraction and

mass fraction as follows

χF,s =
PF,s
P

(2.33)
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and
XF,s = χF,s

MWF

χF,sMWF + (1− χF,s)MWPr
. (2.34)

Substituting Equations (2.32) and (2.33) into Equation (2.34), yields the following expres-

sion

XF,s =
P exp

[
hfg
R

(
1

Tboil
− 1

Ts

)]
MWF

P exp
[
hfg
R

(
1

Tboil
− 1

Ts

)]
MWF + P

[
1− exp

[
hfg
R

(
1

Tboil
− 1

Ts

)]]
MWPr

. (2.35)

Consequently, the mathematical formulation for the classic single droplet combustion the-

ory is completed as presented in Turns [128]. The solution to the problem has been attained,

resulting in five equations (2.7), (2.12), (2.24), (2.31) and (2.35); for five unknowns: ṁF ,

rf , Tf , Ts and YF,s. The system of nonlinear equations can be significantly simplified if Ts
is treated as a known parameter. Considering that the chemical effects often dominate over

thermal effects, particularly when the surrounding environment is cold, making T∞ approx-

imately equal to Ts. As a result, the precise value of Ts is usually not required. Additionally,

considering that the droplet is expected to be near its boiling point during steady-state com-

bustion under intense heating, it is proper to assume that Ts = Tboil [143], thereby implying

YF,s = 1. Solving Equations (2.12), (2.24) and (2.31) for ṁF , rf andTf , the analytical solution

for the fuel mass flow is achieve. Considering that the theoretical model focuses on predict-

ing combustion characteristics, such as droplet size evolution and constant burning rate, the

analytical solution for the fuel mass flow rate is given by the following expression [128]:

ṁF =
4πkgrs
cpg

ln (1 +Bo,q) , (2.36)

where the Spalding heat transfer number, Bo,q, is defined as

Bo,q =
∆hc/νof + cp,g (T∞ − Ts)

hf,g
, (2.37)

where ∆hc is the enthalpy of combustion, ν is the kinematic viscosity and hf,g is the latent

heat of vaporization. It is assumed that the fuel droplet temperature is at its boiling point,

Ts = Tboil [143]. For very small droplets, the initial heating from ambient temperature up to

boiling temperature happens rapidly and hence can be neglected. Consequently, the burning

rate,Kc, is shown by the subsequent equation:

dD2

dt
= −Kc =

8kg
ρlcp,g

ln (1 +Bo,q) , (2.38)

where kg is the thermal conductivity of the gas, ρl is the liquid density and cp,g is the specific
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heat. The inclusion of the convective effects in D2-law was previously reported by [128].

In this way, for a quiescent medium, Nud = 2, however, taking into account the convection

effects, the burning rate can be defined as:

Kc =
4kgNud
ρlcpg

ln (1 +Bo,q) . (2.39)

Given that, the simplified basis of theD2-law for droplet combustion represented inEquation

(2.40) states that the square of the droplet diameter decreases linearly with time as evapo-

ration proceeds [143]. Considering the initial condition D(t = 0) = D0, the D2-law is repre-

sented by:

D2 = D2
0 −Kct . (2.40)

To summarize, the phenomena of single droplet combustion initiate when a droplet is in-

serted into a high-temperature environment, and heat transfer from the gas phase leads to

an increase in the droplet surface temperature. The energy is conducted on the droplet until

it reaches its boiling temperature. As heat is conducted inward, the droplet interior temper-

ature increases, leading to a substantial loss of droplet mass. As the fuel is evaporated into

the gas phase and forms a combustible mixture, the diameter decreases following the D2-

law. This occurs when the droplet reaches thermal equilibrium, balancing heat conduction

with surface evaporation, resulting in a steady evaporation rate. Subsequently, the mixture

ignites and burns as a spherically symmetric laminar non-premixed flame. After the igni-

tion delay, the gas-phase combustion is initiated, and the presence of a flame significantly

heats the droplet, which in turn increases the evaporation rate [144, 145]. The ignition de-

lay corresponds to the time required for the mixture of fuel and oxidizer to react under a

certain temperature and pressure. It can be defined as a time interval in which a droplet

is exposed to a high temperature until a visible flame is spotted. Following a review of the

classical droplet combustion theory, the subsequent discussion is focused on studies regard-

ing experimental and numerical approaches for single andmulti-component single droplets.

Thus, the influence of the fuel composition, ambient conditions, and convection effects are

explored.

Different techniques have been developed to experimentally evaluate single droplet evapo-

ration/combustion in terms of droplet size evolution and flame structure. In this context,

four methods can be encountered in the literature: suspended droplet, free-falling droplet,

levitated droplet, and porous sphere. Figure 2.16 shows the most common experimental

approaches for evaluating single droplet evaporation/combustion. The advantages and dis-

advantages can be identified depending on the purpose of the experiment based on the study

objective and the technique employed.
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Figure 2.16: Illustration of experimental techniques used to study the evaporation and combustion of single
droplets.

Wang et al. [146] reported the recent progress observed in the experimental investigations

on fuel droplet evaporation. In addition, the authors described the advantages and limita-

tions of the majority of experimental setups displayed in Figure 2.16. The droplet suspended

technique is mainly used for its simplicity in measuring the droplet parameters. However,

using a supportive fiber does not allow the study of a relatively small droplet size. The typical

droplet diameters in this experimental setup are around 1 mm, which is considerably higher

than droplets produced by liquid fuel atomization. Moreover, the thermal conductivity of the

supportive fiber influences the burning rate and disruptive burning phenomena as reported

by [29] and [147]. In contrast with the droplet suspended, the free-falling droplet method al-

lows the study of droplets on amicrometer scale, and no foreign elements/filaments are pre-

sented in the experimental arrangement. In this respect, the droplet enters the combustion

chamber, becoming subject to higher temperatures and pressures to recreate the operating

conditions of practical engines [148]. However, regarding the limitations of this experimen-

tal method, Wang et al. [146] reported that the measurement of droplet characteristics is

difficult due to droplet motion, being the process of tracking more complex. In addition, the

droplet-air interaction affects the evaporation/combustion since the droplet is presented in

a convective environment. In the levitated droplet method, the droplet parameters are easy

to acquire, and there is no influence of fiber or thermocouples. Nevertheless, it is not suit-

able for higher ambient temperatures. Brenn et al. [149] evaluated experimentally with the

acoustic levitator the evaporation of multi-component droplets. The experimental results

were further compared with a theoretical model, and a good agreement was reported. The
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porous spheres are used to examine the flame insights studied by Parag and Raghavan [150].

This technique consists of injecting the liquid fuel into the porous sphere, which can be rel-

atively large and difficult to recreate the spray conditions. Regardless of the experimental

technique used, to fully capture with detail the evaporation/combustion characteristics, a

high-speed or IR camera is required, as noticed in several studies of [25,26, 151].

Furthermore, experiments carried out in the presence of gravity can be affected by buoyancy

effects. In particular, experimental setup related to free-falling droplet technique are affected

by forced convection. In the study of single droplet combustion, buoyancy and forced con-

vection can influence burning rates due to increased transport rates and distortion of flame

shape from the spherical symmetry described in classical droplet combustion theory. Ac-

cording to Law [152], if the droplet diameter is relatively small in a range of 50 and 300 µm,

buoyancy effects are generally negligible in free-falling droplet experiments conducted un-

der normal gravity conditions. To avoid the influence of the buoyancy effect, experiments

under microgravity have been performed [153]. Figure 2.17 shows two flame configurations:

envelope and wake flame. The observation of the images indicates that for a relatively small

droplet Reynolds number,Red, where no forced convection or weak forced convection is pre-

sented, an envelope flame is spotted in Figure 2.17 a). On the other hand, for stronger forced

convection and higher values of droplet Reynolds number, the flame may detach from the

droplet, resulting in combustion occurring exclusively in the wake region, referred to as a

wake flame.

(a) (b)

Figure 2.17: Porous sphere combustion experiment under normal gravity and forced convection conditions: a)
Sphere with envelope flame; b) Sphere with wake flame [154].

When forced convection is considerably intense, the droplet flame can be ”blown off,” and a

transition occurs from combustion to exclusive droplet evaporation. As mentioned earlier,

the convection effect not only affects the flame configuration but also impacts the droplet

lifetime and the ignition delay caused by the increase of the mass and heat transfer between

both phases. Chen et al. [155] performed an experimental analysis of droplet evaporation

characteristics under forced convection. To accomplish this purpose, the authors suspended

droplets of n-decane, toluene, and butanol that were subjected to different convection ve-

locities. The results reveal that the droplet evaporation rate increased with the increase in

the convection velocity. This result may be attributed to the increase of Reynolds number as
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convection velocity increases, which leads to a higher intensity and an increase in the mass

diffusion coefficient. In addition, the authors stated that the increase of the convective ve-

locity has a minimal influence on the increase of the evaporation rate compared with the

ambient temperature. The incorporation of the convective effect in the classic combustion

theory for isolated liquid fuel droplets will be detailed and examined in Chapter 4.

The environment temperature surrounding the droplet also has a significant impact on its

evaporation and combustion process. The relevance of the ambient temperature was pre-

viously discussed by Lefebvre [156], and several studies highlight similar conclusions indi-

cating that increasing the ambient temperature leads to an increase in the evaporation and

combustion rates [157–159]. Figure 2.18 shows the influence of the ambient temperature in

the ignition delay. The experimental findings of Saitoh et al. [160] indicate that high ambient

temperatures enhance droplet combustion by increasing heat transfer to the droplet surface,

increasing the evaporation rate. In addition, higher initial droplet temperatures result in

more rapid ignition as the droplet diameter increases.

Figure 2.18: Ignition delay as a function of the droplet diameter for several ambient temperatures [160].

The influence of the ambient temperature was also investigated in numerical work. Awasthi

et al. [161] investigate numerically the impact of the ambient temperature and initial diam-

eter in droplet combustion. The study considered an n-heptane single droplet in a transient

numerical simulation. The authors reported that the D2-law agreed with the results. The

findings also reveal that an increase in the ambient temperature leads to an increase in the

droplet burning rate and a decrease in the droplet lifetime.

Another key aspect that affects the evaporation and combustion of a single droplet is fuel

composition. The fuel can be classified into single-component and multi-component. The

former corresponds to a fuel that is only composed of one component, such as ethanol fuel

and n-hexadecane fuel. In contrast, a multi-component fuel possesses several components,

such as kerosene, widely used in aerospace [146]. In particular, the majority of the trans-

portation sector employs multi-component fuels that include diesel, gasoline, and Jet A-1.
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Single-component fuels typically possess a well-defined boiling point. However, in multi-

component fuels, the components may present very different volatilities, having different

boiling points affecting the evaporation and combustion of the droplets. This observation

is more predominant in fuel mixtures when both are multi-component fuels, as will be fur-

ther discussed. To better understand the distinct behavior of single and multi-component

fuel droplets, Shang et al. [162] performed an experimental study at room temperature and

atmospheric pressure under normal gravity using n-octane, n-dodecane, n-tetradecane, and

n-hexadecane and their blends in different proportions. Figure 2.19 reveals that all the fuels

follow the D2-law. Increasing the number of carbon atoms in the fuel chain is a noted re-

duction in the burning constant and an extension of the heating phase. This result suggests

a relation between the fuel carbon content and the droplet lifetime. Fuels with lower carbon

numbers present shorter lifetimes due to their lower boiling points and higher vapor pres-

sures. Furthermore, the burning rate is slightly higher than the experiments conducted in

low or microgravity due to buoyancy, forced convection, and/or natural convection.

(a) (b)

Figure 2.19: Evolution of the: a) Square of the normalized droplet diameter with normalized time for
single-component fuel; b) Mean burning rates (left, blue) and normalized combustion duration (right, red) with

four single-component n-alkane droplets [162].

Concerning multi-component fuels, Law [143] highlighted three factors that should be con-

sidered. First, the relative concentrations and volatilities of the liquid components poten-

tially lead to specific behaviors that were not identified in the gasification process of single-

component fuels. The miscibility of the liquid components and the ideality of the mixture

that affect the phase change behavior and surface vapor pressure characteristics. Finally,

the rate of liquid-phase mass diffusion, droplet surface regression, and internal movement

within the droplet significantly influence the rate atwhich liquid components are transported

to the surface for evaporation. Xu et al. [163] conducted an experimental study onmixtures of

two multi-component fuels. The investigation explored the droplet-burning characteristics

of a renewable jet fuel derived from algae, and three AHRJ/Jet-A blends were compared to

conventional aviation fuel (Jet-A). Besides its relevance tomulti-component fuels, this study

also evaluates alternative fuels for aviation purposes, where a mixture of biofuel and Jet A-
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1 are experimentally considered. Spherical droplets under a free-fall environment of pure

jet fuel, pure algae-derived biofuel, and blends containing 25%, 50%, and 75% algae biofuel

were examined. From the experimental results, AHRJ and AHRJ/Jet-A mixture droplets

have burning rates that are higher than Jet-A. The results also suggest that the soot emissions

are related to the aromatic content, where Jet A-1 possesses the highest soot emission. As

mentioned above, Shang et al. [162] also evaluated the multi-component fuels and observed

micro-explosions. According to Wang et al., [146], when the droplet temperature is higher

than the boiling points of light components while remaining below the boiling points of the

heavy components, the light components evaporate inside the droplet, resulting in bubble

formation. Once the internal bubble pressure exceeds the droplet surface tension and ambi-

ent pressure, bubbles inside the droplet burst, causing its fragmentation [29]. This leads to

an increase in surface area, enhancing evaporation and reducing the droplet lifetime, which

is crucial for improving fuel atomization and combustion efficiency. During the combustion

of multi-component droplets with substantial, large volatility, the differential may undergo

spontaneous disruptive burning events, resulting in a partial fragmentation noted as puff-

ing or complete droplet disintegration, referred to as micro-explosion. Figure 2.20 shows a

schematic of the two disruptive burning events: a) puffing and b) micro-explosions.

Figure 2.20: Disruptive burning events: a) Puffing; b) Micro-explosions from [164].

The phenomenon initiates when small gas bubbles nucleate inside the droplet, and the pres-

sure inside the vapor bubble becomes higher than the ambient pressure. The small gas bub-

bles coalesce, resulting in a larger bubble due to the internal circulation inside the droplet.

The nucleation site is highly dependent on the proportion of higher volatile compounds. A

lower concentration of these components leads to fewer nucleation sites and consequently

reduces the coalescence of small bubbles. Eventually, the bubbles reach a limit and can not

go further, expand, break, and release several small secondary droplets. This description

corresponds to puffing. In addition, when the breakup of the inner gas bubble leads to the

complete disintegration of the droplet that releases smaller secondary droplets and volatile,

a micro-explosion is spotted. The disruptive burning events were previously studied numer-

ically by Shinjo et al. [165]. The authors reported that multiple puffing events can result in

micro-explosions, increasing the degree of the breakup. Each explosion starts as an inde-

pendent puffing event. As a result, the total disintegration of the droplet occurs due to these
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interactions.

The conventional fuels employed, in particular in the transportation sector, are multi - com-

ponent fuels that possess hundreds to thousands of hydrocarbon species. Consequently,

understanding the underlying mechanisms of combustion can be challenging due to their

complexity. In numerical approaches, the fuel composition can be simplified to a single

component surrogate fuel to simulate and replicate the desired behavior and specific char-

acteristics of a more complex fuel. Due to the restricted number of chemical reactions and

physical interactions, numerical simulations can be carried out efficiently [145]. Surrogate

fuels are required to replicate the physical and chemical properties of conventional fuels, as

well as their injection, vaporization, mixing processes, and combustion behavior. According

to Ra and Reitz [166], multi-component fuel models are categorized into continuous multi-

component models and discrete multi-component models. In the former, the fuel composi-

tion is represented as a continuous distribution function involving aspects such as the molar

mass, boiling point, and number of carbon atoms. Thus, it is possible to reduce computa-

tional complexity while predicting the complex vaporization behavior of multi-component

fuels. However, additional assumptions and simplifications can restrict the accurate repre-

sentation of multi-component fuel characteristics, complicating the modeling of individual

component consumption. The discrete multi-component models focus on a finite number of

compounds. A common approach involves the selection of different parts of the distillation

curve. The model tracks individual fuel components during the evaporation process and al-

lows for the integration of their reaction kinetics. Besides its high computational costs, recent

advancements in computational capacity have made this approach more accessible [166].

Focusing onmulti-component fuel, mixtures of liquid-liquid have already been described. In

this context, the following subsection is dedicated to multi-component fuels involving solid-

liquidmixtures. An overviewdedicated to adding particles to a liquidwill be explored. Differ-

ent types, sizes, and concentrations are considered, and their advantages and disadvantages

are presented. Furthermore, preparing these fuels is also addressed to better understand

how they can be further implemented in real applications. An assessment of the most recent

progress in single droplet combustion of liquid fuels with nanoparticles is also provided.

2.3.2 The Addition of Particles in a Liquid Fuel

The growing global energy demands require solutions to address fossil fuel depletion and

environmental concerns. It is essential to develop technologies capable of enabling long-

term clean energy storage, transportation, and trade on a global scale. In the aviation field,

possible alternatives have already been discussed, presenting different stages of develop-

ment. Following the statement of Gupta et al., [167], the energy content of liquid hydrocar-

bon fuels has nearly reached its upper limits, and additional improvements in energy value

through chemical methods are significantly difficult. In particular, aviation demands signif-

icant fuel volumes, which poses a challenge for alternative fuels in this sector. Moreover, the

limited energy density of conventional hydrocarbon fuels restricts the improvement of spe-
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cific thrusts of rockets and aircraft [17]. Consequently, an emerging solution is to disperse

particles in conventional hydrocarbon fuels. Initial investigations were dedicated to slurry

fuels. According to Choudhury [168], slurry fuels are colloidal suspensions of fine particles

of solid fuel dispersed in liquid hydrocarbons. The size of the particles depends on the ap-

plications and can range from submicron size to hundreds of microns. Reports concerning

the use of slurry fuels have presented benefits [169]. The findings highlight that for flight

propulsion, the addition of metals can offer the possibility of more flight range and thrust

than can be obtained with conventional hydrocarbon. However, the study suggests that fur-

ther modifications in the fuel system and combustors were required to compensate for the

difference in flow properties between jet hydrocarbons and slurry fuels. Specifically, ramjet

operatingwithmagnesium slurry was flown successfully, requiring improvement in the com-

bustors and fuel systems. The advantage of using this type of fuel relies on the high energy

density, and slurry fuels were considered ”liquid fuel extenders” [168]. However, the com-

bustion of slurry fuels involving micron-sized particles in several applications showed issues

regarding clogging, rapid settlement, poor stability, and agglomeration, low combustion effi-

ciency [23]. Theminimization of these effectswas achievedby the use of nanoparticles. In the

1980s, the development of nanotechnology pioneered a new field of study worldwide [20].

Micro-scale and nano-scale additives possess characteristics of high energy density or a sig-

nificant surface-to-volume ratio, which enhances their reactivity in thermochemical reac-

tions. Nonetheless, based on their respective sizes, different outcomes can be achieved. In

this context, nanoparticles have shown beneficial effects on fuel performance, particularly

regarding thermophysical properties [170].

The concept of nanofluids was initially introduced by Choi and Eastman [171]. The au-

thors proposed this new class of heat transfer fluids involving the use of nanoparticles in

conventional heat transfer fluids, where an enhancement in thermal conductivity was re-

ported. This potentially contributes to new industrial technologies, addressing micro- and

nanoelectromechanical systems, power electronics, and light-emitting diodes (LEDs) [172].

Nanofluids consist of nano-sized particles of 1- 100 nm dispersed in a liquid. Considering

the thermophysical properties, nanofluids have improvements regarding thermal conduc-

tivity, thermal diffusivity, viscosity, and convective heat transfer coefficients relative to their

base fluids, indicating their promising applicability in several sectors [173]. Nanomaterials

are an emerging area of interest in the combustion research community aimed at improv-

ing the burning characteristics of liquid fuel droplets, particularly in the form of nanofluids,

commonly referred to as ”nanofuel”. Metal, metal oxide, and carbon-based nanoparticles

have been extensively investigated in a variety of hydrocarbon-based fuels [174]. The type

of nanoparticles commonly used will be further discussed. Figure 2.21 illustrates the wide

range of applications where nanofluids/nanofuels can be employed. This includes desalina-

tion processes, carbon dioxide capture, aerospace applications, oil recovery methods, auto-

motive radiators, refrigeration systems, boilers, electronic equipment cooling, component

lubrication, heating and cooling of buildings, medical processes, and any liquid-based heat

exchanger [175]. In the combustion field, nanofuels are shown to increase the ignition prob-

ability or enhance fuel reactivity and improve the energy density of the liquid fuel [29].
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Figure 2.21: Applications of nanofluids/nanofuels. Adapted from [175].

Besides the fact that nanofuel can possess several benefits to overcome the limitations of hy-

drocarbon fuels, significant barriers remain, including concerns regarding fuel stability, The

rates of corrosion and erosion of the materials in contact with them, relatively high cost of

production, combustion efficiency, and environmental impacts due to particle combustion.

Therefore, several investigations have been carried out to mitigate these weaknesses [17].

Notably, the preparation is one of the most essential steps in studying nanofluids/nanofuels.

The purpose is to guarantee long-termquality stability to attain reliable results thatwouldnot

affect the thermophysical properties, atomization, and combustion of nanofluids/nanofuels.

This is a critical parameter that is affected over time and for different particle concentrations

that should be evaluated before their practical application. Following Sezer et al. [176] col-

loid chemistry suggests that when a particle reaches a critical size, it remains stable, and no

sedimentation is spotted. However, the high surface energies and subsequent nanoparticle

interactions can result in agglomeration, cluster formation, and increased settling rates. The

collisions between particles, driven by Brownian motion and strong van der Waals forces,

lead to cluster formation, negatively impacting nanofluid/nanofuel stability. Van der Waals

forces are primarily influential over short distances and are not causedby covalent bonding or

the electrostatic forces between ions. When combinedwith the Brownianmotion of nanopar-

ticles, frequent collisions are induced, leading to instability in the nanofluids. In this scale,

gravity possesses a minor significance [177]. On the other hand, considerably large clus-

ters of particles are influenced by gravity. Nanoparticles constantly collide due to Brownian

motion caused by their large surface areas having high activity. An increase in the Brow-

nian motion is related to smaller particle size, lower viscosity, and temperature increment,

which should be considered during the nanofluid/nanofuel preparation. Increasing the par-

ticle concentration results in a reduction of the interparticle distance, which enhances the

Van der Waals attractive potential. Consequently, this increases the Van der Waals attrac-

tive potential, leading to more agglomeration and less stability [178]. In this respect, the

stability depends on the balance of repulsive and attractive forces between the particles. To

achieve a stable nanofluid/nanofuels, the repulsive force must be larger than the attractive

force between the particles [179].
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The synthesis of these nanofluids/nanofuels is influenced by diverse factors ranging from

the nanoparticles utilized to the techniques employed, which inevitably leads to inconsistent

outcomes. An overview of each parameter is displayed in Figure 2.22. The first step relies

on the preparation method, which can be classified into single-step and two-step methods.

The former consists of synthesizing nanoparticles and dispersing them in the base fluid si-

multaneously. Since this method avoids the stages of drying, storage, transportation, and

dispersion of nanoparticles, the agglomeration of nanoparticles due to their large surface

area to volume ratio and their high surface energy is minimized, enhancing the stability.

Figure 2.22: Overview of the parameters affecting nanofluids/nanofuels preparation. Adapted from [176].

However, the single-stepmethodpossesses relatively higher production costs and limitations

to low vapor pressure base fluids. It operates in batch mode, limiting the control of relevant

parameters, such as particle size [176, 180]. In contrast to the single-step method, the two-

step method is more commonly used, particularly for industries producing large scales. This

methodology primarily involves the manufacturing of nanoparticles as dry powders through

chemical and physical processes. Subsequently, the nanoparticles are dispersed into a base

fluid using different approaches. The advantages of the two-step method rely on increased

production capacity and reduced costs, as the synthesis of nanopowders has already been

scaled up to industrial production levels. However, in terms of long stability, a single step

presents a better result [180]. An illustration of the two preparation methods is presented in

Figure 2.23.

The synthesis of nanofluids usually requires strategies to enhance their stability, increas-

ing the repulsive forces that contribute to long-term stability. Several physical procedures

can be employed to mitigate aggregation, such as magnetic stirring, ultrasonication, high

shear-rate mixing, and ball milling. Additionally, chemical treatments, such as incorporat-

ing surfactants, pH adjustment of the sample, or surface modification, can also be applied.

Themost commonly used are dispersants and sonication. The former corresponds to surface

active agents that enhance the interaction between a liquid and a solid surface, a character-

istic often referred to as wettability. The purpose of this agent is to reduce the surface energy

and enhance the dispersibility of particles. Surfactants are an easy and economical method
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(a)

(b)

Figure 2.23: Preparation methods: a) Single-step; b) Two-step [180].

to improve stability, but there are a few drawbacks. Two considerations must be considered

regarding the surfactant selection: the type of surfactant employed and its concentration.

The solubility of the surfactant in a base fluid is a crucial factor in the surfactant selection,

which is generally addressed by the hydrophilic-lipophilic balance (HLB) value. A lowerHLB

value indicates it is more soluble in oil, whereas a higher HLB value is more soluble in wa-

ter [173]. Furthermore, the concentration of surfactant significantly impacts the uniformity

of suspension. A larger concentration can have a negative influence on the properties, such

as density and viscosity of these fuels [177]. Consequently, affecting processes such as heat

transfer, atomization, and combustion.

The sonication process is considered the most effective method for breaking large clusters

of nanoparticles into smaller clusters or even individual nanoparticles [181]. The purpose

is to apply high sound energy on fuels to break down nanoparticle clusters and disperse the

nanoparticles. This physical method is commonly performed by a probe or bath devices.

However, differences in terms of process capabilities and effectiveness are reported. In com-

paring the two equipment, probe sonication has proven to be more effective and powerful

than ultrasonic baths in the dispersion of nanoparticles. Nanofluids/nanofuels preparation

using an ultrasonic bath device is affected by cavitation randomly distributed across the fluid,

leading to a lower intensity and irregular distribution of ultrasonication. Sonication with

probe devices is a more intense and focused process that can be controlled and reproducible.

Although sonication is widely used to stabilize nanofluids/nanofuels, no standard process is

still established. Consequently, it is essential to determine the optimal parameters for son-

ication. Several factors should be considered: duration, amplitude, continuous or pulsed

modes of sonication, sample volume, sample temperature, particle size, material, and con-
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centration [181]. Sonication can be performed at power and frequency for periods. Accord-

ing to Urmi et al., [180], the time of sonication may be dependent on the type, size, shape,

concentration, and mixing ratio of nanoparticles and base fluid and also on the preparation

method. There is no ideal duration for sonication, which can provide contradictory results,

as highlighted in the review by Asadi et al. [181]. However, careful attention regarding the

relation between the sonication duration and nanofluid temperature should be considered.

During the sonication process, the temperature of the sample must be controlled at low tem-

peratures. Ensuring low temperatures can be achieved by applying low amplitude or shorter

sonication times. At high temperatures, degradation of nanoparticles and stability are re-

ported. A common strategy to address this issue is using external cooling or submerging the

sample in an ice bath during the sonication period [182, 183]. Amrollahi et al. [184] evalu-

ated the effect of the sonication time and particle concentration on the stability of nanofluid

composed of carbon nanotubes and ethylene glycol. The authors mentioned that increasing

the sonication time results in a better dispersion of the particles. For higher particle con-

centrations, random collisions among nanoparticles occur at a higher rate, resulting in lower

stability in comparison with low particle concentrations. Sonication can be applied in both

continuous and discontinuous forms. In this respect, applying the continuous pulses leads to

the fragmentation of clusters into smaller sizes, leading to a more uniform particle size than

the results achieved by applying the discontinuous pulses [181]. The sonication can also be

accompanied by a magnetic stirrer.

Following this overview of strategies to enhance the stability of nanofluids, a discussion con-

cerning the approaches to evaluate their stability is presented. Figure 2.24 shows the most

common methods for evaluating nanofluids/nanofuel stability. Zeta potential measures the

electrical potential (degree of repulsion) between small van der Waals forces and dispersed

particles [177]. High values, whether positive or negative, are considered stable nanofluids.

On the contrary, low values of zeta potential correspond to unstable nanofluids. Zeta po-

tential values around 25 mV possess a critical threshold for distinguishing between low- and

high-charged surfaces concerning stability. Values ranging from 40 to 60 mV indicate good

stability, whereas excellent stability is assumed for valuer higher than 60 mV [176, 185].

Zeta potential values are affected by the pH of the nanofluids. In addition, surfactants sig-

nificantly impact the zeta potential. Zeta potential increases as surfactant concentrations

increase [177]. The pH measurements are also commonly used to evaluate the stability of

nanofluids. Controlling the pH allows for the improvement of nanofluid stability since the

surface charge is related to the pH values. Measurements concerning the pH indicated that

values far from the isoelectric point (IEP) enhance the stability of nanofluids. The isoelectric

point is defined as the state at which the surface charge of the particles and the corresponding

zeta potential is equal to zero [180]. To prevent corrosion of heat transfer surfaces and dis-

solution of nanoparticles, the pH values are usually required to be kept around neutral [176].

Spectral absorbance and transmittance are indicators of stability to measure the absorbance

peak using a UV–VIS spectrophotometer. This method relies on absorbing light across both

the visible and ultraviolet frequency ranges where unstable nanofluids display low values
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Figure 2.24: Stability evaluation methods.

of observance. The observance and transmittance can be determined by Equation 2.41 and

Equation 2.42, respectively.

A = log10
I0
I

= αlc , (2.41)

T =
I

I0
, (2.42)

where I0 is the intensity of incident laser light, I is the intensity of the laser light beam after

passing through the colloidal suspension, α is the absorptivity, l is the length of the light

path, and c is the concentration of particles. This method allows quantitative analysis with

respect to particle concentration, where several findings indicate that the absorbency ratio

of nanoparticles is proportionately related to the concentration of nanofluid [180].

Transmission electronmicroscopy (TEM) is also amethod to evaluate the stability of nanoflu-

ids/nanofuels. This technique allows the characterization of the structure and agglomeration

size of nanoparticles [181]. Dynamic light scattering (DLS) technique evaluates the particle

size distribution of particles and agglomerates [26]. However, similar to the zeta potential

technique, DLS involves equipment with a significant cost. Finally, the visual inspection or

sedimentation technique is presented. Thismethod is the simplest andmost extensively used

method to analyze the stability of nanofluids/nanofuels. It is a widely adopted approach that

is easy, cost-effective, non-contact, and non-intrusive to the nanofluids. In addition, it does

not require special equipment, and only a small volume of samples is necessary. However,

this method can be subjective. The stability is evaluated by tracking the sedimentation by

observing nanoparticle clustering and sedimentation driven by gravitational forces within

the nanofluids/nanofuel [26]. After the preparation, the nanofluids become unstable, and

three sedimentation behaviors can be observed. The dispersed sedimentation occurs when
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sediment height gradually increases as the samples become clearer. Contrarily, in floccu-

lated sedimentation, the sediment height reduces over time, and the mixed sedimentation is

a combination of all behaviors occurring simultaneously, as displayed in Figure 2.25. A sta-

ble nanofluid/nanofuel is identified when the fluid concentration remains consistent with

time [180].

Figure 2.25: Sedimentation behaviours in nanofluids, where t indicates time and t0 < t1 < t2 < t3 [186].

As noted in Figure 2.22, the nanoparticles present different types, concentrations, sizes, and

morphologies, which are critical factors influencing the stability and thermophysical proper-

ties of nanofluids/nanofuels. A few considerations were already discussed previously. Each

of these parameters is chosen with careful consideration of the application or the field of

study. As outlined by Parveg and Rather [187], the particle concentration can be classified

into low, medium, high, and ultra-high particle concentration. Low particle concentration

corresponds to≤ 0.1 wt.%, medium particle concentration between 0.1 and 1 wt.% and, high

from 1 wt.% to 5 wt.% and ultra-high from 5 wt.% to 10 wt.%. To distinguish nanofuel from

slurry fuels, in the combustion studies, the latter possess particle concentrations higher than

10 wt.%. For simplification purposes, the present work adopted low particle concentration

until 1 wt.% and high particle concentration above 1 wt.%. Concerning the types of nanopar-

ticles, Taylor et al. [188] summarized the available nanoparticles and their corresponding

application, as shown in Table 2.5. Considering the investigation of nanofuels, which can be

classified into energetic and non-energetic [189]. Energetic nanoparticles act as reactants in

exothermic reactions, contributing to an increase in the total energy released. Two notable

examples are carbon and metallic nanoparticles.

Metallic nanoparticles present benefits for propulsion applications, where enhancing the vol-

umetric energy density of the base fuel is crucial. In contrast, carbon nanoparticles can

be used in applications to enhance heat transfer properties. Comparing the two types of

nanoparticles, carbon additives offer a cost-effective alternative to metal-based fuel. The

selection of the nanoparticle type generally depends on the specific application demands,

taking into account performance trade-offs, emissions, and environmental concerns [187].

Reactive metals such as aluminum, magnesium, and boron have attracted widespread inter-

est in various energy applications, including propulsion systems, explosives, gun powders,

propellants, and pyrotechnics, among others, due to higher volumetric and gravimetric en-

ergy densities [190]. In terms of additives, metal nanoparticles are being used in nanofuels

research due to their increased reactivity and energy properties, which result in shorter ig-

66



Table 2.5: Nanoparticles types and their applications [188].

Particle types Applications

Noble metals (Pd, Pt, Ag, Au) Catalysts, plasmon resonance, heat transfer en-
hancement

Magnetic (Fe, Ni, Co) Heat transfer, biomedical imaging, flow control,
microwave absorbers

Semiconductors, quantum dots (Si, CdS, CdSe,
ZnS, ITO)

Fluorescence, light trapping, LEDs, optical mem-
ory

Core-shell (metal, semiconductor, or polymer core
and/or shell)

Biomedical, fluorescence, solar absorbers, sensors,
optoelectronics, catalysts

Metal-oxide nanoparticles (Al, Ti, Zn, Cu, etc.) Heat transfer, catalysts, optoelectronics

Polymer nanoparticles Biomedical (drug delivery), conductive optoelec-
tronics

nition delays and enhanced combustion rates, as well as the catalytic effect. Furthermore, it

enhances thermal conductivity and ignition probability, contributing to a greater overall en-

ergy release, reducing fuel consumption, and addressing environmental concerns [29, 190].

Figure 2.26 shows the energy density of liquid and solid fuels. Boron exhibits the highest

volumetric heat of reaction in oxygen, reaching up to 138 kJ cm−3. However, the ignition of

boron particles is notably delayed due to a B2O3 oxide layer. Regardless of particle size, the

ignition temperatures of boron particles in oxygenated environments range between 1500

and 1950 K [191]. Beryllium is particularly appealing for various applications. However, its

extreme toxicity presents significant risks to humans and animals, even in minimal concen-

trations [192]. Moreover, it is relatively scarce and presents high costs. Magnesium has also

been considered in engineering applications. Nevertheless, concerns regarding instability in

the presence of water and humid air production costs, flame temperature, andmaterial avail-

ability reduce the attractiveness of this material for widespread use. Compared to the heat of

combustion, magnesium and zirconium possess a lower value in terms of mass and volume

than aluminum. In particular, aluminum is a viable option for an energy carrier possessing

relevant characteristics that are most important for a sustainable energy carrier: high en-

ergy density, abundance, and recyclability, and it is anticipated that the alumina-reduction

process will soon be free of carbon emissions.

In addition, aluminum has high thermal conductivity, excellent surface absorption, and low

melting/ignition temperatures [23]. It is considered safe for storage and transportation, and

advancements in production and recycling technologies to reduce greenhouse gas emissions

are currently being implemented [194]. Aluminum is also the most abundant metal in the

Earth crust [191]. The use of aluminum nanoparticles in combustion systems can pose chal-

lenges due to the emissions of nano oxides and their separation from hot exhaust gases, as

well as their collection for recycling [194]. Aluminumhas been one of themost used additives

due to the increased overall heat release of the reacting system through the increase of the

flame temperature and heat of combustion. Considering effects on the thermal conductivity,

an increase in this property has shown aluminum-based nanofuels have also shown a ben-
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(a) (b)

Figure 2.26: Comparsion between liquid and solids fuels: a) per mass; b) per volume [193].

efit to droplet burning [195]. Aluminum is a relatively cheaper metal than other materials

such as boron, silicon, and magnesium [196]. Aluminum is often used as an additive in solid

propellants to optimize combustion processes in rocket engines [197, 198]. The production

processes for aluminum nanoparticles are typically classified into vapor phase condensation

and liquid phase chemistry as described in [199]. When exposed to air, aluminum particles

create a natural oxide (Al2O3) layer on their surface. This layer is typically uniformand amor-

phous, with a thickness of 2–5 nm [200]. The evaluation focused on aluminum combustion

disrupted the 1960s. Preliminary studies indicated that the combustion of a metal particle

was similar to the combustion of a hydrocarbon droplet. However, the ignition was assumed

to occur after melting of the oxide shell of Al2O3, while steady combustion was assumed to

be reached on exceeding the aluminum boiling point [201]. Regarding reactivity, aluminum

nanoparticles exhibit greater reactivity compared tomicro-sized aluminum, being influenced

by both particle size and the type and thickness of the passivation layers [202]. In terms of

temperature ignition, micron-sized aluminum particles have an ignition temperature very

close to the melting point of the oxide shell (2300 K), while aluminum nanoparticles have

been experimentally observed to ignite closer to the melting temperature of aluminum (930

K) [200]. Concerning the nonenergetic nanoparticles, practically all metal-oxide comprise

this class. Several examples corresponds to such as Al2O3, CeO2, CuO, SiO2, TiO2, among

others. These nanoparticles can contribute to the decrease in the activation energy required

for chemical reactions and the fuel oxidation temperature possessing benefits in terms of

radiative heat transfer and mass transfer characteristics along with enhancing the thermal

exchange between fuel droplets and the ambient air [189]. As noted by Lv et al. [203], copper

oxide (CuO), aluminumoxide (Al2O3) and titaniumdioxide (TiO2) have shown advantages in

thermal conductivity, strong catalytic function, high oxygen content, more free radicals and

fast combustion rate, which are conducive to reducing fuel consumption, improving thermal

efficiency and further improving emission pollution.

Regardless of the type employed, particle size and concentration also significantly affect

the nanofluid / nanofuels stability and thermophysical properties. According to Javed et

al., [204] comparing nano and micron size particles, the former presents a higher surface

volume to ratio, allowing more fuel to be in contact with the oxidizer, consequently resulting

68



in higher combustion efficiency. The size of the agglomeration is reduced, positively influ-

encing the stability. The enhancement of the stability with the decrease of the particle size

was also reported by [205, 206]. Moreover, in terms of combustion field, nanoparticles ox-

idize more fully and quickly than micrometer-scale and larger particles [207]. To address

the influence of nanoparticles on the thermophysical properties, Alktranee and Bencs [177]

provided a review that highlighted the impact of reducing the particle size and increasing the

concentration has contributed to the improved thermal conductivity of nanofluids. Concern-

ing the particle shape, cylindrically shaped nanoparticles demonstrate a reduced impact on

the thermal conductivity of nanofluids when compared to spherical nanoparticles [177]. Ac-

cording to Arshad et al. [208], there are two reasons for enhancing the thermal conductivity

in the nanofluids, which relies on the Brownian motion and liquid layering at the liquid-

particle interface. Concerning the Brownian motion, the nanoparticles move through the

liquid, leading to potential collisions that allow direct solid-solid heat transport between par-

ticles, resulting in increasing the thermal conductivity of the nanofluid. Alternatively, the

thermal conductivity in nanofluids is affected since the liquid molecules closed to the solid

nanoparticles form nanolayered structures that can act as a thermal path between the solid

nanoparticles and bulk liquid molecules [208].

For systems involving the atomization process, the influence of nanoparticles on the viscosity

and surface should be evaluated with careful attention. An increase in the viscosity has been

reported when nanoparticles are added to a base fuel. Furthermore, increasing the particle

concentration also leads to an increase in the viscosity [205, 209]. Regarding the influence

of particle size on viscosity, there is a discrepancy in the results provided in the literature.

Moreover, the influence of particle size is dependent on its shape, where nanoparticles with

similar size or diameter and different shapes, such as spherical or cylindrical, result in varia-

tions in viscosity andother relatedproperties [210]. Adetailed analysis of the surface tension,

dedicated to the addition of nanoparticles and surfactant to a hydrocarbon fuel liquid, was

conducted by Mei et al. [211]. Nanoparticles of CNT, CeO2 and Co3O4 with different sizes

and mass concentrations were dispersed in diesel using CTAB as a surfactant. The purpose

is to determine experimentally at 10–140 ◦C based on the pendant drop method and the ef-

fects of mass concentration, particle size, nanoparticle types, and temperature on the surface

tension of nanofuel. The results for this analysis are provided in Figure 2.27. Concerning the

addition of surfactant, CTAB was used to form a thin layer between nanoparticles and sur-

rounding liquid fuel molecules to increase the potential of nanoparticles and the repulsive

force between them. Through this approach, it is possible to enhance the stability of nanofu-

els so that they can be used in practical applications. The effect of the particle size is also

presented in Figure 2.27.

Increasing the particle size leads to a higher surface tension since separating dieselmolecules

is more difficult for larger nanoparticles than smaller ones. Additionally, the surface tension

of all fuels decreases nearly linearly as temperature increases, where the surface tension of

nanofuels is higher than that of diesel at each temperature. Regarding the type of nanopar-

ticle, the addition Co3O4 to diesel exhibits the most significant surface tension changes as
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(c)

Figure 2.27: Nanofuel surface tension with different particle size and temperatures: a) CNT; b) CeO2; c) Co3O4.
Adapted from [211].

temperature increases, particularly at lower mass concentrations and with smaller particle

sizes. The effect of the particle concentration is also evaluated by Mei et al. [211]. With the

increase of the particle concentration, the distance between particles is reduced, and the van

derWaals force increases, resulting in a higher surface tension than the base fuel. Moreover,

the surface tension is only marginally affected for low particle concentration since the inter-

particle distance is sufficiently large, even at the liquid/gas interface [212]. Similar observa-

tions were reported by [24, 27]. The increase of the viscosity and surface tension should be

considered in the droplet formation, whichwill negatively affect the atomization process and,

consequently, the combustion performance, as will be discussed in the spray background. In

light of this, a slight increase in the density is expected as the particle concentration increases

due to the higher density of the nanoparticles compared to the base liquid [209].

Besides the influence of the nanoparticles in the thermophysical properties, there is a con-

cern regarding their use in the transportation sector. Issues related to nanoparticle toxicity

and human exposure to nanomaterials are also reported. The latter is due to a possible der-

mal absorption and inhalation, resulting in organ damage and diseases, cellular and genetic

effects, and biochemical changes [189, 213]. Figure 2.28 shows the implications in human

health caused by using nanomaterials. Furthermore, using nanofuels as fuels for transporta-

tion during the exhaust, nanomaterials are released, which may interact with air, soil, and

water through various mechanisms [189]. A detailed description of the nanoparticles influ-

ence in air, soil and, water is provided in [189,214]. It should be highlighted that the impli-
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cations for human and environmental health are also impacted by the type of nanomaterials

employed.

Figure 2.28: Human health implications due to nanomaterials exposure, adapted from [189].

After summarizing the most relevant details about the use of nanoparticles, it is clear that

further research is essential to overcome all of these concerns since the benefits in terms of

combustion systemshave beendiscussed. In particular, the addition of nanoparticles encom-

passes a diverse array of applications within the field of engineering due to their potential as

a working fluid instead of conventional liquids due to their outstanding performance [177].

Consequently, it is essential to prioritize the investigation of the combustion characteris-

tics at the droplet scale, as these form the fundamental basis for any combustion system

that employs liquid fuel spray. In this respect, Table 2.6 presents several studies focusing

on nanofuel evaporation/combustion, illustrating the contemporary advancements in this

area. The purpose is to provide a chronological point of view of the studies presented in

the literature in both experimental and numerical approaches and the influence of adding

nanoparticles. preliminary study involving the use of nanoparticles in conventional fuel was

developed by Tyagi et al. [215]. The study aimed to improve the ignition properties of diesel,

adding aluminum and aluminum oxide nanoparticles in different particle sizes (15 and 50

nm) and volume fractions (0%, 0.1%, and 0.5%). Results demonstrated that the ignition

probability of diesel increases when nanoparticles are added. To understand the effect of

particle size, Gan and Qiao [206] performed an experimental study to evaluate the burning

characteristics of fuel droplets containing nano and micron-sized aluminum particles [216].

Based on the conducted literature review, the predominant finding is that the evaporation

and combustion of nanofuel droplets do not follow the classical D2-law related to the single

droplet evaporation and combustion. Figure 2.29 shows the square droplet size evolution for

a nanofuel and a conventional fuel droplet.

After the initial heating phase, observations indicate that the evaporation and combustion

rates of nanofuel droplets do not remain constant. In contrast, gradually decreases [218].

As noted in Figure 2.29, the heating and steady-stage are presented in nanofuel and con-

ventional fuel combustion. However, the addition of nanoparticles leads to a dry-out stage,
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Figure 2.29: D2-law illustration of a nanofuel and a conventional fuel, adapted from [16,217].

where the droplet diameter decline rate is significantly reduced, which finishes when the dis-

ruptive behavior stage occurs due to the occurrence of puffing andmicro-explosions [16,206,

218, 219]. In other words, The dry-out phase corresponds to the last stage of the nanofuel

droplet lifetime, where residual nanoparticles can be detected at the end of the steady-state

phase or disruptive burning events [220]. A more comprehensive illustration of these stages

is provided in Figure 2.30, highlighting the presence of disruptive burning phenomena at

the end of the nanofuel lifetime. The presence of disruptive burning phenomena in nanofuel

combustion has been highly reported, regardless of particle size and concentration, leading

to the partial or total disintegration of the primary droplet, smaller fragments, and enhanced

combustion process. [219, 221–223]. The deviation of the D2-law was reported in multiple

researches [206,219,221,224–227]. To address this, Wang et al. [228] performed a numeri-

cal study on the evaporation rate of a copper–water nanofluid droplet. The authors reported

that the Dh-law is influenced by the nanoparticles used in the study. For a pure liquid, the

exponent h is about 2. However, this exponent will be less than 2 for lyophilic nanoparticles

(i.e., attracting the liquid) and greater than 2 when lyophobic nanoparticles (i.e., repelling

the liquid) are added. These results also confirm the decrease in the average evaporation

rate of the nanofluid droplet at the end of droplet evaporation due to the aggregation of the

nanoparticles on the surface.

The evaporation/combustion of nanofuels is a highly complex, multi-phase phenomenon in

which several processes occur simultaneously [229]. The main mechanisms that influence

the droplet evaporation and burning rate when nanoparticles are added to liquid fuels have

already been identified but not clearly understood [17, 220, 225, 227, 229, 230]. Those are

nanoparticle radiation absorption and particle accumulation at the droplet surface. In addi-

tion, the effect of adding nanoparticles can also increase the thermal conductivity, influenc-

ing droplet evaporation and combustion. Nevertheless, an excessive particle concentration

in liquid fuels could cause aggregate formation, potentially affecting the thermal conductiv-

ity of the fuel either positively or negatively [223]. In this context special attention will be

given to the radiation absorption and particle aggregation. The former provides an addi-
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Figure 2.30: Schematic of the typical nanofuel droplet dynamics compared to conventional fuel droplets,
adapted from [16,218].

tional energy budget, accelerating the heating and enhancing the evaporation/burning rate

of the droplet, thus allowing a greater heat release rate [19, 231]. As previously mentioned,

studies concerning droplet combustion are typically neglected, asmost liquid fuels are nearly

transparent to the radiation emitted by the flame. However, when nanoparticles are added,

the optical properties are affected [232]. In addition, the presence of nanoparticles inside

a liquid fuel can behave as a strong absorber, and localized convection may occur between

particles and the surrounding fluid due to temperature differences and the Brownian mo-

tion of nanoparticles [230]. Conversely to the radiation absorption, particle aggregation at

the droplet surface creates a resistance to the evaporation of liquid fuel, suppressing the

evaporation/burning rate [19]. As shown in Figure 2.30, as the liquid fuel evaporates, the

nanoparticles typically remain inside the droplet until disruptive burning phenomena occur.

Although the time scales differ significantly, this phenomenon is similar to droplet drying for

solid particle formation, commonly employed in the pharmaceutic industry [233]. In this re-

spect, due to slow particle diffusion, nanoparticles accumulate near the droplet surface as the

surface recedes, eventually leading to a shell of particles [226,234]. This shell creates a mass

resistance that hinders the evaporation of the liquid fuel. Following Maurice et al. [235] at

this point, the first drying stage concludes and begins the transition to the second drying

stage. As evaporation proceeds, the shell gets thicker, and the evaporation rate is reduced.

Eventually, the resistance of the shell becomes greater than the compressive capillary forces

applied to its surface, and the shell reaches an approximately constant diameter [217, 236].

At this stage, the droplet transited into the second phase of the drying process occurring the

dry-out phase. This can generate the nucleation of liquid fuel that remains trapped inside the

droplet, leading to an increase in the pressure inside the droplet [237]. Under conditions, a

disruption of the droplet occurs, leading to the formation of puffing or a micro-explosion, as

shown in Figure 2.30. The occurrence of micro-explosions reduces the droplet lifetime and

enhances complete combustion by dispersing the solid fuel containedwithin the droplet [16].

As noted in Table 2.6, most studies involve the droplet suspension technique. However, this

serves as a bubble nucleation affecting the nanofuel droplet behavior. Due to this, investi-

gations concerning different techniques should be considered [29]. Concerning disruptive

burning events, Javed et al. [219] investigated the micro-explosion phenomenon in dense
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concentrations of aluminum nanoparticles added to kerosene. A droplet suspended method

was used to evaluate the evaporation andmicro-explosions for dense concentrations. The au-

thors stated that micro-explosions were detected when aluminum nanoparticles were added

to the kerosene. The micro-explosion intensity increases with the ambient temperature and

particle concentration. Ittoo et al. [238] investigated single droplet combustion of diesel and

nanofuels composed ofmultiwalled carbon nanotube. Micro-explosions were identified, and

their intensity depended on the particle concentrations.

However, these twomechanisms compete against each other to dominate the change in evap-

oration rate [227], where the influence of the particle concentration possesses a relevant role,

as noted by Nam and Kim [17]. In this context, a question remains whether there is any

optimal particle concentration that no longer enhances evaporation or burning rate by the

radiation absorption. The increase in particle concentration also improves the particle ac-

cumulation rate at the droplet surface, reducing the evaporation/burning rate [229, 239].

The study of higher nanoparticle concentrations can be related to the increase in the energy

density of nanofuel, being a benefit for applications where the volume of engines is limited.

Conversely, the nanofuel stability is negatively affected [19]. Similar findings were reported

by Yadav et al. [198], and Li et al. [240], suggesting that a burning rate enhancement can

be achieved until a specific particle concentration. Further increase of nanoparticle concen-

tration in a droplet causes a higher agglomeration, negatively influencing the combustion

process.

To improve the understanding of the behavior and dynamics of nanofuels, visualizing and

identifying the motion of nanoparticles within the droplet during evaporation and combus-

tion would be relevant to gain insights into these processes. However, cost, safety, time con-

straints, and challenging operating conditions can limit experimental studies. In this way,

mathematicalmodels can ease the phenomenological understanding of complex systems and

predictions of the relevant processes. Consequently, developing numerical/analytical mod-

els capable of predicting the dynamics of liquid conventional fuels and nanofuels addressing

the different mechanisms previously mentioned is essential. In addition, the atomization

process and spray combustion should be analyzed to introduce these fuels in real-world ap-

plications. Consequently, the subsequent subsectionwill be dedicated to the spray dynamics.
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2.4 Spray

The current section focuses on the current developments in spray research. First, an intro-

duction dedicated to the principles and application of sprays is provided. Subsequently, a

summary dedicated to the atomization process, including primary and secondary atomiza-

tion, as well as spray characteristics, is also considered. Finally, a survey concerning the

current evolution of the spray combustion field is addressed to understand the physical pro-

cesses and their consequences on combustion.

2.4.1 Overview

Atomization occurs due to the breakup of the liquid jet or sheets near the atomizer nozzle,

and the subsequent interaction between droplet and air plays a critical role in many applica-

tions. Consequently, its efficiency is related to the control of the spray characteristics, such

as the droplet size distribution, the spray spatial spreading, or the droplet production fre-

quency [244]. In this respect, selecting appropriate droplet sizes and uniformity in different

spray systems depends on their application. Atomization is required in agriculture, coatings,

gasification, pharmaceuticals, metal powder production, 3D printing, spray drying, fire ex-

tinguishing, cooling, and, more specifically, gas turbines, industrial furnaces, and rocket en-

gines [245]. Inmedical systems, dropletsmay be considerably small, with a fewmicrometers

allowing them to travel through small airways and reach the lungs. However, agricultural

or fire suppression applications require large droplets to maintain sufficient momentum,

avoiding dispersion by the wind stream [246]. Concerning the combustion perspective, the

atomization process allows the conversion of bulk liquid fuels into smaller droplets, enhanc-

ing the fuel surface area and playing a relevant role in droplet vaporization. The fuel atom-

ization quality is directly related to combustion efficiency and emission performance [247].

Furthermore, the highest combustion efficiency coupled with reduced pollutant emissions

is achieved when the fuel spray rapidly disperses and evaporates to yield a homogeneous

mixture of fuel and air [248]. On the other hand, large droplets are obtained from poor

atomization, resulting in localized fuel-rich combustion that produces soot and nitric ox-

ides [249]. As noted, depending on the applications and different specifications, lying solely

on the mean droplet diameter may not provide sufficient information. Moreover, a spray

possesses a large quantity of droplets, so accurately determining the size and velocity of each

droplet is extremely difficult. Experiment studies have been conducted using imaging tech-

niques to obtain the spray cone angle, ligament breakup characteristics, and droplet forma-

tion. Furthermore, Phase-Doppler Interferometry (PDI) is commonly employed to evaluate

droplet diameter and velocity distribution to understand the spray dynamics. As a result, a

full understanding of the droplet distribution is essential, and statistical analysis emerges as

a practical tool for understanding the atomization process, as will be further discussed [246].

Lefebvre [250] stated that atomization refers to the process of converting bulk liquid into a

dispersion of small droplets from submicron to several hundred microns in diameter. Con-

sequently, a spray can be intended as a flow of individual liquid droplets in a surrounding
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gaseous medium, where each droplet possesses a distinct diameter and velocity and may ex-

perience collisions and coalescence [251]. The atomization process is a competition between

stabilizing forces, primarily surface tension and viscosity, and disruptive forces exerted by

both internal dynamics and external forces. Liquid turbulence, nozzle cavitation, and aerody-

namic interactions with the surrounding environment are essential in this procedure. Atom-

ization occurs when the disruptive forces overcome the surface tension forces [156]. The at-

omizer size, geometry, and the physical properties of both the liquid and the gaseousmedium

profoundly impact the spray characteristics. The spray formation can be classified into two

phases. The first phase, or the initial disintegration, is denominated by primary atomization

and is characterized by the disintegration of a liquid jet into ligaments or fragments. When a

liquid jet is released from the nozzle as a continuous cylindrical body, oscillations and pertur-

bations emerge due to the imbalance between cohesive and disruptive forces on its surface.

When amplified under specific conditions, these oscillations can cause the jet fragmentation

into droplets. During this process, bag-like structures and ligaments can be spotted. On

the other hand, secondary atomization involves the disintegration of droplets into smaller

droplets. If the larger droplets produced during the primary atomization are subjected to an

ambient flow field moving at a relative velocity, aerodynamic forces may induce deforma-

tion, resulting in its fragmentation into smaller droplets, evidencing the secondary atomiza-

tion. Commonly, the primary atomization occurs near the nozzle, and secondary atomization

arises downstream [252]. An illustration of the atomization process is shown in Figure 2.31.

Figure 2.31: Illustration of atomization process. Representation of the two distinct regions: the spray formation
region and the spray region. The initial region involves primary and secondary atomization, whereas, in the
subsequent region, the spray is typically fully developed, with the majority of droplets being spherical.

The spray breakup is influenced by four key forces: inertial force, viscous force, surface ten-

sion, and aerodynamic forces acting on the jet. To achieve proper atomization, aerodynamic,

centrifugal, or pressure forces must overcome surface tension forces. As previously high-

lighted, the primary objective of breaking a bulk liquid jet into a spray is to maximize the

liquid surface area whileminimizing the breakup length, thereby enhancing subsequent heat

and mass transfer processes [253]. Understanding the breakup and atomization processes
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of liquid jets is essential for addressing issues related to two-phase flow in combustion and

propulsion systems. Focusing on the combustion systems, liquid fuels are atomized before

the combustion process, producing small droplets that allow a higher surface area, reducing

the vaporization time and leading to better air-to-fuel mixing, significantly impacting com-

bustion emissions, performance, and flame stability. Since liquid atomization is crucial for

engine performance and subsequent emissions, investigations focused on comparing alter-

native and conventional fuels are vital to advancing the implementation of sustainable fuels

in the modern world. For a better understanding of how the variation properties of alterna-

tive fuels impact atomization, diverse and valuable theoretical, experimental, and numerical

investigations have been reported, as will be addressed in the following subsections.

2.4.2 Atomizers

Atomizers or spray nozzles typically consist of nozzle orifices, where the liquid jet is released

and atomized, producing droplets due to its kinetic energy or as a consequence of interaction

with a high-speed gas flow. A crucial factor for the atomization of the injected liquid is the

high relative velocity between the liquid and the surrounding air or gas [246]. Depending on

the fuel properties and specific applications, several atomizers can be selected. Additionally,

the design differences in practical atomizers enable the enhancement of a specific process

under diverse liquid flow rates and operating conditions, producing different droplet size

distributions [246]. An ideal atomizer should exhibit the following characteristics [254]:

• Good atomization over a wide range of liquid flow rates

• Immediate adjustment to the variation in liquid mass flow rate

• Stability in flow dynamics

• Lower power requirement

• Design flexibility, capable of scaling

• Cost-effective, lightweight, and simple to service.

The atomizers are divided into pressure atomizers, rotary atomizers, and twin-fluid atomiz-

ers, as shown in Figure 2.32. For each category, several configurations are encountered. The

performance of any atomizer depends on the nozzle geometry, the operating conditions, and

the physical properties of the dispersed and continuous phases [252,255].

Pressure atomizers release liquid at high pressure through a small orifice into the surround-

ing atmosphere in a relatively slow stream of gas. Consequently, the pressure energy is con-

verted into the kinetic energy, [255]. Pressure atomizers in internal combustion engine sys-

tems may have disadvantages related to their structure and working stability [256]. Typ-

ically, pressure nozzles require much higher injection pressures than two-fluid nozzles to
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(a) (b) (c)

Figure 2.32: Atomizers Categorization: a) Pressure atomizers; b) Rotary atomizers; c) Twin-fluid atomizers.
Adapted from [255].

achieve suitable atomization quality [246]. The key parameter in pressure atomizers is the

orifice geometry, which is responsible for the energy conversion and the shape of the spray.

From this orifice, a pressure atomizer can produce a jet-like spray, a flat one produces a fan

spray, and adding a swirl allows a full cone or hollow cone spray structure [257]. Ensuring the

design quality of these atomizers is critical since these devices operating under high pressure

can cause damage over time and reduce the overall efficiency of the device [258]. Moreover,

an increase in the injection pressure increases the influence on the atomization of the liquid

fuel, which will be substantially reduced [259]. Due to this, a different design nozzle should

be employed to operate with high viscous fuels and low pressures.

Regarding twin-fluid atomizers, they operate the relatively slow-moving liquid to a high-

velocity airstream. Thus, atomizing air acts as the energy source, which is transformed into

surface energy to produce the spray droplets. Typically, themomentum flux of a high-velocity

gas stream is equal to or greater than the liquid jet [260]. These atomizers can be subclas-

sified into air-assist and air-blast, where the main difference is the values of airflow veloc-

ity [254]. In this context, the air-blast atomizer uses a high amount of air at a limited ve-

locity and can be divided into plain jet and prefilming. The air-assisted atomizer employs

a low amount of air at a high velocity and is divided into internal and external mixing. In

contrast to pressure atomizers, twin-fluid atomizers require low injection pressures. Pres-

sure atomizers release high-pressure liquid into a slow-moving environment, causing a lot of

soot formation. A common arrangement in twin-fluid atomizers, the liquid is released in the

central zone and presents a high-speed co-flowing annular air stream, evidencing reducing

emission characteristics [261]. Twin-fluid atomizers are widely used in practical applica-

tions, especially in combustion systems [262]. This configuration occurs when the gas and

liquid phase moves in the same direction or when the time scale of the breakup process is

relatively long. Thus, the liquid disrupts in a classic method, giving sufficient time for wave

instabilities to emerge [263]. Coaxial atomizers possess significant importance in aero-gas
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turbines, allowing a high level of fuel atomization and an entrance air co-flow with enough

swirling motion to promote a central recirculation zone that is responsible for aiding the fuel

and air mixing and flame stabilization [264]. Moreover, reduced pollutant emissions are

reported due to the prevention of rich mixtures, as the air employed in atomizing the liquid

enables thoroughmixing andmore efficient atomization, being an appropriate equipment for

cold and viscous fuels [265]. The air-assisted atomizer can be used with internal or external

mixing. For external mixing, the liquid and gas phases are mixed outside of the nozzle exit

with the external mixing atomizer. This type of atomizer can independently control the air

and liquid flow rates, avoiding liquid-blocking phenomena characteristic of internal mixing

atomizers. However, external mix atomizers, compared to internal mix atomizers, require

higher atomizing airflow rates to achieve the same levels of atomization. Regarding the in-

ternal mix atomizers, the mixing of the liquid and air occurs inside the atomizer body. In

typical twin-fluid atomizers, compressed air is used for atomizing the liquid, while the liquid

can be delivered by pressure feed, gravity feed, or the siphon principle [266].

A rotary atomizer possesses a high-speed rotating disk with a mechanism for introducing

liquid at its center. The liquid flows radially outward across the disk and is expelled at high

velocity from its periphery with the aid of vanes or slots. For this configuration, small disks

at high rotational speeds and low flow rates produce sprays with relatively homogeneous

droplet sizes [255]. Rotary devices offer the advantage of enabling independent control of

the atomization quality and flow rate and are typically employed in spray drying and fire

extinguishing systems [246]

2.4.3 Factors Impacting the Atomization

The atomization process is related to the nozzle design, the physical properties of the liquid

and the ambient gas environment, as well as the operating conditions. A brief explanation

regarding the atomizers employed is discussed above. The surrounding ambient where the

spray is released is also a relevant parameter that can vary widely in pressure and tempera-

ture, which is highly pertinent in combustion systems. In this context, diesel engines oper-

ate under critical and supercritical pressure and temperature conditions, and in gas turbine

combustors, fuel sprays are introduced into highly turbulent, swirling flows of reacting gases.

Similarly, in industrial furnaces, fuel is injected into high-temperature flames formed by re-

circulating combustion products [255]. Regarding the environmental conditions and nozzle

design, the density of the air is one of the most relevant parameters. In air-assist airblast

atomizers, increasing the air density enhances atomization efficiency due to the increase in

the Weber number. In this context, the aerodynamic interactions promote smaller diame-

ters and longer breakup lengths. For pressure-swirl atomizers, however, droplet size initially

increases with increasing ambient air density until reaching a critical value decreases as air

density continues to rise [255]. Numerous studies have been carried out dedicated to the

influence of pressure and temperature on different systems, as will be addressed in detail

below in the spray combustion.
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Liquid density possesses a minimal effect on the atomization process. A preliminary study

focused on the density effect was performed by [267]. The authors stated that, for a thin-

sheet atomizer, the average diameter of the droplets increases with the density up to a value

around 1500 Kg m−3. Above this value, any increase in density causes a decrease in the

SMD (Sauter Mean Diameter). Later, Lorenzetto and Lefebvre [268] using an air-assisted

atomizer, reported that the quality of atomization was always improved by increasing the

density of the liquid, contracting the results obtained by Rizkalla and Lefebvre [267]. This

discrepancy reveals the relevance of considering the influence of liquid density separately for

each type of atomizer. Additionally, It should be noted that the density effect is attenuated

by the fact that most liquids present only slight variations in the value of this property [255].

Surface tension is defined as the energy per unit area at the interface between two fluids.

Higher surface tension acts as a consolidating force, resisting any disturbances or irregular-

ities on the liquid surface [246]. Surface tension has a qualitatively negative effect on atom-

ization quality since it represents a consolidation force and counteracts any distortion of the

liquid surface. Thus, an increase in the surface tension delays the formation of ligaments and

droplets, leading to larger droplet sizes [156]. Lorenzetto and Lefebvre [268] validated these

findings by noting that the adverse effect of surface tension decreases at higher air velocities.

A similar finding is observed with viscosity, which suggests that the two properties should be

analyzed in parallel.

Similar to surface tension, viscosity is a significant factor negatively impacting atomization

quality. An increase in viscosity leads to a reduction in the Reynolds number, hindering

the natural formation of instabilities that are essential for jet breakup. In detail, increasing

liquid viscosity results in an increase in the length of the undisturbed liquid sheet, as well

as an increase in jet penetration, hindering wave formation decreases the break-up rate of

distortions or droplets, reduces turbulence, and consequently produces coarser sprays [246].

The Reynolds number is the ratio between the inertial and viscous forces, defined by the

following expression:

Re =
ρUL

µ
, (2.43)

where ρ is the fluid density, U the velocity andL characteristic length. Lorenzetto and Lefeb-

vre [268] showed that any increase in viscosity promotes an increase in the average diameter

of the droplets, which is related to the increase in viscous forces that tend to oppose the dis-

integration of the liquid into droplets. However, this effect can be attenuated at higher air

velocities due to the increased energy availability for atomization [255, 268]. The relation

between the atomizer orifice and viscosity is relevant. The influence of the liquid orifice di-

ameter on the average droplet size is inconsistent, as it depends on the viscosity of the liquid,

as reported by Lorenzetto and Lefebvre [268]. The authors found that for low viscous liquids
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(∼=1 mPa.s), Sauter mean diameter (SMD) changes slightlywith different orifice diameters.
On the other hand, for highly viscous liquids (∼= 36mPa.s), SMD significantly depends on the

orifice diameter. Additionally, Rosa et al. [269] conducted a detailed comparison between

liquids with low and high viscosity and found that with identical operating parameters, the

more viscous liquid produces sprayswith larger droplets. Notably, the primary difference be-

tween the two jets was the significant number of large drops in the center of the spray formed

by the higher viscosity liquid. Another significant aspect is the relative velocity between the

gas and liquid, as well as the air-fuel ratio (AFR). An increase in the air velocity, maintaining

a liquid velocity, results in a higher relative velocity, which results in the formation of wave

instabilities on the liquid surface. Consequently, the mean droplet size is inversely propor-

tional to the relative velocity, and the air velocity does not exceed sonic speeds [268, 270].

In particular, Lorenzetto and Lefebvre [268] performed a study using water and kerosene

varying the air velocity through the use of holes of different dimensions for a constant AFR.

The results reveal a considerable decrease in the average droplet diameter with increasing air

velocity, particularly for low-viscosity liquid. For small AFR values, the amount of air may

not be sufficient to break the aggregating forces of viscosity and surface tension, while for

high AFR values, part of the injected air is too far away from the liquid to play an active role

in atomization. Thus, increasing the amount of air for a constant liquid mass flow rate (ṁ)

enhances atomization. The air-fuel (AFR) is the mass ratio between the air and liquid flows,

and its increase tends to benefit the atomization quality. Similar findings are reported by

Rizkalla and Lefebvre [267], which enables the identification of the optimal range of air-fuel

ratio (AFR) values for each atomizer that maximizes the effects of the mixture between air

and fuel. Thus, for each atomizer, it is necessary to determine the AFR for which the average

droplet diameter stabilizes and try to operate in that regime. Thus, it is important for each

atomizer to find the AFR for which the average droplet diameter stabilizes and try to operate

in that regime.

An additional significant aspect of the atomizers is the presence of the swirl. This feature

affects the spray structure and the droplet movement. Swirl enhances the liquid jet frag-

mentation, and when the atomizing gas transfers angular momentum to the liquid droplets,

centrifugal forces significantly influence the radial transport of the droplets [271,272]. More-

over, swirl atomizers provide liquid sheets and droplets, leading to higher surface contact

area with the environment, as well as a higher surface-to-volume ratio than any other form of

jet, planar, or cylindrical [273]. A higher swirl intensity leads to increased radial distribution

from centrifugal momentum, which reduces the Sauter Mean Diameter (SMD), enhancing

the atomization process [274]. According to Presser et al., [275], the swirl allows the trans-

port of smaller droplets from the downstream to upstream near the nozzle. In the context of

combustion, it permits the recirculation of combustion products, influencing the droplet/air

mixing. Swirling flows are commonly used in practical combustors, characterized by veloc-

ity components in axial and azimuthal directions, producing topological structures different

from non-swirling jets. Moreover, the presence of swirl axial velocity components in both

the positive and negative streamwise directions are identified [276]. Further details of the

influence of swirl on the atomization process are discussed in [244,272,277].
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2.4.4 Primary and Secondary Atomization

As previously mentioned, atomization results from the interaction between the liquid and

surrounding air due to several deformation mechanisms. As the liquid jet leaves the at-

omizer in a cylindrical shape, it becomes subjected to cohesive and disruptive forces that

produce oscillations and disturbances. Under favorable conditions, the oscillations are am-

plified, and the liquid, initially in the form of a cylinder, disintegrates into individual large

droplets and ligaments in a process known as primary atomization. The jet breakup has been

intensively studied using theoretical and experimental approaches. Prior to the introduction,

which is dedicated to the breakup of the liquid jet by a high-speed annular air jet employed

in a twin-fluid atomizer, a brief elucidation regarding droplet formation in a static regime

is provided. The most basic atomization process is the formation and release of droplets

from a tube. Rayleigh [278] developed a pioneering study. The author defined a laminar jet

with an initial diameter of dj , released by a circular orifice and influenced by surface distur-

bances. The results reveal that symmetric disturbances, defined by an optimal wavelength

of λopt = 4.15dj , tend to amplify over time, leading to the breakup of the jet into ligaments

that eventually originate spherical droplets with a diameter D0 = 1.89dj , obtained from the

following expression:

λopt
π

4
d2j =

π

6
D3

0 . (2.44)

Weber extended Rayleigh theory using the Ohnesorge number to include the effect of liquid

viscosity. This dimensionless number represents the ratio of an internal viscous force to a

surface force resulting from surface tension:

Oh =
µ√
ρσL

, (2.45)

where µ is the liquid dynamic viscosity, σ the surface tension, ρ is the liquid density and L is

the characteristic length. Thus, following Weber’s theory, the optimal unstable wavelength

is given by [279]:

λopt =
√
2πdj(1 + 3Oh)0.5 , (2.46)

where the characteristic length in the Ohnesorge number is defined by dj . The previous the-

ories described conducted by Rayleigh and later refined by Weber proposed that liquid jet

breakup occurs as surface perturbations grow and propagate, with the wavelength of max-

imum growth rate producing droplets larger than the jet diameter, being applicable under

laminar flow conditions in the liquid phase. However, this study does not consider the influ-

ence of gravity and aerodynamic shear [280].
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The properties of the fluid influence the breakup of an injected liquid, the diameter of the jet,

and the corresponding outlet velocity [278]. For a comprehensive understanding of the pri-

mary breakup mechanism, the behavior of cylindrical liquid jets discharged into a quiescent

environment should be addressed. Furthermore, the liquid jet breakup can be classified into

five regimes: the Dripping, the Rayleigh regime, the first wind-induced regime, the second

wind-induced regime, and the atomization regime. Figure 2.33 shows a sequence of images

regarding the fragmentation of a liquid jet discharged into a stagnant gas in the dripping,

Rayleigh-Plateau, first wind-induced, and second wind-induced regimes. Additionally, the

evolution of the average length of the liquid jet until break-up in respect to the velocity [281].

The breakup length is the length of the jet that is still connected to the nozzle, normalized by

the nozzle diameter L/Dl.

Figure 2.33: Fragmentation of a liquid jet discharged into a stagnant gas: a) Dripping; b) Rayleigh-Plateau; c)
First wind-induced; d) Second wind-induced; e) Schematic stability curve relating the average liquid core
length to the Weber number (We) increased from a) to d) by increasing the liquid flow rate here. DL

corresponds to the liquid nozzle inner diameter [281].
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The transition between regimes is determined by the corresponding Weber numbers. The

Weber number (We) is the ratio between inertial (or aerodynamic) and surface tension forces

and can be expressed by the following expression:

We =
ρU2

l L

σ
, (2.47)

ρ is the density of the liquid, σ the surface tension,Ul velocity of the liquid jet,L is the charac-

teristic length of the liquid flowmore concretely the jet diameter. In the dripping regime, due

to the significantly low outlet velocity, the liquid accumulates at the nozzle tip until it even-

tually detaches and drips. The Rayleigh regime is associated with the formation of droplets

with uniform sizes higher than the nozzle outlet diameter when the air velocity is consid-

erably low. Consequently, by increasing the air velocity, the influence of the aerodynamic

force on jet breakup becomes relevant [282]. In the first wind-induced regime, droplets are

formed at a considerable distance from the nozzle exit and exhibit diameters comparable to

the nozzle outlet diameter. In the second wind-induced regime, atomization is enhanced, re-

sulting in reduced breakup lengths and smaller droplet diameters. The atomization regime

corresponds to a droplet diameter characterized by significant droplet diameters significantly

smaller than the nozzle diameter [283, 284]. Table 2.7 shows the limits of each regime, de-

fined by the Weber number already presented in Equation (2.47), the Ohnesorge number

displayed in Equation (2.45) and gas Weber number defined by:

Weg =
ρgU

2
l L

σ
, (2.48)

ρg is the density of the gas, σ the surface tension, Ul velocity of the liquid jet, L is the charac-

teristic length of the liquid flow more concretely the jet diameter.

Table 2.7: Regime map of a liquid jet breakup discharged into a quiescent environment, adapted
from [285–287].

Regimes Criteria

Dripping Regime We < 8

Rayleigh Regime We > 8Weg < 0.4 or 1.2 + 3.41Oh0.9

First Wind-Induced Regime 1.2 + 3.41Oh0.9 < Weg < 13

Second Wind-Induced Regime 13 < Weg < 40.3

Atomization Regime Weg > 40.3

In general, increasing the fluid viscosity delays the liquid jet breakup due to the suppression

of internal fluid turbulence and instabilities. At high Weber and Reynolds numbers, viscos-

ity has a minor effect on the primary breakup. However, its impact remains influential on

the secondary breakup [288]. There are atomizer configurations where a round liquid jet

is exposed to a co-flowing air stream. This configuration is named an air-assisted cylindri-

cal jet. Farago and Chigier [289] developed a morphological classification of disintegrating

coaxial using air-water jets. Three atomization regimes were identified: the Rayleigh-type

breakup, the membrane-type breakup, and the fiber-type breakup [251]. Figure 2.34 shows
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the regimes of round liquid jets exposed to a co-flowing air stream.

(a) (b)

(c)

Figure 2.34: Breakup regimes for air-assisted cylindrical jets: a) Rayleigh-type breakup; b) Membrane-type
breakup; c) Fiber-type breakup [289].

The Rayleigh-type regime is detected when the liquid jet directly breaks into droplets in-

stead of forming ligaments, membranes, or fibers. The droplets released have a diameter

in the order of the jet diameter. Rayleigh breakup can be categorized into sub-regimes de-

pending on the Weber number: axisymmetric and non-axisymmetric breakup. Axisymmet-

ric regime occurs when accelerating liquid core, and the co-flowing air causes the liquid jet to

form a spiral structure as it progresses at an aerodynamic Weber numberWea < 15. On the

other hand, non-axisymmetric breakup appears at 15 < Wea < 25, where the high-speed

velocity of the air reduces the liquid jet diameter. The membrane-type breakup is evident

due to the development of thin liquid sheets or membranes. The aerodynamic forces in-

duce Kelvin-Helmholtz instabilities on the membrane, resulting in droplets with diameters

much smaller than those observed in the previous regime. Finally, the fiber-type breakup is

spotted when thin liquid fibers peel off the jet and disintegrate via a mechanism identical to

the non-axisymmetric regime at low relative velocities. Farther downstream, the liquid core

undergoes wave formation that breaks into ligaments, peeling off smaller fibers, producing

droplets that are initially tiny and increase with the downstream distance. The identification

of each regime can be defined using the aerodynamic Weber Number (Wea), as displayed in

Table 2.8. The aerodynamic Weber Number (Wea) presented in Table 2.8 can be defined by

the following expression:

Wea =
ρa(Ua − U l)

2Dl

σ
(2.49)

where U l and Ua is the liquid and air velocity, respectively. σ surface tension and Dl is the

89



bore liquid diameter.

Table 2.8: Regime map of a liquid jet breakup exposed to a co-flowing air stream, adapted from [285–287].

Regimes Criteria

Rayleigh-type Breakup Wea < 25

Membrane-type Breakup 25 < Wea < 70

Fiber-type Breakup 100 < Wea < 500

Regarding the liquid jet under a coaxial airflow, two instabilities induce its fragments. The

primary is denominated asKelvin–Helmholtz instability, and the latter is denoted asRayleigh–

Taylor instability [290]. Kelvin–Helmholtz instability arises at the liquid–gas interface in

coaxial atomization due to the shear between the gas and liquid phases, being responsible for

the formation of ligaments or thin films [276]. Consequently, these elements are stretched

in the air stream, reducing their diameter and eventually becoming droplets.

A detailed review dedicated to primary atomization, in particular, to air-assisted atomiza-

tion, was performed by Dumouchel [251]. The author provided a comprehensive of all the

regimes presented above. Additionally, insights regarding the breakup length are supplied.

Understanding the physical phenomena of primary atomization plays a relevant role in de-

termining the connection between the design of the nozzle and the consequent droplet size,

which requires further investigations [273, 291]. In this context, studies dedicated to the

breakup length can provide valuable insight into the atomization quality. As previouslymen-

tioned, the instabilities on the liquid jet surface are caused by the interaction with surround-

ing high-speed gas intensify as they progress downstream, eventually causing the jet to disin-

tegrate [292]. The breakup length represents the continuous portion of the liquid jet or sheet

attached to the nozzle. It is defined as the length at which the liquid jet is completely broken

into drops and ligaments [244]. A comprehensive understanding of the dominant forces that

control the disintegration of the liquid jet and affect the behavior of the primary atomization

has practical importance inmany applications [280]. Thus, the development of a correlation

is useful to knowledge of this subject. Several authors proposed a correlation as a function

of dimensionless numbers to better understand the breakup length, as shown in Table 2.9.

These correlations are related to the mean breakup length and are mainly obtained through

shadowgraph measurements.

Table 2.9: Correlations for the characteristic length of air-assisted/airblast atomization.

Authors Correlations

Eroglu et al. [293] L/Dl = 0.66WeaRe0.6l

Leroux et al. [294] L/Dl =
10

M0.3

Zhao et al. [295] L/Dl = 5.2( Al
Aair

)−0.17M−0.28

Kumar and Sahu [296] L/Dl =
5.45

M0.22

Eroglu et al. [293] developed an experimental study on breakup length measurements in

coaxial airblast atomizers under the following conditions: Rel = 1100–18000 and Wea =
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13–267. As displayed in Table 2.9, Eroglu et al. provided an empirical correlation for the

breakup length based on theWeber number at the nozzle exit and theReynolds number of the

liquid jet. Their measurements were carried out on membrane-type and fiber-type regimes

using a limited number of images and a poor temporal resolution, leading to considerable

statistical uncertainty. Moreover, through the Eroglu et al. [293] correlation, it is possible

to understand that continuously decreasing liquid core length occurs when the gaseous rel-

ative Weber number increases or when the liquid Reynolds number decreases, representing

a crucial preliminary investigation [251,297].

A few years later, Leroux et al. [294] conducted a study using a coaxial liquid jet of five dif-

ferent liquids produced by nine different nozzles, considering operating conditions of Rel =

45–1000,Wea = 1–1000 andM =0.17–60. The correlation indicates that the breakup length

exhibits a power law relation with the momentum flux ratio (M). According to Lasheras and

Hopfinger [244], stated that the momentum flux ratio represents the most pertinent param-

eter in assessing the breakup of an unbroken liquid core. The momentum flux (M) is repre-

sented by the Equation 2.50.

M =
ρaU

2
a

ρlU
2
l

(2.50)

where ρa and ρl is the air and fuel density, respectively. Ua and U l are related to the air and

fuel velocity. In alignment with [244,283], if M≪ 1, the liquid jet governs the breakup. On

the other hand, if M≫ 1, the breakup length is determined by the gas jet, whereas for con-

siderably high M values, the length is very short. Zhao et al. [295] analyzed the influence of

the atomizer exit area ratio on the breakup morphology of water-air jets in the presence of

the following conditionsRel = 783–35000,Wea = 8.8–455 andM = 0.011–620. The results

indicated that for low Weg, the jet breakup occurs in the membrane-fiber regime, which is

considered an intermediate phase between the bag-type and fiber-type breakup modes of

the liquid jet. Moreover, for a constant air flowrate, increasing the liquid flowrate provides a

longer liquid core [296]. Recently, Kumar and Sahu [296] stated that the mean jet breakup

length was found to follow a power law relation. The authors evaluated the primary atomiza-

tion experimentally through the measurements of the fluctuations of the jet breakup length

and the flapping instability. The results also reveal that the fluctuations of the jet breakup

length first decrease and then increase with the momentum flux ratio. The operating of Ku-

mar and Sahu [296] are Rel = 3000–5000,Wea = 80–300 andM = 1.1–8.3.

In addition to the studies that provided breakup length correlations, Sikka et al. [298] eval-

uated the primary atomization and stated that an increase in the air to liquid momentum

relation leads to a reduction in the liquid core length and a consequent decrease in the spray

cone angle. Thus, the breakup length decreases as the AFR increases. As the air velocity in-

creases, the aerodynamic effects promote a decrease in the length and diameter of ligaments.

This results in a higher number of ligaments being governed by surface tension, causing them
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to assume a spherical shape [299,300]. Moreover, the swirl flow field also affects the breakup

length, promoting a reduction in the jet breakup length. This outcome improves the fuel-air

mixing and promotes vaporization, thereby stabilizing the combustion of liquid fuel [260].

The process subsequent to the primary atomization is denominated as secondary atomization

and occurs downstream caused by the disruption of these ligaments and large droplets [301].

In detail, these fragmentsmovewith a relative velocity in relation to the surrounding environ-

ment, undergo deformation, and eventually disintegrate into smaller droplets and additional

fragments due to the influence of aerodynamic forces [302]. The liquid breakup near the at-

omizer exit influences the atomizationprocess, followedby the droplet-air interaction further

downstream. In particular, the final droplet diameter produced in the atomization is high-

lighted as relevant in various scientific and engineering applications. Concerning combus-

tion systems, themain purpose of atomization is to provide small droplets to increase the sur-

face area of the fuel. This enhances the evaporation and mixing rates, playing a relevant role

in the combustion performance in terms of flame stability, as well as emissions [254,301].

When adroplet is exposed to an airflow, itmoveswith a relative velocity, which induces defor-

mation from the initial spherical shape due to the non-uniform distribution of pressure and

shear stress. In this case, the surface tension and viscosity oppose the deformation. However,

the droplet enters the fragmentation phase if aerodynamic forces become sufficiently strong.

The droplet breakup from primary to secondary atomization occurs until the droplet stabi-

lizes at a critical equilibrium size governed by the relative air and liquid interaction [301].

This means that droplets or ligaments with local Weber numbers higher than critical Weber

number fragments produce smaller droplets or ligaments. A comprehensive review of the

critical Weber number is provided in [303]. Since this process is dependent on the physical

properties of the fluids and environmental conditions, dimensionless numbers can be used

to identify the different breakup regimes, as previously noted in the primary atomization.

Secondary atomization is a phenomenon characterized by the competition between the aero-

dynamic and surface tension forces; the aerodynamicWeber number is typically employed to

distinguish the different breakup regimes. The definition and expression regarding the aero-

dynamic Weber number (Wea) was already provided in Equation 2.49. This suggests that a

higher aerodynamic Weber number implies a potential for fragmentation. Furthermore, the

viscosity also influences the deformation process since it dissipates energy supplied by aero-

dynamic forces [301]. Consequently, the use of the Ohnersorge number is also relevant in

this field, as it represents the ratio of droplet viscous forces to the surface. The Ohnorsege

number was displayed in Equation 2.45, where characteristic length corresponds to the ini-

tial droplet diameter. For very values of the Ohnersorge number, the effect of liquid viscosity

becomes minor, and the transition between various regimes can be accurately described us-

ing only the aerodynamic Weber number. The secondary breakup regimes are displayed in

Table 2.10 governed by the aerodynamic Weber number, considering an Oh < 0.1 for New-

tonian fluids. Guildenbecher [301] provided a comprehensive description of each regime.

Thus, a summary of the regimes is presented here. The first regime is named vibrational and

is characterized by oscillations at the natural frequency of the droplet.
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Table 2.10: Criteria for the secondary breakup droplet, at Oh < 0.1, adapted from [301]

Regime Criteria

Vibrational Wea < 11

Bag Breakup 11 <Wea < 35

Multimode 35 <Wea < 80

Sheet Thinning 80 <Wea < 350

Catastrophic Breakup Wea > 350

The breakup of the primary droplet releases droplets with sizes comparable to those of the

parent droplet. The bag breakup corresponds initially to a deformation of the primary droplet

to a structure similar to a bag. This phenomenon comprises a thin hollow bag attached to a

thicker toroidal rim. Firstly, the bag disintegrates, producing a large amount of small frag-

ments, followed by the rim. In comparison with the bag, the rim releases large fragments.

A similar disintegration process is noted in the multimode breakup, the main difference in

the appearance of a stamen. In this outcome, the bag first disrupts, followed by the rim and

the stamen, releasing several fragments of a variety of sizes. In Sheet Thinning, a thin film

is consistently removed from the droplet surface. This thin film rapidly fragments, produc-

ing considerably small droplets compared to the parent droplet. Furthermore, the liquid

core can remain, possessing dimensions comparable to the original droplet. Catastrophic

breakup appears at higher aerodynamic Weber numbers, and in this event, the droplet sur-

face becomes highly corrugated due to the formation of large amplitude waves with long

wavelengths. Eventually, it produces a small number of large fragments that, in turn, break

into even smaller ones. The identification of this regime is limited in practical applications

due to the high velocities. It is essential to highlight that themagnitude of each critical thresh-

old is not consistent throughout the available literature [304]. The visualization of the sec-

ondary breakup regimes is shown in Figure 2.35.

Figure 2.35: Secondary breakup regimes. Adapted from [301].

The regimes described are related to low numbers of Oh < 0.1. For values higher than 0.1, the
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effect of viscosity became pronounced, and the critical Weber numbers that distinguish the

different regimes may change. More detailed information regarding the regime transitions

as a function of both We and Oh numbers can be found in [301,303].

Lefebvre [156] that stated for a better understanding of the spray dynamics, characteristics

such as mean drop size, drop size distribution, cone angle, patternation, and penetration

should be profoundly explored. These characteristics focus on the different regions of at-

omization previously described, and several experimental techniques are used for their eval-

uation, which play a valuable role in validating and improving the available physical mod-

els [305]. Several techniques are applied depending on the objectives of the study. The most

frequently employed optical methods are visualization/imaging techniques and PDI/PDA,

Phase Doppler interferometer, and anemometry for measurements of global length scale pa-

rameters of the spray, such as spray cone angle and breakup length. The primary atomization

section already discussed evaluations dedicated to the breakup length. The analysis of these

characteristics is mainly performed using visualization techniques since the conditions near

the nozzle preclude the transmission of light, which makes the use of laser interferometric

techniques difficult [297]. It is a non-intrusive technique, with ease of setup and requiring

equipment readily available in typical laboratory settings. However, it may possess certain

limitations based on the intensity of atomization, which can be addressed through temporally

resolvedmeasurements [306]. Concerning the combustion applications, breakup length and

spray cone angle (SCA) assess fuel distribution inside the combustion chamber [307]. The

spray cone angle is associatedwith the dispersion characteristics of the spray. Due to this, en-

suring proper spray dispersion is crucial, particularly during the pilot injection phase, to ease

the fuel and air mixing that affects the combustion efficiency and pollutant emission [308].

In particular, Dai et al. [309] stated that for gas turbines, the spray cone angle is particu-

larly beneficial, as small spray angles generally promote efficient light-up and lean blowout

performance, evident under conditions of low fuel flow and injection pressure. On the other

hand, at high fuel injection pressures, usually of high power levels, a wider spray angle is de-

sired to mitigate soot production and exhaust smoke, allowing for greater air entrainment,

which enhances atomization as well higher rates of heat and mass transfer [310]. However,

careful attention should be paid to the large spray angle as it could lead to losses due to fuel

impingement on the cylinder walls [308]. The selection of the proper spray cone angle value

in combustion systems is influenced by the geometry of the combustion chamber and the ini-

tial air and fuel mixing characteristics [311]. Besides its relevance in combustion application,

it contributes substantially to cooling and metallurgy [312]. According to Sikka et al., [298],

the spray cone angle is related to the aerodynamic interaction of liquid droplets with the

surrounding air, which impacts the downstream droplet size distribution. The factors that

influence the spray cone are the nozzle dimensions, injector pressure differential, the liquid

fuel properties (density and viscosity) as well, and the density of the environment into which

the fuel is sprayed [308]. In the literature, the spray cone angle is defined as the angle formed

by the atomizer nozzle until a given distance, displayed in Figure 2.36 [55,313,314].

Mao et al. [265] conducted an experimental study on mean drop size (SMD), size distribu-
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Figure 2.36: Spray cone angle. Adapted from [315].

tion, obscuration, and contour maps of spray patterns using a Malvern instrument at vari-

ous axial and radial locations in the spray for an air assist swirl atomizer sprays. The conical

form of the spray is caused by the radial velocity components in the flow, it is expected that

the components of axial to radial velocities also increase. For a pressure-swirl nozzle, Dai

et al. [309] stated that an increase in the spray cone angle results in a finer spray since it

reduces the thickness of the conical sheet formed at the nozzle exit. In particular, for pres-

sure nozzle applications, the spray cone angle affects the ignition probability [22]. Karnawat

and Kushari [316] used a twin-fluid internally mixed swirl atomizer and reported that for

constant liquid pressure, increasing the air-fuel ratio leads to a decrease in the spray cone

angle. The increase in AFR causes the air in the outer annular region to force the liquid in

the inner region, enhancing the axial velocity of the liquid and thereby restricting its radial

expansion after leaving the atomizer orifice, promoting a reduction in the spray cone angle.

The results provided by the experimental study of Karnawat and Kushari [316] indicate that

increasing the liquid pressure leads to a higher spray cone angle at low values of AFR. Ac-

cording to Shafaee et al., [311] in the twin-fluid atomizer, the spray cone angle is influenced

by two primary parameters: the liquid flow rate and the gas jet velocity. Consequently, the

spray cone angle can be analyzed using the momentum flux ratio M for different values of

Wea, as highlighted by Poozesh et al. [313]. The observations indicate that the spray an-

gle initially decreases sharply as the air velocity increases, followed by a gradual asymptotic

reduction. Nevertheless, Gad et al. [317] reported that the spray cone angle of an airblast

atomizer increases with increasing atomizing AFR and swirler angle. Similar findings were

noticed [318]

The impact of the nozzle, air, and fuel flowates on the spray cone angle has already been

addressed. As indicated by Asibor et al. [308], the physical properties also have a relevant

influence on the spray angle. Davanlou et al. [319] experimentally evaluated the breakup

characteristics using a hollow cone hydraulic injector nozzle induced by pressure swirl. The

purpose was to understand how the variation of properties, such as surface tension and vis-

cosity, impact the atomization process. The results reveal that reducing the surface tension

of the liquids increases the growth rate of the most unstable modes, promoting an earlier

sheet breakup. The surface tension also influences the size of the droplet. Lower surface
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tension and lower droplet size presented in the same spatial location enhance the centrifugal

dispersion due to the lower inertia, causing a wider spray cone angle. Several studies have

been performed exploring the influence of viscosity on the spray cone angle [299,320,321].

The findings suggest that an increase in viscosity leads to a reduction in the spray cone an-

gle. This evaluation was dedicated especially to alternative fuels, such as vegetable oils and

butanol, to compare their atomization characteristics with conventional fuels. In particular,

vegetable oils possess a higher viscosity, promoting poor atomization and inefficient mix-

ing with air for combustion purposes [320]. The authors indicated that reducing viscosity

decreases the viscous damping of the tangential momentum, leading to a higher tangential

velocity and a wider spray cone angle. Basak et al. [320] reported the influence of fuel tem-

perature in its viscosity and consequences on the spray cone angle that the liquid viscosity

decreases with the increase in temperature, and the spray cone angle also increases with the

increase in liquid temperature. The physical properties of the addition of nanoparticles have

already been discussed. The investigation of the spray characteristics is relatively limited.

Kannaiyan and Sadr [22] evaluated the effects of aluminum nanoparticle addition in an al-

ternative gas-to-liquid (GTL) jet fuel on the atomization characteristics and reported that the

liquid sheet breakup length decreases with an increase in the nanoparticle concentration in

the base fuel and presents a spray cone angle value of approximately 85º for all the cases. Alu-

mina nanoparticles were also added to water for concentrations varying between 0.5% and

2 wt.% in an experimental study conducted by Malý et al. [209]. The authors documented

an increase in viscosity followed by an increase in alumina concentration that resulted in a

small decrease in the cone angle of the spray and in the diameter of the atomized droplets.

It was possible to conclude that the liquid viscosity is a key factor in determining the spray

characteristics of nanofluids/nanofuels, particularly influencing the primary breakup. Con-

versely, surface tension plays a dominant role in the secondary breakup process. Analogous

conclusions were reported by Asibor et al. [308]. Thus, an increase in the nanoparticle con-

centration leads to a lower spray cone angle.

In combustion systems, global large-scale characteristics impact the distribution of fuel in

the combustion chamber. On the other hand, the combustion characteristics of the fuel are

related to droplet diameter and velocity distributions. A significant parameter affecting fuel

conversion and evaporation rate is the droplet size distribution, which also governs heat and

mass transfer [322]. Small droplets are related to faster evaporation, which can promote

complete combustion inside the combustor. Conversely, large droplets require more time

to evaporate, influencing the heat release zone and potentially leading to undesired pollu-

tants formation [323]. Similar to the breakup length and spray cone angle, the fuel physical

properties also have a relevant role in droplet distribution [307]. A spray is characterized

by a two-phase flow involving the interaction of liquid droplets with a continuous gas phase.

Its dynamics are controlled by complex stochastic and often nonlinear interactions where si-

multaneous, rather than sequential, measurements are crucial for understanding processes

such as internal nozzle flows, liquid breakup, and the transfer of heat, mass, and momen-

tum between phases [324]. Droplet characteristics such as droplet diameter, velocity, and

number density, have been investigated using various advanced laser diagnostic techniques,

96



such as particle image velocimetry (PIV), phase Doppler interferometry (PDI) (also called

phase Doppler anemometry) [325]. An overview dedicated to the techniques employed near

and far field on a spray is provided in [324]. One of the most used techniques dedicated

to quantitative spray measurements is the phase Doppler interferometry. This method was

developed in the 1980s to determine droplet size and velocity simultaneously. It consists

of a non-intrusive method pointwise measurement technique for droplet size, velocity, and

volume flux at rates up to tens of thousands of measurements per second that rely on light

scattered from two intersecting, coherent laser beams [272,324].

Initial liquid fragmentation releases ligaments and large droplets that undergo secondary at-

omization. Typically, spherical droplets with different sizes are released depending on liquid

properties, the atomizer type, and the breakup process. A non-uniform spray is characterized

by a wide range of droplet sizes, whereas a monodisperse spray is considered perfectly uni-

form. However, investigations have shown that non-uniform drop-size distributions exhibit

faster evaporation during the initial phase than uniform sprays with the samemean diameter

due to the higher number of small droplets [326]. Since a spray possesses multiple droplet

sizes and velocities, managing the complete dataset of droplet sizes and velocities presents

significant challenges. Thus, organizing the data in statistical histograms is the most com-

monway [327]. For combustion andmass transfer calculations to simply instead of using the

complete drop size distribution, it is more practical to work with an average or mean droplet

diameter [260]. In the literature, different expressions for the mean diameter are expressed

depending on the application. Consequently, for a spray consisting of a total number of N

droplets, the mean diameter is generally defined by the following equation:

Dab =

(∑N
i=1 d

a
i∑N

i=1 d
b
i

) 1
a−b

(2.51)

where d corresponds to the size of each droplet in the sample, and a and b possess values of 0,

1, 2, 3, or 4. Table 2.11 shows themean diameters and their corresponding field applications.

Arithmetic mean diameter assumes that all droplets have an average size equivalent to the

diameter D10. At a specific location, an increase in its value implies more droplets of larger

sizes [327]. In addition to the arithmetic mean diameter, several other mean diameters pro-

vide valuable information, including the surface area mean diameter,D20, the volume mean

diameter, D30, and the Sauter Mean Diameter (SMD), D32, as shown in Table 2.11 [328].

In particular, for combustion applications where the phenomena of heat and mass trans-

fer occur in the droplet surface area, the Sauter Mean Diameter is employed. For cooling

applications, D43, the average of a volume-weighted probability distribution is commonly

used [327]. In terms of numerical investigations, the prediction of the droplet diameter and

velocity distribution over the spray is a valuable tool. The identification of the corresponding

mean diameter is essential to further compare experimental and numerical investigations

and where the droplet distribution functions obtained from droplet statistics have signifi-

cant implications for the prediction and calibration of spray models in computational fluid
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dynamics [329].

Table 2.11: Table of the mean diameters with their application, adapted from [330].

Definition Mean diameter Field of application

D10 Arithmetic mean diameter Evaporation rate

D20 Surface area mean diameter
Monitoring surface

applications

D21 Area-length mean diameter Absorption studies

D30 Volume mean diameter
Hydrology and mass flux

applications

D31 Mean evaporative diameter
Evaporation and diffusion

applications

D32

Volume/surface mean diameter or

Sauter mean diameter
Evaporation, Mass transfer and reaction

D43

Mean diameter over volume or

De Broukere diameter
Combustion equilibrium

The overall distributions of droplet size and velocity can be represented mathematically to

ease the comparison between the numerical and experimental findings. Previous studies

have explored the following distributions for the mathematical representation of the col-

lected data: Rosin-Rammler, Nukiyama-Tanasawa, Gamma, and Log-Normal distributions

and are detailed in [260,331]. The authors typically employ probability mathematical func-

tions to understand their data, as noted by Roudini and Wozniak [332] using a Log-Normal

distribution to describe their experimental results of droplet diameters along the spray cen-

tral line. In addition, Wu et al. [326] stated that the probability density function (PDF) of the

droplet diameter distribution can be represented by a Log-Normal distribution. In contrast,

the PDF of the droplet axial velocity is close to the Normal distribution [326]. An analysis of

the fragment size distribution of ligaments indicates that they can be effectively distributed

by the gamma distribution [333].

In terms of evaluation in detail of the droplet diameter and velocity distribution using an

air assist swirl atomizer, Mao et al., [265] noticed that for a constant fuel injection pressure,

an increase of airflow rates normally leads to a decrease in SMD. However, the reduction in

SMD is also detected, increasing the air flowrate until a certain value. Similar observations

were also reported by [316,334]. The authors affirm that this conclusion is attributed to the

increase in the kinetic energy of the liquid due to its interaction with the atomizing air, en-

hancing the atomization process. In addition, the shear force acting on the liquid extracts

smaller droplets from the primary liquid flow, leading to more effective atomization. Pereira

et al. [335] conducted an experimental study using an air-assisted atomizer and reported

that the spray quality significantly enhanced until AFR increased up to around 0.5, beyond

which the improvements in spray quality are marginal, regardless of the water mass flow

rate. The impact of the AFR and liquid pressure was previously explored by [252,334], indi-

cating that an increase in the liquid supply pressure leads to a reduction in the Sauter mean

diameter. In addition, Roudini andWozniak [252] highlighted that for an air blast, the liquid
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flow rate has a weaker effect on the spray performance. The radial and the axial distribution

of the liquid characteristics were analyzed by Urban et al. [312]. The results revealed that

peripheral droplets were highly stable, and intense secondary atomization was confined to

the spray center. Kumar et al. [299] stated that regardless of the operating condition used

in the study, the Sauter mean diameter increases monotonically from the injector centre-

line toward the spray boundary. Zhao et al. [318] evaluated the atomization process using

a pressure swirl atomizer with external mixing. Figure 2.37 shows the results regarding the

radial distribution in terms of SMD for several pressure and air flowrates. Increasing the air

flowrate leads to a reduction of SMD in the central with minor variation in the outer region

of the spray. Moreover, as the spray develops downstream, the SMD gradually increases,

reaching its maximum value at the position of Z/L = 10 and then remains unchanged.

(a) (b)

(c)

Figure 2.37: Radial SMD distribution of the spray at various fuel supply pressures and air flowrates: a) 40
SLM; b) 80 SLM; c) 120 SLM [318].

Chinnaraj and Sadanandan [336] reported a similar observation, where large droplets are

placed at the periphery of the spray, and the smaller droplets are closer to the axis of the

spray which is affected by the velocity distribution. Consequently, as the distance from the

nozzle increases and droplet velocity reduces, an increase in SMD is spotted. In this con-

text, Kumar et al. [299] stated that the droplet velocities are inversely correlated with the

size, being in agreement with the observations that large droplets are in the spray boundary

and smaller droplets in the central region. Additionally, investigations in the numerical field

have been developed. Chaussonnet et al. [337] compare experimentally and numerically the
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air-assisted atomization of a water jet. The results indicate that an optimal ambient pressure

(6 bar in this case) exists to obtain the smallest SMD influenced by the concentration of mo-

mentum of the gas impacting the liquid jet. Xia et al. [338] provided planar distributions of

the axial velocity at different axial distances, as depicted in Figure 2.38. The results reveal

that the higher droplet velocities are presented in the central region of the spray and gradu-

ally reduce for the periphery. Furthermore, the central region is marked by smaller droplets

and a larger liquid volume flux.

(a) (b)

(c) (d)

Figure 2.38: Planar distributions of the axial velocity at different axial distances: a) Z = 45 mm; b) Z = 75 mm;
c) Z = 120 mm; d) Z = 135 mm [338].

Zhao et al. [318] stated that the droplet axial velocity reduces as the radial distance increases,

which can be attributed to the large droplet that possesses a large inertia in the outer region.

Moreover, as the distance from the nozzle increases, the droplet velocity diminishes due to

the reduction in airflow. Comparable results were observed by Roudini and Wozniak [332]

where the maximum is presented at the center with a symmetric planar distribution in dif-

ferent locations. This distribution is also affected by the swirl, as reported by [305, 339].

Sanadi et al. [305] noticed that in the far-field region, SMD increases along the centerline

and decreases along the spray boundary with increased swirl strength. However, in the near

field, increasing swirl strength had no significant effect on SMD. With respect to the radial
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distributions, with the increase in the swirl intensity, the radial resultant velocity of droplets

changes its direction and generates radial droplets at the far field.

This section has previously discussed the role of physical properties in atomization charac-

teristics. Kumar et al. [299] explored several fuels under various operating conditions and

noted that butanol has the highest SMD, whereas it is the lowest for butyl butyrate. Regard-

ing the Jet A-1, no significant differences in the droplet distribution were noticed compared

to butanol since there is a minor variation in the physical properties. On the other hand,

Jet A-1 produces larger droplets when compared with the P–N–Ar blend, which produces

droplets with a slightly smaller SMD [340]. The addition of nanoparticles was also explored

in the studies [22,341,342]. According to Sun et al., [342], aluminum nanoparticles possess

a relevant role in fragmentation, which promotes the disintegration of large droplets near

the spray center, especially under high rotational speeds. In the droplet presented in the

spray boundaries, this effect is not pronounced, and the fragmentation is affected by rheo-

logical properties. The authors concluded that the low viscosity and high rotational speed

can promote the spray quality. A reduction in the droplet size of nanofuel compared to the

base fuel was also reported by Kannaiyan et al. [341]. The authors highlighted that this result

was only detected at higher injection pressure. Thus, At lower injection pressure, the differ-

ence in Sauter mean diameter between the base fuel and the nanofuel is marginal. A possible

explanation for this outcome is the longer time available for secondary atomization, which

results in the faster disintegration of the liquid sheet for the nanofuels. In addition, themean

axial droplet velocities of nanofuels were found to be higher than those of the base fuel due to

the highermomentum of small droplets of nanofuels [341]. Furthermore, the nanofuel spray

presents a smaller mean droplet diameter in most of the radial locations due to the shorter

sheet breakup length for the nanofuels, which, in turn, provides a longer distance/duration

for secondary atomization when compared to that of the base fuel. The authors also high-

lighted that the spray performances in the near nozzle regions are more affected by the pres-

ence of nanoparticles than the downstream regions.

2.4.5 Spray Combustion

The combustion of liquid fuel sprays is widely used in applications such as gas turbines, in-

ternal combustion engines, industrial furnaces, and boilers [247]. The characteristics of a

fuel spray, such as liquid phase penetration, atomization, air entrainment, and mixture for-

mation, play a crucial role in controlling the combustion process. These phenomena occur on

a longer time scale than chemical reactions [343]. The performance of the fuel combustion is

highly dependent on the atomization. The first step is fuel atomization, being responsible for

fuel droplet size distribution, trajectories, and velocities and thus can control the degree of

fuel/air mixing ahead of the chemical energy conversion step [344]. Specifically, liquid fuels

are atomized before the combustion process, producing small droplets that allow a higher

surface area, reducing the vaporization time and leading to better air-to-fuel mixing, signif-

icantly impacting combustion emissions, performance, and flame stability. Inadequate at-

omization can produce portions of the fuel that may remain unburned, requiring additional
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energy to vaporize and ignite larger droplets [274]. As previously stated byWatanawanyoo et

al. [263], increasing the air supply leads to a smaller droplet and a larger number of droplets.

Thus, increased swirl and turbulence that enhance fuel dispersion, which may cause better

oxidation, leading to higher thermal efficiency.

Flame characteristics, such as size and heat release rates, are closely related to the spatial

distribution of fuel droplets relative to the flame front. Flames are generally classified into

premixed and diffusion flames. The flame classification depends on operating conditions

and the fuel employed. If the fuel pre-evaporates before entering the reaction zone, it orig-

inates a flame with characteristics similar to premix flames. In other words, the fuel and

the oxidizer are mixed before the combustion reaction takes place. In a diffusion flame, the

fuel and oxidizer remain initially separated before the combustion process occurs. Laminar

diffusion flames are affected by the rate of mass transfer, while laminar premixed flames are

limited by chemical kinetics [345]. As previously mentioned, in spray combustion, the fuel

is atomized and injected into the combustion chamber, where it vaporizes before reacting

with the oxidizer in the gas phase. The vaporization process allows the presence of the liq-

uid droplets in the flame region to form a non-premixed flame structure, where fuel vapor

diffuses from the droplets to the flame front.

The ignition of a fuel and air mixture by a heat source depends on the fuel concentration,

which should be in accordance with the specific fuel flammability limits. A fuel and air mix-

ture is flammable when the fuel concentration is between the upper and lower flammabil-

ity limits. Consequently, the lower flammability limit (LFL) is the lowest fuel concentra-

tion in air that sustains flame spread. In contrast, the upper flammability limit (UFL) is

the maximum fuel concentration beyond which the mixture cannot ignite due to a lack of

oxygen [346]. Flammability limit is typically defined as the percent of fuel by volume or

fuel/oxidizer mass ratio. It depends on several factors, such as temperature, pressure, type

of fuel and oxidizer, ignition source, and apparatus. Flammability limits differ from ignitibil-

ity limits, where the latter increases with increasing spark energy until a point where fur-

ther increases in energy no longer affect the range [347]. Figure 2.39 shows the variation of

flammability limits as a function of temperature. The flammability range typically expands

with increasing temperature [348, 349]. Figure 2.39 also depicts the autoignition and flash

point temperature. The former corresponds to the lowest temperature at which a material

will spontaneously burn in air without an external ignition source, whereas the flash point

refers to the lowest temperature at which a liquid produces sufficient vapor to form an ig-

nitable mixture with air [348]. The flammable region corresponds to the range in which the

mixture ignites when an external ignition source is introduced, whereas, in the autoignition

region, flame propagation occurs without the need for an ignition source. A spray is com-

posed of liquid droplets with several diameters dispersed in a gas ambient. Consequently,

an examination of its combustion is rather complex. According to Coelho and Costa [350]

there are two distinct theories have been developed to explain the underlying mechanisms

of spray combustion. The first theory relies on the hypothesis that spray combustion can be

interpreted as the combustion of a group of isolated droplets.
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Figure 2.39: Variation of flammability limits as a function of temperature, adapted from [348,351].

On the other hand, the second theory indicates that not all droplets burn with a flame sur-

rounding them. Hence, a flame surrounds the spray, originating from the fuel vapor formed

with droplet evaporation. Thus, spray combustion should not be considered as the com-

bustion of a collection of isolated droplets. On the other hand, the evaporation rate of the

droplets present in a spray may be analyzed using the principles of isolated droplet combus-

tion [350]. As noted above, the droplet distributions impact the spray combustion phenom-

ena.

In this context,Williams [352] divided into heterogeneous and homogeneous combustion, as

shown in Figure 2.40. In the homogeneous combustion regime, the fuel droplets completely

evaporate prior to mixing with the oxidizer and igniting. Regarding the heterogeneous com-

bustion regime, individual droplets burn surrounded by diffusion flames. Figure 2.40 a)

shows a heterogeneous combustion regime where moderate to large droplets with a diame-

ter higher than 100 µm tend to partially vaporize as they near the flame zone. Commonly,

heterogeneous flames display a yellow color. When the droplet evaporation is completed,

the surrounding flame is extinguished, leading to the formation of a homogeneous combus-

tion zone further downstream, Figure 2.40 b) [350, 353]. In the homogeneous combustion

regime, droplets with considerably reduced diameter rapidly vaporize due to heat transfer

as they approach the flame zone. Due to this, only vapor mixed with air reaches the com-

bustion zone. In this case, no individual diffusion flames surround the droplets, and the

resulting blue flame is similar to a premixed flame for small droplets, which fully vaporize

before combustion [350, 353]. Since the spray is characterized by a droplet size distributed

that possesses large and small droplets. The spray does not always suggest the character-

istics of a dilute spray, and consequently, both heterogeneous and homogeneous reaction

zones are present. Due to this, the combustion of the spray is not uniform [353]. The in-

fluence of droplet size distribution in the context of spray combustion has been previously

examined.
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(a)

(b)

Figure 2.40: Combustion Regime: a) Heterogeneous; b) Homogeneous [353].

Furthermore, devices such as diesel or gas turbines employ fuels that present high boiling

points, leading to a heterogenous combustion process, which can result in high emissions of

NOx and particulate. Subsequently, in order to address the flame stability, the influence of

the swirl will be explored. In a spray combustion system such as in gas turbine combustors,

a swirling air stream is often added to the combustion of the liquid fuel spray. Turns [128]

stated that when the flame speed equals the local mean velocity, a flame is locally stabilized,

resulting in a stationary flame at the specific location and is resistant to blowoff, flashback,

and liftoff. Consequently, swirl stabilization is a method that allows controlling both flame

stability and combustion intensity that can be performed through geometric configurations

such as vane swirl, mechanical rotation, or by injecting the flow tangentially for aerodynamic

control [354]. An illustration of the swirls typically employed is displayed in Figure 2.41.

According to Dunand et al., [271], for a certain degree, swirl promotes a central recirculation

zone, enhances mixing efficiency, and allows a hot flow of recirculated combustion products

and a reduced velocity region where flame speed and flow velocity can be matched. The

analysis of the swirl is mainly performed based on the swirl number, which is given by the

ratio of the momentum of the azimuthal velocity component to the momentum of the axial

velocity component. If the swirl number is less than 0.4, it is denominated as a low swirl,

whereas a high swirl possesses a value higher than 0.6, and the swirl is strong enough to

create a toroidal reversal flow along the axis of the flow [353].
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(a)

(b)

Figure 2.41: Flame stabilization: a) Bluff body; b) Swirl Vanes [345,355].

The swirl number can be expressed by:

SN =
2

3

[
1− (Dh

Ds
)3

1− (Dh
Ds

)2

]
tanθ , (2.52)

where Dh and Ds represent the swirl hub diameter and the swirl diameter, respectively,

and θ is the angle of the swirl blade from the centreline [356]. The authors [271] point out

that for swirl numbers equal to or higher than 0.6, radial and axial pressure gradients are

enough to produce internal recirculation zones (IRZs), asmentioned byGupta [355]. In these

zones, the flame stability is enhanced by entraining droplets and recycling hot combustion

products, which leads to a significant decrease in the flame length as well as the stabiliza-

tion distance from the burner. Regarding emissions, ideal combustion releases CO2, water

(H2O). However, in a real combustion process, the complexity and rate-dependent nature

of flame chemistry release various reaction by-products, releasing carbon monoxide (CO),

unburned hydrocarbons (HC), nitrogen oxides (NOx), sulfur oxides (SOx), and particulate

matter (PM) [357]. A brief description of the factors that affect the emissions has already

been provided.
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There are several types of liquid fuel burners, including wick, pre-vaporizing, vaporizing,

porous, and atomizing burners, that are employed depending on the application [353]. In

particular, aero engines require an injection system that ensures efficient atomization, typ-

ically using airblast or air-assisted injectors, also using swirling air co-flow that promotes a

central recirculation zone for enhanced fuel-air mixing and flame stabilization. [264]. Con-

sequently, the development of laboratory-scale burners is essential for research progress. In

this context, it is representative of real combustors with a simpler design and well-defined

and optically accessible configurations to enable detailed data acquisition and facilitatemod-

eling. The experimental and numerical findings can contribute to the advancement of novel

combustor design and the reduction of emissions, particularly for future green fuel appli-

cations [264, 354]. An overview of the laboratory burners operating with atomized liquid

fuels in the field of aero engines is provided in Table 2.12. The primary study present was

performed by Bulzan [358]. The author conducted an experimental investigation of a react-

ing spray in a swirl stabilized using an air-assisted atomizer. The purpose is to understand

the droplet size and velocity distributions under-reacting environments. The results indi-

cate that gas-phase axial velocities increase in reacting conditions due to thermal expansion.

However, themean droplet velocities remain slower, with smaller droplets exhibiting amini-

mal velocity difference compared to the gas phase. McDonell and Samuelsen [359] evaluated

themethanol spray under reacting and non reacting conditions also dedicated to threemodes

of injection: No atomization air, non-swirling air, and swirling air. It was possible to observe

that swirling air increased spray width, and droplets remained in reacting conditions. Gas-

phase velocities are significantly influenced by atomizing air, leading to distinct variations in

vapor concentrations along the centerline. The authors [247, 360, 361] employed the same

burner possessing an air and fuel supply system, a heating unit for the main air, a plenum,

an atomizer, a swirler, a combustion chamber, and an exhaust system. Moreover, it presents

a relevant investigation into the comparison of alternative and conventional fuels. The re-

sults reveal that the smaller droplets are in the central region, whereas the large droplets are

present in the spray boundaries outside of the flame reaction zone, where the alternative and

conventional fuel possess relatively similar spray flame [247]. Chong and Hochgreb [361]

also evaluated the spray characteristics of rapeseed oil methyl ester and reported that it pos-

sesses similar spray combustion as the diesel whereas containing higher droplet concentra-

tion and volume flux, indicating a longer evaporation time scales. In addition, the alterna-

tive fuel, palm biodiesel, releases lower NOx emissions and higher CO emissions per unit

of energy than Jet-A1 [360]. Chong et al. [362] also explored liquid fuel combustion using

a burner with the same compounds as the previous one using air heated air and reported

higher NO emission, while CO correspondingly decreased. Belal et al. [363] and El-Zoheiry

et al. [364] employed a partially premixed pre-vaporized combustion system. Several differ-

ences from the previous burners are noticed from the alignment within the plenum, design,

and placement of the atomizer as displayed in Table 2.12.
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More recently, Kumar and Karmakar [365] reported that Jet A-1 emits higher NOx emis-

sions compared to butyl butyrate and their mixtures and increases as the temperature of the

swirling air increases. This observation of the NOx emissions with respect to the swirling air

was noticed for all the fuels tested. Moreover, pure butyl butyrate and their mixtures with

Jet A-1 exhibit considerably lower CO emissions than Jet A-1, regardless of preheating. The

development of these systems also involves the acquisition of valuable insights related to the

introduction of alternative and sustainable fuels essential in the transportation sector. In this

respect, various studies are being conducted to address the potential use of nanoparticles in

liquid fuels. In light of this, adding nanoparticles to a liquid fuel influences the fuel physical

properties, which potentially will affect the atomization, combustion, and emissions charac-

teristics in a combustion chamber [27]. However, studies concerning the use of nanofluids in

laboratory combustion chambers are scarce and require further investigation. Pourhoseini

and Ghodrat [366] investigated the addition of Al2O3 nanoparticles to 20 % blend of palm

oil biodiesel with diesel fuel in terms of the flame characteristics, radiation, temperature,

and pollutant emissions in an oil burner. The results indicate that higher nanoparticle con-

centrations result in a significant enhancement in radiation heat flux. Moreover, nanofuels

produce higher CO emissions. The addition of particles to a liquid fuel was also explored

by Gupta et al. [167]. The authors experimentally investigated the combustion character-

istics of boron/Jet A-1 slurry fuel spray in a swirl-stabilized combustor. The experiments

were carried out using a slurry suspension prepared with 10 wt.% boron and surfactant. The

results reveal that higher loading of boron is always desirable for positive thermal contri-

bution. To summarize, in spray combustion, droplets with various diameters and velocities

are presented in a combustion chamber. Consequently, the evaporation of each droplet is

highly dependent on its diameter, relative velocity, and the burner operating condition. The

fuel vapor is subsequently mixed with an oxidizer, and if the temperature exceeds the tem-

perature of autoignition, the mixture ignites, and a flame is spotted. The spray penetration

is related to the droplet velocity and their evaporation process. Spray combustion is a com-

plex phenomenon that involves dynamics at multiple spatiotemporal scales, and due to their

complexity, a statistical approach is commonly employed.
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Chapter 3

Fuels preparation and characterization

This section provides a comprehensive overview of the liquid fuels used in the present work.

Firstly, aviation fuel and biofuel are compared in terms of physical properties and outcomes

emerging from their application. Parallel to this, a novel approach to enhancing the combus-

tion characteristics of liquid fuels will be scrutinized. This approach involves the addition of

metallic particles to a liquid fuel. A comprehensive examination of its preparation, fuel sta-

bility, and influence on the physical properties to understand its potential application in real

engines will be explored. Additionally, different particle sizes and concentrations are also

investigated.

3.1 Jet Fuel and Pure Biofuel Characterization

Two pure liquid fuels were evaluated in the present work. A conventional jet fuel employed

in aviation gas turbines, denoted as Jet A-1, was investigated and used for comparison pur-

poses. Jet fuel for aircraft engines differs from traditional fuel combustion engines, mainly in

their physicochemical properties, due to restrictions imposed by the aeronautical industry to

guarantee reliability, safety, security, and other aspects. Moreover, it requires a high-energy

content, good flow characteristics, and thermal stability [49]. In contrast with Jet A, Jet

A-1 possesses a lower maximum freezing point, which is appropriate for long international

flights, especially on polar routes during the winter. Due to this, Jet A is mainly used in the

United States, while Jet A-1 is employed worldwide. This parameter ensures that jet fuel

moves properly from the fuel reservoirs in the wings to the engine through the aircraft fuel

system without wax crystals forming [45]. Aviation fuel is a primary energy carrier and is

also relevant for heat exchange mechanisms and weight equilibrium, which is particularly

crucial given the extreme conditions experienced involving ground and high altitude con-

ditions [58]. This fuel is a mixture of many different hydrocarbons mainly composed of n-

paraffins, branched iso-alkanes (iso-paraffins), cyclic alkanes (naphthenes), and aromatics

with an average chemical composition of C11H21 [39,367,368]. Jet fuel is a multicomponent

fuel, with each component displaying distinct physical and chemical properties depending

on the carbon length and degree of branching [368]. Consequently, jet fuel properties are

determined by the characteristics of all fuel constituents [368]. Aviation fuel may contain

less than 3000 ppm sulfur levels and additives, such as antioxidants, to improve fuel quality

for proper functioning during flights [58]. For a better understanding, Figure 3.1 shows the

chemical composition of Jet A-1.

Conventional jet fuels are provided from kerosene produced from crude oil, a finite source
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Figure 3.1: Jet A-1 chemical composition, adapted from [61].

with a broad distribution of paraffins. The content and variety of paraffin are impacted by

the crude and the processing/refining techniques to obtain jet fuel [369]. Fossil fuels are the

main energy source globally and have limited resources. Besides the considerations regard-

ing energy efficiency and local environmental concerns such as noise and air quality, the avi-

ation industry is also confrontedwith a profound and persistent long-term impact of its emis-

sions on the global climate [370]. Thus, the aviation issues regarding the depletion of fossil

fuels, allied with the accelerated growth of this sector and consequent emissions, have forced

more ecological and sustainable solutions. A potential pathway to solving these issues is the

employment of biofuels due to their sustainability and the possibility of their implementation

in aero-engines. Consequently, the present work explores a HEFA biofuel, more concretely,

a hydrotreated vegetable oil (HVO), an aviation drop-in fuel. This alternative fuel was ac-

quired from Neste Oil Corporation and is commonly referred to as renewable diesel, with

the commercial name NExBTL (next-generation bio-to-liquid), which has disrupted interest

in road, aviation, and marine transportation. This biofuel is a mixture of straight chain and

branched alkanes, with typical carbon numbers ranging from C15 to C18, and features negli-

gible amounts of sulfur, oxygen, and aromatics, with a chemical composition CnH2n+2 [371].

According to Gong et al. [372], HVO is composed of 18.1% Pentadecane C15H32, 31.1% Hex-

adecane C16H34, 25.5% Heptadecane C17H36 and 25.3% Octadecane C18H38. Moreover, it

has a low freezing point, preventing wax formation in the fuel supply system [373]. HVO is

a biofuel from 2nd generation mainly obtained from vegetable oils or animal fat that is sub-

sequently subjected to a pretreatment process to extract impurities and contaminants. The

feedstock selection is a process that should guarantee sustainability [374]. The feedstock un-

dergoes a series of processes, such as hydrotreatment and isomerisation, as displayed in Fig-

ure 3.2. The feedstock is decomposed during the process, and oxygen and sulfur molecules

are eliminated through the use of hydrogen under high temperatures and pressures [375].

Feedstock Pre-treatment Hydrotreatment

Hydrocracking 

& 

Isomerization 
HVO

Figure 3.2: HVO production process.
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Additionally, the improvement of cold properties and fuel quality is achieved by the isomer-

ization process [371, 375]. In terms of operating logistics, NExBTL exhibits comparable be-

havior to jet fuel, as it demonstrates good stability during storage and high performance

under cold weather [376]. Additionally, it presents stable storage, resistance to microbial

growth and does not form engine deposits. Several investigations have reported positive

outcomes from utilizing HVO biofuel in engines [373,377–379]. Chan et al. [377] carried out

a comparison investigation on the CF700-2D-2 turbofan engine using jet A-1 and biofuels.

The results reveal that a blend of HVO and Jet A-1 can reduce the NOx emissions. Regard-

ing the emissions of soot and sulfur oxide emissions, observed a reduction in comparison

with JP-8 due to the absence of aromatics and sulfur in the biofuel composition [378]. The

work was developed on a T63 turbine engine operated on camelina and tallow with different

blends to evaluate the engine performance and emissions. Additionally, a reduction in the

number, density, and size of particulate matter was noticed in a TRS-18 engine when JP-8

and HVO blended instead of Jet A-1, regardless of the altitude and engine speed [379].

Conventional and alternative jet fuels present similar compositions since both comprise hy-

drocarbons. Nonetheless, substantial variations in the amount and type of hydrocarbons are

evidenced. Thus, the chemical composition of each fuel influences both the behavior and

combustion characteristics, being an essential study to understand single droplet and spray

combustion [58]. Since liquid fuels are responsible for providing energy for aero-engines it

is important to know the energy density to predict the fuel volume required on each flight

to guarantee safety and operability. Allied with this, alternative aviation fuel should present

high H/C and low O/C atomic ratios, an indicator of the fuel energy density [38]. As previ-

ously discussed by Afonso et al. [13], fuels that exhibit higher H/C ratios possess higher spe-

cific energy when bond strain is absent. Properties related to fuel evaporation, flammability

(e.g., flash point, freeze point distillate temperature), viscosity, and surface tension that will

affect the spray dynamics are valuable for developing studies in this field requiring a more

attentive analysis [13]. Thus, Table 3.1 shows the properties and chemical composition of Jet

A-1 and HVO. The ASTM D1655 limits are also presented in Table 3.1.

Most properties displayed in Table 3.1 are already presented in the literature. As the current

study relies on the behavior of single droplets and sprays, measurements focused on density,

viscosity, and surface tension were performed. A brief description of the equipment em-

ployed for these measurements is provided. The density was measured at room temperature

(20 ± 2 ◦C) and atmospheric pressure using a portable density/specific gravity meter DA-

130N, produced by Kyoto Electronics, as shown in Figure 3.3. The surface tension was de-

termined at room temperature and atmospheric pressure with an optical tensiometer Theta,

from Attention, shown in Figure 3.3. The pendant drop method was adopted to obtain the

surface tension. The drop shape is optically analyzed in this method, and the surface tension

is acquired based on integrating the Young-Laplace equation [388]. To attain good accuracy

of the results, a total of 20 measurements were performed for each fuel. The viscosity of the

fuel was determined at room temperature and atmospheric pressure using a viscosimeter

DV3T, manufactured by AMETEK Brookfield. This device is exhibited in Figure 3.3.
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Table 3.1: Jet A-1 and HVO properties adapted from [45,380–387].

Specification ASTM D1655 Jet A-1 HVO

Density at 15 ◦C (Kg m−3) 775–840

Density at 20 ◦C (Kg m−3) 798 780.6

Viscosity at −20 ◦C (mm2 s−1) Max. 8.0

Viscosity at 25 ◦C (mm2 s−1) 1.40 4.33

Surface Tension at 20 ◦C (N m−1) 0.0247 0.0265

Flash Point (◦C) Min. 38 38 77

Freezing Point (◦C) Max. −47 -51 −54.4

Aromatics (vol.%) Max. 25 13.8 0

Sulfur (wt.%) Max. 0.3 0.054 0

10% Recovered Max. 205 170 262

50% Recovered 189 279

90% Recovered 219 291

Distillation
Temperature (◦C)

Final Boiling Point Max. 300 237 308

Low Heating Value (MJ kg−1) Min. 42.8 43 43.9

Smoke Point (mm) Min. 25.0 24.2 -

Cetane Number 45 74

H/C Ratio 1.91 2.18

A/Fstio 14.5 15.2

Refractive Index 1.44 1.43

(a) (b) (c)

Figure 3.3: Properties measurements equipment: a) Portable density/specific gravity meter DA-130N, from
Kyoto Electronics Manufacturing; b) Optical tensiometer Theta; c) Viscosimeter DV3T, from AMETEK

Brookfield.

Themeasurements indicate negligible density and surface tension disparity when comparing

Jet A-1 with HVO. The predominant distinction pertains to viscosity, which is higher for

biofuel. These findings are essential to understand further how addingmetallic particles will

influence the fuel properties, considering different particle sizes and concentrations.

The distillation profile is pertinent to fuel volatility, a critical parameter since the fuel must

undergo vaporization before combustion [45]. Considering that both jet fuel and biofuel are

identified as multicomponent fuels, each component exhibits a distinct distillation temper-

ature. Figure 3.4 shows the distillation curve for the biofuel (HVO) and the conventional jet

fuel (Jet A-1). The HVO presents a higher boiling point when compared to the Jet A-1. Ad-

ditionally, it also displays a narrow boiling point range. This observation can be attributed
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to the fact that HVO biofuel consists mainly of saturated hydrocarbons having 15 to 18 car-

bon atoms in their molecules [389]. On the other hand, aviation fuel comprises C8 to C16

hydrocarbon molecules, reflecting a broad distillation curve.

Figure 3.4: Distillation curve for Jet A-1 and HVO.

3.2 HVO and Aluminum Particles

The present section is dedicated to adding metallic particles to biofuel. Initially, an anal-

ysis of the particle selection for this study is presented. In light of this, the particle type,

shape, size, and concentration are discussed. Subsequently, a detailed investigation of the

fuel preparation is carried out. The specific procedure to guarantee a stable nanofuel for dif-

ferent particle sizes and concentrations is explored using physical and chemical processes.

The evaluation of the nanofuel stability is performed through a visual inspection. Finally, the

fuels composed of HVO and metallic particles are characterized in terms of density, surface

tension, and viscosity.

There has been recent interest in adding energetic particles to fuels. The emphasis on metal

additives in solid propellants has demonstrated advantages in increasing combustion en-

thalpies and quality. This observation is related to the enhancement of the specific impulse

of propellants due to the addition of reactive metal particles, such as aluminum (Al), magne-

sium (Mg), boron (B), and zirconium (Zr), among others [23,390]. Incorporating energetic

particles allows a high volumetric enthalpy of combustion, extending the flight range and

possibly increasing the payload, bringing benefits for propulsion systems constrained by vol-

ume limitations [391]. In the last decades, studies have primarily been based onmicron-sized

particles. Particles inmicron size tend to display ignition delays, slow burn rates, and incom-

plete combustion of large metal particles [23]. However, with recent advancements in nan-

otechnology, nanoscale particles have been explored, addressing issues related to micron-

size particles. The use of micron-size particles in several applications showed problems re-
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garding clogging, rapid settlement, poor stability, and aggregation [23]. Minimization of

these effects is noticed with the addition of nanoparticles. Thus, the present work mainly

focuses on adding aluminum nanoparticles to HVO. Aluminum is a suitable additive to hy-

drocarbons due to its abundance, high density, high heat release during oxidation, relatively

low cost, safe to use, and abundance in Earth [392]. The bulk properties of aluminum are

displayed in Table 3.2.

Table 3.2: Bulk properties of aluminum, adapted from [393].

Parameter Value

Density (Kg m−3) 2700

Melting point (◦C) 660

Boiling point (◦C) 2519

Heat of combustion (MJ/kg) 31.1

Spherical aluminum particles, 99.995% pure, metal basis, with an average diameter of 40

nm, 70 nm, and 5 µmwere purchased fromNanografi. Aluminummicron-size particles were

also considered for comparison purposes. It is essential to distinguish low from high particle

concentrations. In the present work, a low particle concentration corresponds to < 1.0 wt.%,

whereas particle concentration is related to > 1.0 wt.%. Scanning electronmicroscopy (SEM)

was employed to determine the structural morphology of the aluminum particles, as shown

in Figure 3.5. The visualization indicates that the particles possess a smooth surface and

spherical shapes.

(a) (b) (c)

Figure 3.5: SEM images of aluminum particles: a) 40 nm; b) 70 nm; c) 5 µm.

3.2.1 Fuel Preparation and Stability Study

Before conducting nanofuels experiments, a precise and appropriate procedure should be

executed to ensure fuel stability. The purpose is to obtain homogeneous, long-term stable

suspensions with a low level of particle agglomeration [206], guaranteeing experimental ac-

curacy and a proper evaluation of the physical properties. In this respect, Wang et al. [394]

reported that Brownian motion and nanoparticle aggregation are fundamental mechanisms

in nanofluids, contrasting with micron-sized suspensions. Regardless of the particle size

employed, the formation and growth of agglomeration and clogging can alter the physical
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properties of the fluid [208]. As discussed in chapter 2, methods such as sonication and sur-

factant addition are generally employed in nanofuel preparation to improve stability. Table

3.3 highlights the different approaches considered in the present study for nanofuel prepa-

ration. It is important to note that the addition of aluminum particles in HVO was prepared

using a two-step method. Firstly, to obtain the desired mass fraction of the liquid fuel and

nanoparticles, a weighing scale is employed. The nanofuel was stored in a 20 mL glass con-

tainer to avoid interactionwith polymers. As displayed in Table 3.3, the first approachmerely

focuses on using a magnetic stirrer to mix the nanoparticles into the HVO for 10, 30, and 45

minutes. Regardless of the particle size and concentration, it was observed that nanofuel

does not remain stable for more than an hour. Consequently, the sonication process was

added to enhance the stability.

Table 3.3: Initial procedures for nanofuel preparation.

Procedure

1st Approach Magnetic Stirrer

2nd Approach Magnetic Stirrer→ Sonicator

3rd Approach Magnetic Stirrer→ Sonicator using an Ice Bath

4th Approach Magnetic Stirrer→ Sonicator using an Ice Bath→ Surfactant

To suspend the nanoparticles in the HVO and disintegrate any agglomerates, a probe soni-

cator UP200Ht, manufactured by Hielscher, was used. Additionally, continuous sonication

was applied, given its effectiveness over the discontinuous [181]. The procedure employed

in preparing nanofuels using the 2nd approach is displayed in Figure 3.6. To obtain the de-

sired particle concentration, aluminum nanoparticles were first added to HVO on a weighing

scale. Subsequently, the HVO and the nanoparticles were vigorously stirred for 20min using

a magnetic stirrer, followed by the sonication process.

HVO

Aluminum 

nanoparticles

Weighing 

scale 

Sonicator NanofuelMagnetic 

stirrer

Figure 3.6: Procedure employed in preparing nanofuels using the 2nd approach.

The initial analysis used a particle size of 40 nm and a particle concentration of 0.5 wt.%.

A sonication power of 8, 18, 32, and 52 W and a sonication time of 20, 30, and 40 minutes

were considered. For the lowest sonication power and time, the nanofuel remains stable.

However, the findings did not fulfill the essential criteria for subsequent studies where the

nanofuel should remain for at least four hours. Due to this, the nanofuel was placed in an

ice bath (3rd approach) during the sonication process to maintain its temperature. Adding
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an ice bath provided satisfactory results in cases where the nanofuel is maintained for over

a day. Before presenting and discussing the results regarding the 3rd approach, a detailed

analysis of the power and time of sonication is outlined. This investigation considered a par-

ticle size of 40 nm, 70 nm, and 5 µm and a particle concentration of 0.5, 1.0, and 2.0 wt.%.

The results indicate that for a particle concentration of 2.0 wt.%, regardless of the power and

time applied in the sonication process, the nanofuel cannot remain stable where the parti-

cle sedimentation is identified at the tube bottom. Thus, an addition of de surfactant to the

nanofuel preparation procedure will be discussed later to enhance its stability. The stability

analysis was carried out in the present study by a visual inspection. Therefore, the nanofuel

was analyzed as time evolved, and a set of images was acquired for further comparison. Fig-

ure 3.7 shows the temporal evolution of particle sedimentation for a better understanding

of the stability study. Typically, the nanofuel is stable after the sonication process without

showing any evident sediment. However, particle sedimentation appears at the bottom of

the tube as time progresses, highlighted by the dashed red line. On the top, transparency

is evident, indicating the deposition of particles on the bottom. This effect becomes more

pronounced as time evolves, clearly indicating that the nanofuel is unstable.

Figure 3.7: Temporal evolution of particle sedimentation.

A particle concentration of 0.5 and 1.0 wt.% are explored for the three particle sizes to define

the optimal parameters in the sonication process. A sonication power of 8, 18, 32, and 52

W and a sonication time of 20, 30, and 40 minutes were considered. The results show that

increased power sonication does not enhance fuel stability. In other words, for a power son-

ication of 32 and 52 W, the nanofuel stability reduces. A similar observation was achieved

for a sonication time of 40 min. A possible explanation for this observation is the increment

of the fuel temperature during the sonication process. According to Buonomo et al. [182],

increasing the power and time of the sonication increases the nanofuel temperature and de-

creases the stability. Based on that, the temporal evolution of temperature during and after

sonication, using and not using an ice bath. The measurements are performed using a ther-

mocouple placed in the sonicator probe. Figure 3.8 shows the temporal evolution of the

temperature HVO + 0.5% Al. The analysis was performed for a sonication process for 30

min, considering a power of 18 W. Adding an ice bath guarantees that the nanofuel remains

at a low and stable temperature during the sonication process. On the other hand, when no
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ice bath is employed in the sonication, the nanofuel increases significantly in temperature.

Therefore, using an ice bath during sonication was incorporated into the nanofuel prepara-

tion process to enhance stability and prevent overheating.

Figure 3.8: Temperature analysis of the HVO + 0.5% Al during and after sonication, using and not using an ice
bath.

Following this, the influence of the sonication power on the nanofuel temperature is ad-

dressed. For this examination, 18 W and 32 W sonication power were evaluated. Figure

3.9 shows the influence of the sonication power on the temperature of HVO + 1% Al during

and after the sonication process for 30minutes. The results indicate that increasing the son-

ication power increases nanofuel temperature during the sonication process. Therefore, it is

verified that increasing the sonication power increases the nanofuel temperature, resulting

in lower stability.

Figure 3.9: Temperature analysis of the HVO + 1% Al for two sonication power.

Considering the earlier observations, the recommended preparation method should include

the sonication process with an ice bath at a power setting of 18 W for 30 minutes, especially

for particle concentrations lower than 2 wt.%. After defining the optimal parameters for the
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nanofuel preparation, amore detailed stability study is performed through visual inspection.

In this context, a qualitative evaluation of the nanofuel stability is carried out, categorizing

sedimentation into various levels, as illustrated in Figure 3.10.

Figure 3.10: Qualitative stability study criteria.

Based on the visual inspection, four sample levels were considered. Level A corresponds to

a stable nanofuel with no obvious sedimentation. Levels B and C correspond to two inter-

mediate cases when the nanofuel is partially and highly sedimented, respectively, and level

D indicates a fully unstable nanofuel when all the nanoparticles remain at the bottom of the

test tube. It is important to note that nanofuels must maintain stability for at least 4-5 hours

to guarantee stability during the experiments. Table 3.4 shows the results concerning the

stability study for the nanofuels with particle concentrations up to 1.0 wt.% for three particle

sizes.

Table 3.4: Visual inspection results considering a particle concentrations up to 1.0 wt.%.

4-5 hours 1 day 2 days 1 week

0.2 wt.% A A A B 40 nm

0.5 wt.%

A A B C 40 nm

A B C C 70 nm

A B C D 5 µm

1.0 wt.%

A B C C 40 nm

A B C C 70 nm

B C D D 5 µm

The findings indicate that increasing the particle size and concentration reduces the nanofuel

stability. In this context, it is observed that increasing the particle size from the nano to mi-

cron scale reduces stability. Yetter et al. [395] reported that micron-size particles, after the

dispersion, settle very quickly when compared with nano-size particles. Thus, nanoparti-

cles present small mass, diameter, and specific surface area, allowing the suspension for a

considerable amount of time under certain conditions.

As previously mentioned, for particle concentrations above 1.0 wt.%, the current procedure

does not guarantee stability. The non-polar and hydrophobic properties of HVO compo-

nents contribute to challenging stability, particularly for high particle concentrations. Con-

sequently, a chemical process was added to enhance the stability, as highlighted in Table

3.3. In the present study, pure oleic acid (OA), pharma grade, procured from PanReac Ap-

pliChem ITW Reagents, was chosen to stabilize aluminum nanoparticles in HVO. The oleic
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acid volatility is close to the volatility of the base fuel, i.e., the boiling point of OA (360 ◦C)

is close to the final boiling point of HVO (308 ◦C), a relevant characteristic for the follow-

ing studies concerning the single droplet combustion. In addition, oleic acid has antifoam-

ing properties and a hydrophilic-lipophilic balance (HLB) number around 1. The lower the

HLB number, the more oil-soluble the surfactants [173, 396,397]. Besides the potential ad-

vantages of adding a surfactant to nanofuel in terms of stability, oleic acid can influence

the combustion behavior. Due to this, it is essential to evaluate mixtures of HVO and OA

for comparison purposes, where the understanding of effects regarding the addition of alu-

minum nanoparticles on combustion behavior would be more clear and precise. In contrast

to nanofuels, the procedure for preparing themixture of HVO andOA is straightforward. OA

was first added to HVO on a weighing scale to obtain the desiredmass fraction of each liquid.

Then, the fuel mixture was vigorouslymixed for 10min using amagnetic stirrer, as displayed

in Figure 3.11.

HVO

OA Weighing 

scale

Magnetic 

stirrer

HVO + OA 

mixture

Figure 3.11: Procedure employed in preparing HVO and Oleic acid mixture.

Regarding the nanofuel preparation for high particle concentration, there is no consensus

in the literature on whether the surfactant should be added before or after the sonication

process. Therefore, the two approaches were tested for a nanofuel considering a particle

size of 40 nm, a particle concentration of 2.0 wt.%, and an amplitude of 40% (P = 18 W)

for 15 minutes. A surfactant-to-nanoparticle mass ratio of 1:1 was used, and after adding the

surfactant, the fuel was vigorously stirred for an additional 10minutes. The visual inspection

is presented in Figure 3.12.

The observed sedimentation behavior from both procedures appears similar. In addition, it

is verified that the addition of surfactant can enhance the stability of a nanofuel for a particle

concentration of 2.0 wt.%. Thus, in the present study, surfactant was added after the son-

ication process, and a schematic illustrating the preparation steps for the nanofuels in this

study is shown in Figure 3.13.

The procedure of high particle concentration follows the previously discussedmethod, where

the nanoparticles and HVO are initially mixed in a magnetic stir, followed by the sonication

process using an ice bath. The final step is dedicated to the addition of surfactant. Following

this, a surfactant-to-nanoparticlemass ratiowas evaluated to determine the optimal quantity

of surfactant. According to the literature, surfactants are typically added to the mixture at

surfactant-to-nanoparticle mass ratios of 1:2, 1:1, and 2:1, where the latter was discarded
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Figure 3.12: Sedimentation evolution for two nanofuels, where surfactant was added before (upper) and after
(lower) sonication.
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Figure 3.13: Procedure employed in preparing nanofuels using the 4th approach.

in the present analysis since a high surfactant concentration significantly impacts the fuel

properties. Thus, only the 1:2 and 1:1 ratios were explored, considering similar sonication

configurations previously testedwithout surfactant. Table 3.5 shows the results for the visual

inspection dedicated to a nanofuel with a particle size of 40 nm and a concentration of 2.0

wt.%. For this analysis, the power and time of the sonication process are explored, as well as

surfactant-to-nanoparticle mass ratios of 1:2 and 1:1.

Table 3.5: Sedimentation analysis of HVO with 2.0 wt.% of aluminum nanoparticles using a
surfactant-to-nanoparticle mass ratios of 1:2 and 1:1.

5 min 1 hour 2 hours 3 hours 4 hours 1 day 2 days 7 days

HVO + 2% n-Al + 1%
OA (P = 18W; 15 min) A A A A A B C D

HVO + 2% n-Al + 1%
OA (P = 18W; 30 min) A A A A A B B D

HVO + 2% n-Al + 1%
OA (P = 32W; 30 min) A A A A A B C D

HVO + 2% n-Al + 2%
OA (P = 18W; 15 min) A A A A A B B D

HVO + 2% n-Al +2%
OA (P = 18W; 30 min) A A A A A B B D

HVO + 2% n-Al + 2%
OA (P = 32W; 30 min) A A A A A B C D
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The results suggest that the nanofuel stability is enhanced with the surfactant, and the son-

ication configurations may become less relevant to the stability of the nanofuels. Despite

the qualitative similarity of results shown in Table 3.5 for both surfactant ratios, the nanofu-

els prepared with the 1:1 ratio exhibited visually slightly better stability for 4 hours. Con-

sequently, the 1:1 surfactant-to-nanoparticle mass ratio is adopted for further experiments

involving higher particle concentrations. The temporal evolution of the temperature during

the sonication process was also examined for the addition of surfactant. Figure 3.14 shows

the influence of OA to nanofuel for different particle concentrations. The addition of surfac-

tant of nanofuel indicates that the temperature does not increase significantly, which can also

be responsible for enhancing the stability. The influence of the surfactant on the nanofuel

temperature is beyond the scope of the present research.

Figure 3.14: Temperature analysis regarding the addition of surfactant to HVO with aluminum nanoparticles in
a size of 40 nm at different particle concentrations.

For single droplet experiments, the highest particle concentration corresponds to 4wt.%, and

the stability analysis is provided in Table 3.6. The results indicate that using the surfactant

and the optimal sonication parameters already discussed, it is possible to evaluate a nanofuel

with a particle concentration of 4 wt.% since the fuel remains stable for at least four 4 hours.

Table 3.6: Sedimentation analysis of HVO with 2.0 wt.% and 4.0 wt.% of aluminum nanoparticles using a
surfactant-to-nanoparticle mass ratios of 1:1.

5 min 1 hour 2 hours 3 hours 4 hours 1 day 2 days 7 days

HVO + 1% n-Al + 1%
OA (P = 18W; 30 min) A A A A A B B C

HVO + 4% n-Al +4%
OA (P = 18W; 30 min) A A A A A B C D

Subsequent to the nanofuel preparation method and optimal parameters, the physical prop-

erties of the fuel are characterized. Table 3.7 shows the density, viscosity, and surface tension

of HVO by adding surfactant and several particle sizes and concentrations. The procedure

and material employed for this analysis were already described in Figure 3.3. The results

show that an increase in the particle concentration leads to an increase in the density re-

gardless of the particle size. Furthermore, it is evident that adding aluminum nanoparticles
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andOA at concentrations up to 4.0 wt.% results in onlyminor density variations, with amax-

imum variation of less than 3.5%. Similar observations are reported for the surface tension.

The addition of aluminumdoes not promote a significant increase in the surface tension com-

paredwith the pureHVO, as displayed in Table 3.1. Concerning the effect of adding oleic acid

in HVO, it was found that aluminum nanoparticles are primarily responsible for the slight

increase in surface tension instead of oleic acid. The maximum variation compared to the

base fuel is approximately 3.0% at a particle concentration of 4.0 wt% for both nanoparticles

and oleic acid. In contrast to the density and surface tension, the effect of adding OA and

aluminum particles in the viscosity is more pronounced. Increasing the particle and oleic

acid concentration results in an increase in the viscosity. Adding concentrations of up to 4.0

wt% for aluminum nanoparticles and oleic acid produces a notable increase, with the highest

variation of 20.0% compared with pure HVO. The evaluation of the fuels physical properties

is relevant for the investigation of further studies regarding the spray behavior and droplet

combustion, as will be discussed in the following chapter. Concerning the spray analysis, the

refractive index of HVO with a particle concentration of 0.5 and 1.0 wt.% was analyzed. In

this respect, the values for HVO+ 0.5%Al andHVO+ 1.0%Al are 1.44 and 1.68, respectively.

Table 3.7: Density, viscosity, and surface for HVO with the addition of surfactant and several particle sizes and
concentrations.

Density
(Kg m−3)

Dynamic Viscosity
(mPa.s)

Surface Tension
(Nm−1)

HVO + 40 nm (0.2 wt.%) 778.6 3.46

HVO + 40 nm (0.5 wt.%) 779.15 3.49 26.71

HVO + 40 nm (1.0 wt.%) 781.95 3.50 26.88

HVO + 70 nm (0.2 wt.%) 779.3 3.46

HVO + 70 nm (0.5 wt.%) 780.05 26.72

HVO + 70 nm (1.0 wt.%) 782.25 26.93

HVO + 5 µm (0.2 wt.%) 778.05 3.44

HVO + 5 µm (0.5 wt.%) 778.75 3.48 26.75

HVO + 5 µm (1.0 wt.%) 781.6 3.55 26.94

HVO + OA (0.5 wt.%) 776.9 3.44

HVO + OA (1.0 wt.%) 778.1 3.48 26.79

HVO + OA (2.0 wt.%) 778.7 3.51 26.82

HVO + OA (4.0 wt.%) 780.15 3.71 26.92

HVO + OA (0.5 wt.%) + 40 nm (0.5 wt.%) 779.2 3.52

HVO + OA (1.0 wt.%) + 40 nm (1.0 wt.%) 782.5 3.56 27.01

HVO + OA (2.0 wt.%) + 40 nm (2.0 wt.%) 788.4 3.71 27.22

HVO + OA (4.0 wt.%) + 40 nm (4.0 wt.%) 802.8 4.11 27.55

3.3 Summary

This chapter describes the fuel preparation and characterization. It briefly describes the Jet

A-1 and HVO composition, highlighting the main differences between the fuels. Regarding

the addition of particles, aluminum was selected due to its energy content, abundance, and

relatively low production costs. Compared tomicron-size particles, aluminum nanoparticles
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present a lower melting point and better dispersion in liquids due to their size reduction. As

noted, adding particles to liquid fuel can be challenging due to the fuel stability, especially

for higher particle concentrations. The increment of aluminum particle concentration in-

creases the energy content of the fuel, a desired outcome for the mobility industry where a

stable fuel is essential for its implementation in real applications. A specific procedure was

established for low and high particle concentrations, and optimal power and sonication time

parameters were defined. In the current study, a sonication process involving an ice bath,

a sonication power of 18 W, and a time of 30 min provided the most satisfactory results.

Particle concentration equal to or higher than 2.0 wt.% requires the addition of surfactant

in a surfactant-to-nanoparticle mass ratio of 1:1 to ensure that the nanofuel remains stable

during the experimental investigations regarding the single droplet combustion and spray

behavior. Pure fuels, such as HVO and Jet A-1, are essentially transparent fluids. However,

when aluminum particles are added to the base fuel, it is perceived that the sample becomes

dark and opaque, potentially affecting the radiation absorption. In terms of physical proper-

ties, adding surfactant and aluminum nanoparticles does not substantially affect the surface

tension and density relative to pure HVO (relative variation <5%). In contrast, adding oleic

acid and aluminum increases the viscositywith the highest variation of 20.0% comparedwith

pure HVO for a concentration of up to 4.0 wt% of aluminum nanoparticles and surfactant.
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Chapter 4

Single Droplet Combustion

4.1 Introduction

In several technological processes, an immediate or controlled evaporation and, in certain

instances, combustion of a liquid mass in a gaseous medium is required. Heat and mass

transfer efficiency between a liquid and a gaseous medium depends on the interfacial area.

Due to this, a typical approach to enhance the overall evaporation rate involves dispersing

the liquid intomultiple fragments, significantly increasing the total surface area compared to

the original liquid mass. This process, denominated as spraying or atomization, is essential

in many practical applications, such as gas turbines, diesel engines, and furnaces. The mul-

tiple fragments released by the atomization process contract under surface tension, forming

nearly spherical droplets. Since the spray is much more complex than a sum of droplets,

understanding the phenomena related to the evaporation and combustion of isolated liquid

droplets is an essential prerequisite to comprehending the overall spray behavior. In fact,

single droplets have been a usual topic evaluated in the combustion field.

In this context, the current chapter explores single droplet combustion in experimental and

modelling approaches. The aim is to understand how the operating parameters can impact

the droplet burning rate as well as disruptive burning phenomena for conventional jet fuel

and alternative fuels concerning pure biofuel and biofuel with aluminum particles. In par-

ticular, the combustion of liquid fuel with metallic particles is a recent topic that needs more

detailed attention dedicated to its behavior and dynamics to understand if they are viable

for real-world applications. Furthermore, the development of numerical/analytical models

capable of predicting the dynamics of single droplet combustion under different conditions

is fundamental. Regarding the experimental study, falling droplet combustion experiments

are conducted in a drop tube furnace at different furnace temperatures using a high-speed

camera coupled with a high magnification lens to investigate the droplet size evolution as

well as a disruptive burning phenomena. A detailed description of the experimental setup

is provided, as well as the operating conditions and image data processing employed in this

investigation to elucidate how the measurements are carried out. Focusing on the addition

of particles to liquid fuel, a fewmodels have been developed that explain the phenomena oc-

curring during the evaporation/combustion of this type of fuel. In fact, mathematicalmodels

can ease the phenomenological understanding of complex systems and predictions of the rel-

evant processes. Thus, a simplified theoreticalmodel was developed in Python programming

language to predict the burning behavior of single droplet combustion. The model estimates

the droplet size evolution and burning rate, integrating several factors, e.g., convective ef-
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fects. This comprehensive approach provides valuable insights for designing, developing,

and operating more efficient and less pollutant practical devices.

4.2 Experimental Methodology

Firstly, the experimental methodology described the setup employed to evaluate the falling

single droplet combustion. The operating conditions, diagnostic characteristics, and data

process procedure are also described in detail. The present section discusses the influence

of furnace temperature, particle size, concentration, and surfactant addition based on the

experimental measurements.

4.2.1 Experimental Setup

The experimental facility to evaluate the single droplet combustion experimentally comprises

a drop tube furnace, injection apparatus, and image acquisition system. A detailed descrip-

tion is also mentioned in [16,19,216]. Figure 4.1 shows the experimental setup employed for

a single droplet combustion study, evidencing the drop tube furnace and the auxiliary equip-

ment. Thus, the following subsections describe each equipment used in this experimental

investigation.

Syringe pump

Gas 

exhaust

Function 

generator

Diffusive 

light

High Speed 

Camera

Computer

Figure 4.1: Schematic of the experimental setup for single droplet combustion.

4.2.1.1 Drop Tube Furnace (DTF)

An experimental arrangement was adopted to assess the combustion of falling droplets. In

this context, an injector placed at the top of the drop tube furnace facilitates the introduc-

tion of single droplets into a high-temperature environment. The injector for liquid fuels was

developed, incorporating an air supply for the oxidizing ambient and water-cooling system,

as depicted in the Appendix B.1. The water-cooling presents two purposes: preventing the
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equipment from potential damage and droplet ignition within the injector. The dimensions

of the injector are carefully designed to evaluate the single droplet combustion. Particularly,

the injector diameter is sufficiently large to prevent fuel contact with the walls. On the other

hand, the injector length is kept minimal to reduce droplet heating and to prevent droplet

ignition inside the injector. Regarding the air supply, a series of screens and nets were ap-

plied in the injector to align the flow and reduce the maximum eddy diameter. A net with

50 µm diameter and a honeycomb with 0.6 cm diameter and 6 cm length was used. The air

supply was 5.7 L/min with a precision error of ±2%. When the air enters, the quartz tube

is heated, generating a proper environment for the droplet autoignition. It is important to

highlight that the air enters the quartz tube before the droplet injection from a different in-

let. Figure 4.2 shows the interior of the drop tube furnace. The injector is placed at the top

of the drop tube furnace, fitting the quartz tube, where the droplet combustion occurs. The

vertical quartz tube has an inner diameter of 6.6 cm and a length of 82.6 cm, surrounded

by electrically heated coils of the drop tube furnace. For the visualization of single droplet

combustion, the DTF possesses two rectangular windows, with 2 cmwidth and 20 cm height,

in the heating zone, which is 30 cm long. The drop tube furnace is capable of achieving wall

temperatures up to 1200 ◦C, being controlled by two type-S thermocouples. Different fur-

nace temperatures are considered to evaluate the single droplet combustion. In this context,

temperature profiles inside the DTF were performed. The data were acquired using a 76 µm

diameter fine wire platinum/platinum: 13% rhodium (type-R) thermocouple, placed on an

appropriate probe. The probe is coupled to a mechanism that enables the thermocouple to

move along the central axis of the quartz tube with a positioning accuracy of ±1 mm.

Air supply 

entrance

Injector

Heating coils

Injector tip

Quartz tube

Figure 4.2: Interior view of the drop tube furnace.

Temperature measurements were collected using a data acquisition board connected to a

computer. Figure 4.3 shows the temperature profile measurements inside the quartz tube.

Different furnace temperatures were considered from600 ◦C to 1100 ◦C for the single droplet

combustion investigation displayed in the present thesis. Near the injector tip (x = 0 cm), air
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Figure 4.3: Furnace temperature inside the quartz tube as a function of the vertical distance for the respective
wall temperature conditions (P∞ = 1 atm). The injector tip is located at x = 0 cm.

temperature is lower than in regions further down. This is due to the interaction of the hot

air with the water-cooled injector tip, which is more evidence for the lower furnace temper-

atures.

4.2.1.2 Injection Apparatus

The droplets were generated and injected into DTF using the equipment presented in Figure

4.4. A monosize droplet generator (MDG), specifically the MDG100 produced by TSI, was

positioned above the inlet of the DTF injector and aligned with its central axis. The produc-

tion of monosize droplets is based on a piezoelectric device derived from applying a constant

periodic excitation to a laminar liquid jet, which causes surface waves to form and grow as

the jet slows down. Subsequently, the disintegration into a single droplet per surface wave

period happens. The monosize droplet generator displayed in Figure 4.4 a) is connected to a

function generator PM5136, provided by Fluke, enabling square waves with amplitudes of up

to 20 Vpp and frequencies ranging from 0.1 MHz to 5 MHz, suitable for MDG specifications.

A 50 mL glass syringe is connected to a syringe pump, specifically, the NE-1000 produced

by New Era Pump Systems, allowing a constant fuel flow rate, as shown in Figure 4.4. The

experiments were carried out using a pinhole with a diameter of 200 μm to the MDG tip un-

der operational parameters of approximately 2.1 kHz and a flow rate of 1.3 mL/min. This

droplet generation technique enables the study of droplets with smaller initial diameters re-

maining spherical. Moreover, it is possible to avoid the interference of a supporting filament

in the droplet combustion behavior. The droplet suspended technique is mainly used for

its simplicity in measuring the droplet parameters. However, using a supportive fiber does

not allow the study of a relatively small droplet. The typical droplet diameters in supportive

fiber setup are around 1 mm, considerably higher than droplets produced by liquid fuel at-
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omization. Moreover, the thermal conductivity of the supportive fiber influences the burning

rate and disruptive burning phenomena as reported by Basu and Miglani [29] and Wang et

al. [147]. In contrast with the droplet suspended, the free-falling droplet method allows the

study of droplets on a micrometer scale, and no foreign elements/filaments are presented in

the experimental arrangement. In this respect, the droplet enters the combustion chamber

and can achieve, in some cases, higher temperatures, and pressures to recreate the operating

conditions of practical engines [148].
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Figure 4.4: Equipment for generating and injecting droplets into the drop tube furnace.

The abovedescription of the injection systempresents numerous advantages for single droplet

combustion; however, the stream created by the MDG does not guarantee enough spacing

between droplets, leading to the droplets interaction. This impedes a precise analysis of sin-

gle droplet combustion. Consequently, to address this issue, a rotating disk featuring a slot

was positioned between theMDG and the injector entrance as displayed in Figure 4.4 b). The

rotating disk possesses a diameter of 12 cm, and the slot dimensions are 1 x 1 cm attached to

an electric motor. The electric motor is connected to a DC power supply of 2 A with an ad-

justable voltage between 3 and 12 V. In the experiments, the power supply voltage was set at

3 V, setting a rotational speed of 1200 rpm to the disk. Based on this approach, the droplets

that pass through the disk slot enter the DTF, ensuring an inter droplet spacing of at least 50

droplet diameters. Therefore, no interaction between neighboring droplets occurs, and the

phenomenon of single droplet combustion is guaranteed.

4.2.1.3 Image Acquisition System

As previously mentioned, an image acquisition system was employed to visualize the evapo-

ration/ combustion of single droplets. This system is composed of a high-speed camera and

an illumination set. Figure 4.5 depicts the high-speed cameras used for the single droplet

behavior in terms of the temporal evolution of droplet size reduction and b) disruptive burn-

ing phenomena. For temporal evolution of droplet size reduction, a CR600x2 fromOptronis
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was used. The CMOS camera provides images inRGB format that were further treated for the

grayscale. It can record with a maximum resolution of 1280 x 1024 px at 500 fps. Through-

out the experiments for the droplet size evolution, a resolution of 1280 x 500 px, allowing

for a frame rate of 1000 fps, and an exposure time of 1/12000 s and 1/13000 s were used.

These respective exposure time values were determined to be optimal for capturing moving

droplets with the correct focus while maintaining the image brightness for the visualization.

A shorter exposure time would lead to a reduction in image brightness, making it more dif-

ficult to observe the droplets. For the optical configuration used in this work, the pixel size

was 12 µm.

(a) (b)

Figure 4.5: a) CR600x2 high-speed camera with a magnifying lens Zoom 6000®; b) Photron FASTCAMmini
UX50 with 1.3 Megapixel.

Additionally, for the visualization and detection of disruptive burning phenomena, a Photron

FASTCAMmini UX50with 1.3Megapixel image resolution at frame rates up to 2,000fps and

frame rates up to 160,000fps at reduced image resolution was required, allowing the image

acquisition in grayscale. To enhance the micro-explosion visualization, different frames per

second (2000, 3200, 4000, and 5000 fps) and shutter (1/16000s and 1/20000s)were tested.

Regardless of the high-speed camera, these are connected to a computer that triggers the

camera and stores the collected images for further analysis. The spatial resolutionmicron/pixel

is a critical parameter for the image acquisition system, representing the relation between

the physical length and image pixels. A high spatial resolution is essential to ensure precise

analysis of small droplets. To attain this, a magnification lens, Zoom 6000® Lens System

produced by Navitar, was coupled to the camera. After each experiment, calibration was re-

quired to convert the scale from pixels to microns by placing a reference object with 76 µm

diameter in the focal plane. Subsequently, it was possible to extract data regarding droplet

size and velocity.

To visualize the droplet with maximum detail and contrast, an imaging backlight imaging

was the selected method to study the phenomena occurring inside the DTF. This is a well-

established technique extensively used in studies focused on droplet characterization, en-

abling the tracking of droplet size, position, and other properties. Figure 4.6 shows how the

equipment is arranged to capture the droplet burning behavior. The high-speed camera is

placed in a DTF opposite window compared to the illumination. As mentioned previously,

the illumination set, which comprises an LED light and a diffusion glass, was placed in front
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of one of the rectangular windows.

Backlight

High Speed 

Camera

Magnifying 

lens

Figure 4.6: Schematic of the arrangement employed for the image acquisition.

Essentially, it involves aligning a light source with a high-speed camera and positioning a

droplet between these two systems. To ensure the complete acquisition of the temporal evo-

lution of droplet size reduction, the system was placed in different vertical positions along

the DTF in each experiment performed.

4.2.2 Operating Conditions

Following the introduction of the experimental methodology, a brief explanation regarding

the operating conditions employed in the single droplet combustion experiments will be pro-

vided. In this particular context, the furnace temperatures test in each fuel, along with the

corresponding operating conditions, are presented.

As described in the experimental setup, falling droplets are released into the drop tube fur-

nace at elevated temperatures. The purpose of using a falling droplet method is to evaluate

and visualize the droplet movement and combustion without using a supporting fiber. Sev-

eral studies in the literature focus on nanofuel combustion employing a filament for droplet

support. These studies typically involve larger initial droplet diameters (≈ 1 mm), and the

presence of filament can affect disruptive burning events. The current investigation provides

a satisfactory compromise between experimentalwork andpractical conditions by employing

relatively high furnace temperature, smaller and spherical droplet diameter, and eliminat-

ing the need for a supporting fiber. This approach introduces a novel perspective to the field.

A droplet generator system releases a stream of droplets and enters the drop tube furnace

through its injector. As previously discussed, the drop tube furnace injector facilitates the

entrance of air and droplets through distinct inlets. Figure 4.7 provides a detailed view of the

drop tube furnace injector, highlighting the different inlets. Before conducting the experi-

ments, an analysis of the operating conditions regarding the airflow inside the quartz tube is

required.
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Droplet Entrance

Air Air

Figure 4.7: Drop tube furnace injector.

For the airflow characterization, the Reynolds number can be expressed by:

Reaf =
U∞L

νair
, (4.1)

where the mean airflow velocity, U∞ and the characteristic length, L, employed was the

quartz tube inner diameter, Dtube = 0.066 m. The kinematic viscosity of air is portrayed

as νair. The mean airflow velocity is determined by Equation (4.2):

U∞ =
Qinj
Atube

ρ∞ (Tinj)

ρ∞ (T∞)
, (4.2)

where Qinj is the air flow rate injected, Atube is the cross-sectional area of the quartz tube,

ρ∞ is the air density, and Tinj is the air injection temperature, estimated to be around 20
◦C. Table 4.1 shows the mean airflow velocity, air Reynolds number, and the corresponding

parameters used to determine its value at the tested furnace temperatures.

Table 4.1: Airflow conditions for each furnace temperature.

Furnace temperatures

600 ◦C 800 ◦C 1000 ◦C 1100 ◦C

T∞ (K) 873.15 1073.15 1273.15 1373.15

ρ∞ (kg m−3) 0.39 0.32 0.27 0.25

ν∞ (m2 s−1) 9.98E − 05 1.39E − 04 1.84E − 04 2.08E − 04

Qinj (m3 s−1) 0.000095

Atube (m2) 0.0034

Tinj (K) 293.15

ρinj (kg m−3) 1.20

U∞ (m s−1) 0.08 0.10 0.12 0.13

Airflow Reynolds Number 55.89 49.49 44.53 42.44
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The air properties for each furnace temperature are depicted inAppendixC.1 andC.2. Results

show that the Reynolds number inside the quartz tube is relatively low, indicating a laminar

airflow regime with reduced turbulence intensity. These conditions establish a stable and

favorable environment for conducting single droplet experiments. Additionally, it is evident

that theReynolds number decreases as the air temperature increases, primarily due to amore

pronounced rise in viscous forces compared to inertial forces.

Several working conditions are considered for the liquid fuels and alternative fuels with alu-

minum particles to understand the influence of the furnace temperature in single droplet

combustion. Regarding the liquid fuels, a conventional fuel (jet fuel), an alternative fuel

(HVO), and a mixture of HVO and oleic acid were tested, as shown in Table 4.2.

Table 4.2: Furnace temperatures considered on single droplet combustion for liquid fuels.

Furnace temperatures
Fuels

1100 ◦C 1000 ◦C 800 ◦C 600 ◦C

HVO 4 4 4 4

HVO + 4% OA 4 4Liquid Fuels

Jet A-1 4 4 4

HVO and jet fuel were evaluated for furnace temperatures ranging from 600 ◦C to 1100 ◦C.

Whereas, for HVO+ 4%OA, the only furnace temperatures of 800 ◦C and 1000 ◦Cwere tested

for comparison purposes, as will be further discussed.

Table 4.3 shows the furnace temperatures employed in the study dedicated to HVOwith alu-

minum particles. Different particle sizes and concentrations were evaluated. At the furnace

temperature of 1100 ◦C, only nanofuels were studied.

Table 4.3: Furnace temperatures considered on single droplet combustion for HVO with aluminum particles.
Study cases are considered with a check mark.

Furnace temperatures
Fuels

Particle
size

Particle
concentration 1100 ◦C 1000 ◦C 800 ◦C 600 ◦C

0.2% Al 4 4 4

0.5% Al 4 4 4

1% Al 4 4 4

1% OA + 1% Al 4 4

2% OA + 2% Al 4 4

40 nm

4% OA + 4% Al 4 4

0.5% Al 4
70 nm

1% Al 4

0.5% Al 4 4

HVO + Aluminum
Particles

5 µm
1% Al 4

The influence of the addition of surfactant in nanofuels was investigated and compared for
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furnace temperature at 800 ◦C and 1000 ◦C. Identifying the furnace temperature tested for

each fuel is relevant to clarifying and comparing the influence of adding metal particles and

surfactants to liquid fuel.

The initial droplet diameter is analyzed after introducing the environmental conditions for

each fuel. As previously stated, a monosize droplet generator injects a single droplet into the

drop furnace. This droplet generation system requires a syringe pump, a syringe, a function

generator, and a droplet generator head. A schematic view of the droplet generator head is

present in Figure 4.8.

Stream of 
droplets

Pinhole

Supply

Piezoelectric

ceramic tube

Figure 4.8: Schematic view of the MDG-100.

The droplet generator head is developed with a liquid reservoir containing a piezoelectric

component that causes vibrations. These vibrations propagate from the reservoir through

precision pinholes, leading to the liquid jet breakup. When a suitable frequency is applied

to the disintegrating liquid jet, it produces uniformly sized droplets with a certain diameter

and uniform spacing between neighboring ones. The following Equation gives a relation

between the obtained diameter ofMDG,whereQ is the liquid flow rate, and f is the excitation

frequency [398]:

D3 =
6Q

πf
(4.3)

As noted, the experiments were conducted considering a liquid flow rate of 1.3 mL/min and

2.1 kHz, resulting in a stream of droplets measuring approximately 270 µm. Since the ex-

perimental setup configuration used for single droplet combustion requires that a droplet

moves from the MDG to the rotating disk and ultimately into a quartz tube. As a result, an

initial droplet diameter of 250 µm was considered in the present work.
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4.2.3 Image Data Processing

The experiments of single droplet combustion were recorded and stored as multiple images,

enabling the extraction of pertinent details concerning this phenomenon. The collection of

information through images is defined as image data processing. This method permits pro-

cedures on an image to get an improved image or obtain valuable information. Figure 4.9

shows the image data processingmethodology. Firstly, the images are captured using a cam-

era and subsequently stored in a computer, allowing later image processing.

Image Data Processing

Figure 4.9: Data acquisition method.

After each series of experiments, the recorded videos were reviewed, and frames containing

visible droplets were extracted for subsequent analysis. To maintain the accuracy of the re-

sults, only droplets in the focal plane while passing through the area recorded by the camera

were subject to analysis. Images can be stored and retrieved easily to interpret the droplet

history in terms of visualization, diameter, and velocity. In the context of droplet visualiza-

tion, a crucial aspect is the identification of the droplet flame. The identification and visual-

ization of the droplet flame were challenging due to the absence of aromatics in the biofuel

employed in this study, as discussed in the results section. Consequently, an in-house algo-

rithm was developed in MATLAB to ensure the phenomenon of single droplet combustion

and droplet inter-spacing (space between droplets). Figure 4.10 shows an illustration and

original images to obtain the visualization droplet flame. As depicted in Figure 4.10, the

visualization of the flame is quite difficult. Due to this, a representation of the MATLAB

algorithm is provided, being merely illustrative to highlight the flame to aid in identifying

droplet combustion.

Figure 4.10: Illustration of the droplet flame image analysis using data processing.

Firstly, an image evidencing a droplet inside the DTF is selected. Thereafter, a background

image and droplet image are read in the MATLAB algorithm, as shown in step 1 and step 2

in Figure 4.10. These images are subtracted to highlight the droplet and its flame (step 3).

Since the CMOS camera provides images in RGB format, the function ”rgb2gray” is applied

to convert the image into a grayscale. To ease the identification of the flame, the droplet
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centroid is detected, as displayed in step 4. Finally, a green colormap is used to enhance the

image clarity. Applying a colormap to the image accentuates the data range in the visual-

ization, enabling it to be distinguished from the remaining data collection. A colormap is a

matrix of values representing the colors for surface, image, and patch objects. In this context,

the flame is highlighted, evidencing its presence in the image. A droplet flame identification

process was carried out for each fuel to verify the ignition of the droplet inside the quartz

tube. To guarantee the single droplet phenomenon, minimal space between the droplets is

required. As previously mentioned, the algorithm for flame detection permits droplet cen-

troid identification, enabling the confirmation of the inter-space between droplets. Figure

4.11 displays the distance between two droplets to ensure no interferences from the droplet–

droplet interaction in this study.

DI (Droplet inter-spacing)

Figure 4.11: Single droplet combustion: droplet inter-spacing.

According to the literature, droplets should be spaced at least 30 diameters apart to provide

independent burning [399,400]. Subsequently, each analysis was performed with approxi-

mately 50–60 droplet diameter distance.

An imagedetection algorithmwas also developed to determinedroplet properties (e.g., droplet

size evolution, burning rate, and droplet velocity). The ImageJ open-source software treated

the data to analyze and process scientific images. Figure 4.12 shows the various steps per-

formed in ImageJ to obtain the droplet characteristics. Initially, the image is introduced in

the software; subsequently, the Huang threshold method was employed to obtain edge de-

tection and pixel values. A region of interest (ROI) surrounding the droplet was established,

and the thresholds were calibrated to ensure precise measurements. To apply the thresh-

old, every frame had to be converted to a 16-bit image. Once the region of interest (ROI) is

established, the droplet outline is marked through the brightness gradient derived from the

light transition to darker gray. This approach facilitates the characterization of the droplet

for further analysis. A brightness gradient was determined for each pixel for each droplet

image. This gradient revealed a distinct change from lighter gray to darker gray pixels in the
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vicinity of the droplet surface.

Droplet 

characteristics

Step 1 Step 2 Step 3

ImageJ

Figure 4.12: Illustration of the image analysis procedure utilizing ImageJ for data processing.

Subsequently, the droplet diameter was determined through the instantaneous droplet area

given by image analysis related to a circle, where r is the droplet radius, as depicted in Equa-

tion (4.4):

Ad = πr2 . (4.4)

Determining the droplet diameter using the captured images provides insights into the droplet

history regarding droplet size evolution and burning rate. To ensure that the droplet size evo-

lution curve and burning rate are independent of the sample size, a statistical analysis was

conducted. The purpose is to determine the minimum number of droplets for the analysis.

Therefore, the droplet size evolution and burning rate were evaluated as a function of the

number of droplets, using 10 to 45 droplets for each nanofuel. In the present work, nanofu-

els were selected due to their disruptive burning behavior, which could affect the droplet size

history. Figure 4.13 shows the variation of the burning rate as a function of the number of

droplets analyzed. This examination was conducted using HVO with aluminum nanoparti-

cles in a size of 40 nm with two different particle concentrations.

Figure 4.13: Analysis of burning rate as a function of the sample size.
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The droplet size evolution was divided into five sections, and droplets were progressively

incorporated into the curve to assess the impact of the number of droplets on the analysis.

Consequently, the burning rate was extracted from the droplet size evolution curve. In the

present work, a minimum of 35 droplets is needed for a statistical convergence, where no

significant variation in the droplet size evolution curves and burning rate was noticed. Sub-

sequently, theD2/D2
0 curves will be presented in the results section, considering 40 droplets

with a standard deviation of 0.05, as will be described later.

In terms of droplet velocity, the coordinates of the droplet centroid were determined for

sequential frames, and the distance between these points was calculated. Then, this dis-

tance was divided by the time difference between frames to determine the droplet velocity,

as shown in Equation (4.5):

Ud =

√
|xb − xa|2 + |yb − ya|2

∆t
. (4.5)

The image data processing employed in the present work for the droplet characteristics re-

garding flame, diameter, and velocity was already presented. This procedure remains con-

sistent regardless of the type of fuel used, whether it be pure liquids or nanofuels. However,

introducing particles into liquid fuels results in disruptive combustion behavior. As a result,

it is crucial to investigate these phenomena to achieve a deeper understanding of nanofuel

droplet combustion. In this context, Figure 4.14 shows the procedure used to study the dis-

ruptive burning phenomena spotted in nanofuel. Initially, micro-explosions were selected

and identified to find the region of interest for subsequent analysis. For each furnace tem-

perature, ten micro-explosions were analyzed, and more than thirty images were considered

for the individual disruptive event.

Figure 4.14: Illustration of the image data processing for micro-explosions.

Subsequently, a MATLAB algorithm was developed, involving image subtraction, binariza-

tion, and identifying elements in the recorded images. Prior to the image data processing, a

detailed procedure dedicated to the acquisition, selection, and acquisition of an image of the

micro-explosion in focus is performed. After this, the identification of the region of interest

is highlighted.
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The image data processing starts with subtracting the background from the micro-explosion

images to accentuate the disruptive outcomes. In the following step, the images were sub-

jected to binarization using a threshold value of 0.09. For themicro-explosions investigation,

a high-speed camera, specifically the Photron FastCam mini coupled with a high magnifica-

tion lens, was employed to enhance visualization quality. After this, a MATLAB function

named ”imfill” was employed to identify the position of pixels with the highest value (white

pixels). Ultimately, the algorithm provides the maximum count of fragments present in the

images. In this scenario, elements are labeled using a ”vislabels” function, and the number of

fragments is determined using the ”numel” function, as displayed in Figure 4.15 a). The pur-

pose of examining the number of fragments relies on the influence of particle concentration

of nanofuels to understand its impact on disruptive burning events.

(a)

Upper sideLower side

(b)

Figure 4.15: Images obtained in image data processing for micro-explosions: a) Number of fragments, b)
Position identification of initial fragments.

The micro-explosions were divided into 4 regions of interest (ROI) to enhance the phenom-

ena understanding. These ROIs aim to identify and count the fragments on the upper and

lower sides and consider the position of the primary droplet disruption. The objective of

this analysis is to acquire a deeper understanding of the factors leading to the disruption of

nanofuel droplets. Due to this, different regions of interest are explored, considering the

lower side, which corresponds to the front of the droplet, and the upper side, representing

the rear of the droplet.

4.3 Single Droplet Combustion: Experimental Results

The present section is dedicated to the results and discussion of the experimental study con-

cerning single droplet combustion. Falling droplet at T∞ = 1100 ◦C, 1000 ◦C, 800 ◦C and

600 ◦C are explored. HVO and Jet A-1 are primarily investigated to understand how adding

metal particles affects droplet combustion. Concerning the addition of particles, nano-size

particles of 40 and 70 nm are considered, and 5 µm to evaluate the potential benefits of

utilizing nanoparticles in contrast to micron-sized particles. As outlined earlier in the litera-

ture review, numerous investigations suggest an optimal particle concentration enhances the
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single droplet combustion performance. Thus, this section addresses the impact of low and

high particle concentrations in the evolution of droplet size and the burning rate of nanofuel.

Finally, an analysis of disruptive burning phenomena is provided. A visualization and an

examination of the micro-explosion intensity concerning different particle concentrations

and furnace temperature are discussed. The overall findings were already published and are

available in [16, 19,216,401].

4.3.1 Visualization and Description of Pure Fuels Combustion

For a proper investigation of the effects of aluminum particles on HVO, a preliminary anal-

ysis is focused on the single droplet combustion of HVO to serve as a baseline for further

comparison. In addition, a conventional jet fuel, Jet A-1, is evaluated for a comparative anal-

ysis with the alternative fuels. It is important to highlight that pure fuels correspond to fuels

that do not involve the addition of aluminum particles.

Droplet size evolution, burning rate, and flame intensity are compared for Jet A-1 and pure

HVO at three furnace temperatures T∞ = 1000 ◦C, 800 ◦C and 600 ◦C. Concerning the low-

est furnace temperature, regardless of the fuel, the visualization and identification of auto-

ignition were not possible in the majority of the droplets. In this context, the droplet size

evolution and the burning rate at this particular temperature will not accurately compare all

operating conditions. Droplets are injected in the quartz tube after stabilization of the fur-

nace temperature, as shown in Figure 4.3. The air is introduced in the quartz tube and heats

due to the electric coils presented in DTF. The droplet begins to vaporize from its surface

when entering the hot environment. Consequently, auto-ignition occurs immediately upon

fuel vapor, and air mixing is in an adequate proportion, leading to a diffusion flame forma-

tion. In addition, ignition delay was not evaluated in the present work due to the constraints

in the experimental setup.

Visualization and droplet size evolution of single droplet combustion of HVO and Jet A-1 at

T∞ = 800 ◦C and T∞ = 1000 ◦C is presented in Figure 4.16 and Figure 4.17, respectively. Fig-

ure 4.16 and Figure 4.17 a) shows the square of the normalized droplet diameter as a function

of the normalized time for HVO and Jet A-1, where D0 is the initial droplet diameter. Each

curve was developed using 40 droplets, as previouslymentioned, and a five-pointmoving av-

erage was employed for the smoothening purpose. In addition, for diameters below D2/D2
0

= 0.1, it was not feasible to accurately measure the droplet diameter. Due to this, subse-

quent values were derived using the best-fit trend line for each droplet size evolution curve

discussed in this study. The results show that conventional jet fuel and biofuel obeyed the

D2 - law. Therefore, the normalized square diameter decreases linearly with a nearly con-

stant rate defined as the burning rate (K). By comparing the droplet size evolution curves

presented in Figure 4.16 a), the results suggest that droplets of pure HVO display a longer

lifetime however normalized droplet diameter evolution is quite similar for most of the life-

time compared with Jet A-1. The primary distinction between the fuels is observed at the end

of the droplet lifetime. Moreover, no disruptive burning phenomena are spotted.
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(a)

(b)

Figure 4.16: Jet A-1 and HVO combustion at T∞ = 800 ◦C: a) Droplet size evolution; b) Visualization of single
droplet combustion.

It is essential to mention that the ignition of Jet A-1 occurs at a smaller distance from the

tip of the DTF injector related to the HVO. This observation can be attributed to compounds

with lower boiling points (lighter compounds) present in Jet A-1 composition [402]. Consid-

ering the temperature profile inside the quartz tube, presented in Figure 4.3, for a furnace

temperature of T∞ = 800 ◦C, droplets ignite in a region between in 3 to 4 cm from the tip

of the injector. The maximum standard deviation in droplet size evolution curve at T∞ =

800 ◦C for Jet A-1 was ±0.05, and for HVO, it was ±0.08. Increasing the furnace temper-
ature, similiar findings with T∞ = 800 ◦C are noticed. In this context, Figure 4.17 a) shows

the droplet size evolution of HVO and Jet A-1 at T∞ = 1000 ◦C where the normalized square

diameter decreases linearly with time without any disruptive burning phenomena. The re-

sults indicate that by increasing the furnace temperature, the combustion characteristics of

conventional and alternative jet fuel are practically similar, where curves of the droplet size

141



evolution nearly overlap. Similar findings were previously reported by [379,403,404]. The

maximum standard deviation in droplet size evolution curve at T∞ = 1000 ◦C for Jet A-1 and

HVO are ±0.06 and ±0.08, respectively.

(a)

(b)

Figure 4.17: Jet A-1 and HVO combustion at T∞ = 1000 ◦C: a) Droplet size evolution; b) Visualization of single
droplet combustion.

In terms of visualization provided in Figure 4.16 and Figure 4.17 b) as time evolves, the

droplet diameter reduces as described in the droplet size evolution, and no disruptive burn-

ing phenomena are noticeable regardless of the fuel and furnace temperature considered.

The framewhen the ignition is detected, characterized by the appearance of a diffusion flame,

is defined as t = 0 ms, as indicated in the sequences of images. One of the significant con-

trasts displayed in the fuels single droplet combustion visualization is flame intensity. More-

over, the visualization suggests that a symmetric spherical flame is not evident. A brighter

flame is noticed for Jet A-1 due to the presence of high aromatic content, as previously noted

by [403]. This result is pertinent to research focused on pollutant emissions. In this con-
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text, a reduction in pollutant emissions is reported when HVO is used due to the absence of

aromatics [379,403,404]. On the other hand, identifying anHVO flame is considerably chal-

lenging since the biofuel does not possess aromatics in its composition, displaying a flame

with a lower intensity. In addition, it is also observed that the flame intensity decreases as the

droplet shrinks along its lifetime, as depicted in Figures 4.16 and Figure 4.17 b). Due to the

challenges in clearly identifying if there is an envelope orwake flame in the presentwork, par-

ticularly with HVO, a comparative analysis with the flame regimemaps developed by Pandey

et al. [405] is presented. According to the flame regimemap provided by Pandey et al. [405],

if the droplet Reynolds number relies on the range of 0 <Red < 5 for the entire droplet size, is

predicted that the burning process would be characterized by an envelope flame surrounding

the droplet. The droplet Reynolds number can be written as follows [406]:

Red =
UrelD

νg
, (4.6)

whereD is the droplet diameter and Urel is the relative velocity between the droplet and the

free stream that can be determined by the following expression:

Urel = Ud − U∞ . (4.7)

The airflow Reynolds number was already presented in Equation (4.1). Consequently, the

primary analysis is dedicated to the droplet velocity. Figure 4.18 shows the droplet velocity

as a function of the normalized droplet diameter at T∞ = 800 ◦C and T∞ = 1000 ◦C. As

earlier described in the experimental methodology, the droplet velocity was determined by

the centroid position for two sequential frames divided by the time between the two frames.

Afterward, a polynomial function is applied to the experimental data points to obtain velocity

curves for pure fuels in the two furnace temperatures.

At the early stages, where D2/D2
0 is between 1.0 and 0.7, HVO droplet velocity is slightly

higher than Jet A-1, however, as the droplet diameter is reducing the velocity tendency is

quite similar, regardless of furnace temperature. Themaximumstandarddeviation in droplet

velocity atT∞ =800 ◦Cwas±0.2m/s and atT∞ = 1000 ◦Cwas±0.1m/s. Thus, a detailed ex-
amination regarding the droplet Reynolds Number for HVO and Jet A-1 at T∞ = 800 ◦C and

T∞ = 1000 ◦C is displayed in Figure 4.19. The gas kinematic viscosity νg was estimated at the

mean temperature T 2 = (Tf + T∞) /2, for the gaseous region outside the flame front [406].

This finding indicates a decrease in the droplet Reynolds number as the droplet diameter

decreases. Additionally, air viscosity increases with temperature related to higher values of

T∞, leading to a reduction in the droplet Reynolds number. Notably, the estimated droplet

Reynolds number values remain relatively low due to the experimental conditions involving

small initial droplet diameters and high-temperature environments. As reported by Incor-
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(a) (b)

Figure 4.18: Droplet velocity as a function of the normalized droplet diameter at a) T∞ = 800 ◦C; b) T∞ = 1000
◦C.

(a) (b)

Figure 4.19: Droplet Reynolds Number as a function of the droplet squared ratio at furnace temperatures of T∞

= 800 ◦C and T∞ = 1000 ◦C.

pera [407], forRed≤ 2, no separation effects are noticed. Consequently, in the present study,

this phenomenon is negligible. Regarding the flame characteristics, Pandey et al. [405] pro-

posed a flame regimemap that enables the classification of the flame behavior, ranging from

an envelope flame to a wake structure, by considering the droplet Reynolds number. Con-

sidering that the Reynolds number relies on the range of 0 < Red < 5, it was confirmed that

the burning process would be characterized by an envelope flame surrounding the droplet.

After describing the fuel combustion behavior involving visualization, droplet size evolution,

and flame characterization, the burning rate between HVO and Jet A-1 is presented. Eval-

uating droplet size evolution allows investigating how fast the liquid evaporates, which can

be quantified as the burning rate. This parameter is critical for understanding fuel perfor-

mance under engine operating conditions. Figure 4.20 displays the temporal evolution of

burning rate and final burning rate for the Jet A-1 and pure HVO at T∞ = 800 ◦C and T∞
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= 1000 ◦C. The horizontal lines correspond to the final burning rate, considering the entire

droplet lifetime, where the red and blue lines are related to the Jet A-1 and HVO, respec-

tively. The burning rate can be determined by Kc = d(D2)/dt. The results indicate that

at the lowest furnace temperature, T∞ = 800 ◦C, Jet A-1 presents a slightly higher burning

rate (1.51 mm2/s) compared to pure HVO (1.41mm2/s). Furthermore, an increase in furnace

temperature results in a higher final burning rate, with the pure fuels exhibiting comparable

values, as shown in Figure 4.20 b). Regarding the temporal evolution of the burning rate, the

analysis reveals that liquid fuel evaporates without any significant disturbance. This leads to

an approximate constant burning rate value, regardless of furnace temperature.

(a) (b)

Figure 4.20: Temporal evolution of burning rate and final burning rate for the Jet A-1 and pure HVO: a) T∞ =
800 ◦C; b) T∞ = 1000 ◦C.

Asmentioned in the introduction of this section, four furnace temperatures were considered,

ranging from T∞ = 600 ◦C to 1100 ◦C. However, a more detailed analysis was provided only

for 800 ◦C, 1000 ◦C, where the lowest furnace temperature was unable to offer an accurate

comparative analysis since the majority of the droplets were only in the evaporation process.

An experimental study was conducted with a different exhaust system concerning the high-

est temperature, T∞ = 1100 ◦C. Consequently, to guarantee the accuracy of the results, the

analysis was carried out independently. Figure 4.21 shows the average burning rate of pure

HVO and Jet A-1 forD2/D2
0 > 0.2 at three furnace temperatures.

The result for the highest temperature, T∞ = 1100 ◦C, is included to clarify the impact of

furnace temperature on the burning rate, given that a comprehensive comparison with the

remaining furnace temperatures was not conducted. It is evident that increasing the furnace

temperature leads to a higher burning rate, regardless of the furnace temperature. A more

pronounced difference between the fuels is noticed at the lowest furnace temperature.
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Figure 4.21: Average burning rate of pure HVO and Jet A-1 forD2/D2
0 > 0.2.

4.3.2 The Addition of Particles to an Alternative Jet Fuel

The previous section described the combustion of pure HVO and Jet A-1. It was noticed that

HVOprovides satisfactory results; however, the addition of energetic particles to enhance the

combustion performance of biofuels is being explored. Thus, aluminumparticles were added

to the biofuel to enhance its performance, potentially decreasing fuel volume usage and in-

creasing fleet-wide energy efficiency. In this context, nanoparticles are being considered as

possible solutions to increase volumetric energy density, enhancement of the catalytic ac-

tivity, lower ignition delay, higher ignition probability, higher volumetric heat release rates,

and faster burning rates [29]. Therefore, the primary approach will be dedicated to the influ-

ence of the particle size. As indicated earlier, all the droplet size evolution curves related to

the investigation of adding aluminum particles to liquid fuels are developed considering 40

droplets, and to smoothen the curves, a five-pointwas employed. The initial droplet diameter

(D0) corresponds to the droplet diameter as it enters the quartz tube and ignites.

In light of the limitations and alterations in the experimental configuration, the following

results are primarily devoted to the highest temperature, T∞ = 1100 ◦C. Thus, pure HVO and

HVO with nanoparticles in size 40 and 70 nm and two particle concentrations (0.5 and 1.0

wt.%) are evaluated qualitatively and quantitatively. Figure 4.22 shows a sequence of instan-

taneous images of the tested fuels at a furnace temperature at T∞ = 1100 ◦C. It is essential

to mention that the different instants correspond to a droplet burning in different vertical

positions at the drop tube furnace, followed by the CMOS high-speed camera coupled with

a high magnification lens to capture the single droplet behavior. For these experiments, five

different camera positions were used to guarantee the visualization and analysis detail of the

droplet lifetime. Prior to the droplet injection, the air inside is heated by the electric coils at

the DTF. It creates an appropriate environment to evaluate the pure HVO and nanofuels as

displayed in Figure 4.3. When the droplet enters the quartz tube, it heats and ignites, which

consequently leads to the formation of a diffusion flame. When the ignition is detected, char-

acterized by the appearance of a diffusion flame, the frame is defined as t = 0 ms, and the
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Figure 4.22: Sequence of instantaneous images of pure HVO and nanofuels at a furnace temperature at T∞ =
1100 ◦C.

droplet diameter measurements begin approximately 1 cm from the injector tip. When the

droplet is exposed to a high ambient temperature, vaporization arises from the surface, gen-

erating a proper proportion of fuel/air mixing and leading to droplet autoignition. As noted

in the visualization description concerning pure fuels, the flame intensity is notably challeng-

ing, and a brief analysis has previously been offered. An observation in Figure 4.22 indicates

that the droplet diameter reduces as time evolves and that HVO presents a longer lifetime.

However, a disruptive burning phenomenon is spotted when nanoparticles are added to the
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biofuel, regardless of the particle size and concentration. The nanofuels possess a shorter

lifetime, and a micro-explosion indicates the end of the droplet lifetime. The detection of

this event occurs when agglomerates of nanoparticles leave the primary droplet and ignite,

producing intense bright spots. For a lower concentration of HVO + 40 nm + 0.5 wt.%,

micro-explosions occurred at later instants compared to HVO + 40 nm+ 1.0 wt.%. As shown

in Figure 4.22, the micro-explosion of HVO + 40 nm + 1.0 wt.% occurs at t = 33 ms, and the

micro-explosion of HVO + 40 nm + 0.5 wt.% at t = 38ms, approximately 5 ms later. The on-

set of micro-explosions shows that an increase in the particle concentration and reduction in

the particle size promotes the occurrence of micro-explosions earlier in the droplet lifetime,

even though these phenomena only occur with a slight instant difference.

Regarding the quantitative analysis of adding aluminum nanoparticles to HVO, Figure 4.23

presents the normalized temporal history of the diameter squared of pure HVO and nanofu-

els at T∞ = 1100 ◦C. The classical liquid droplet combustion theory states that the normal-

ized square diameter decreases linearly with time, with a nearly constant slope defined as the

burning rate (Kc). The results show that the falling droplet of pureHVOburns as a fully liquid

droplet without disruptive burning phenomena. However, for nanofuels, the curves present

a different behavior, indicating that the presence of nanoparticles influences the droplet size

evolution. The quantitative results suggested that adding aluminum nanoparticles to HVO

results in a departure from theD2-law, agreeing with the qualitative description of nanofuel

droplet evaporation and combustion, as discussed in the previous paragraphs. At the later

stages of the droplet lifetime, the formation of the nanoparticle aggregates evidence a re-

duction in evaporation, showing a different evolution of the curve. During the steady-state

phase, the droplet diameter is reduced considerably, and no micro-explosions are detected

at this stage.

Figure 4.23: Droplet size evolution of pure HVO and nanofuel at T∞ = 1100 ◦C.

The nanofuel droplet combustion displayed four different combustion phases: (i) a classical

steady-state phase, (ii) a dry-out phase, (iii) a disruptive behavior phase, followed by (iv) a
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particle combustion phase, characterized by the appearance of bright spots, indicating the

combustion. The identification of the dry-out phase is identified when a based on a decrease

in the reduction rate of the droplet diameter is evident, as depicted in Figure 4.23 marked

by a black circle. Aluminum nanoparticles aggregation at the droplet surface difficult the

vaporization of liquid fuel that remains at the end of the droplet lifetime. Consequently, the

normalized squared diameter of the nanofuel is approximately constant for a few instants

until disruptive burning phenomena are denominated as micro-explosion occurs. Micro-

explosions were intensively studied for emulsions. Emulsions are composed of liquid fuels

with different boiling points in certain conditions, leading to micro-explosions [29,408]. On

the other hand, nanofuel is composed of a solid and liquid phase, and the phenomenon of

micro-explosions is explained by a different mechanism, as will elaborated in detail later.

In this respect, micro-explosions lead to secondary atomization, dispersing particle agglom-

erate and remaining liquid fuel, which promotes a reduction in the droplet lifetime. The

nanoparticle dynamics inside the droplet affect the droplet evaporation and combustion.

Comparing the nanofuels, the temporal droplet reduction curves practically overlap, where a

slight difference can be detected from each particle size. However, the present results agree

with the findings presented in the literature, i.e., a reduction in the particle size leads to an in-

crease in the wet surface area when a constant particle concentration is considered. This fact

promotes an increase in the evaporation rate. In this scenario, the particle concentrations

seem to impact the dry-out phase.

To assess the effects of incorporating nanoparticles into biofuels and to align with the pre-

vious findings, Figure 4.24 displays the droplet lifetime of pure HVO and nanofuels at T∞ =

1100 ◦C. At t = 0 s, the initial droplet diameter for all the fuels is 250 µm, and the droplet

lifetime corresponds to the time of the total consumption of the primary droplet. As al-

ready mentioned, the droplet of pure HVO depicts a longer lifetime when compared with the

nanofuel droplets. For the nanofuels, regardless of the size and concentration of aluminum

particles, a disruptive burning phenomenon occurs, pronouncing the end of the droplet life-

time. An increase in the particle concentration leads to an earlier occurrence of a micro-

explosion. Its effect on droplet lifetime is negligible for the investigated particle size range.

Droplets of HVO + 40 nm + 1.0 wt.% with the highest nanoparticle concentration have the

shortest burning time for the experimental conditions studied in this work.

In short, the findings suggest that regardless of the particle size and concentration, a no-

table improvement in biofuel burning was observed. The observed effects are predominantly

attributable to the particle concentration, while particle size variation presents similar out-

comes. To understand how different particle sizes affect the combustion of HVO, an inves-

tigation is carried out in terms of droplet size evolution and the burning rate of alternative

jet fuel with particles in a nano and micron scale. Firstly, it should be pointed out that two

furnace temperatures T∞ = 800 ◦C and T∞ = 1000 ◦C are considered. Consequently, the

description of the pure HVO for both furnace temperatures was previously provided for the

comparative analysis. For this evaluation, a low particle concentration of 0.5 wt.% and two

particle sizes (40 nm and 5 µm) were considered to evaluate the influence of adding alu-
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Figure 4.24: Droplet lifetime of pure HVO and nanofuels at T∞ = 1100 ◦C (D0 = 250µm).

minum particles to the biofuel.

For simplification the sequences of images presented inFigure 4.25 are exclusively concerned

with the visualization of HVO + 40 nm + 0.5% Al and HVO + 5 µm+ 0.5% Al at T∞ = 800 ◦C

and T∞ = 1000 ◦C. The visualization of pure HVO for both furnace temperatures is displayed

in Figure 4.16 and Figure 4.17. The sequence of images shows that the droplet diameter is

reducing as time evolves, and the droplet flame presents a lower intensity due to the lack of

aromatics content inHVO. The droplet enters the quartz tube, and the liquid fuel begins to be

consumed no obvious particle expulsionwas observed for themajority of the droplet lifetime.

This leads to a preferential increase in particle concentration at the droplet surface, attributed

to the interaction between heat and mass transfer. As time evolves, the solid phase becomes

predominantwithin the droplet, and agglomeration hinders vaporization, potentially leading

to local hot spots. These hot spots induce biofuel vapor nucleation, resulting in a micro-

explosion and ejection of intense bright spots in several directions [237].

Disruptive burning phenomena are an interesting outcome to induce secondary atomization

since the liquid and solid phases are dispersed, enhancing fuel/air mixture, reducing the

droplet lifetime, and improving combustion efficiency [159, 165]. For the two furnace tem-

peratures and particle sizes, micro-explosion appears due to the presence of particles in the

biofuel. In this examination, the probability of a micro-explosion occurrence is 100% con-

cerningHVO+40nm+0.5%Al andHVO+5µm+0.5%Al atT∞ =800 ◦CandT∞ = 1000 ◦C.

As noted in several studies presented in the literature, the appearance ofmicro-explosions as

a consequence of adding particles to liquid fuel is evident [206,219], as well in the previous

analysis employing a higher furnace temperature T∞ = 1100 ◦C. Besides the fact that both

particle sizes display micro-explosions, HVO + nano-sized particles seem to disperse bet-

ter than micron-sized particles, however the latter possesses micro-explosions with a higher

intensity which can be related to the particle agglomeration, as shown in Figure 4.25. An
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Figure 4.25: Sequence of instantaneous images of HVO + 40 nm + 0.5% Al and HVO + 5 µm + 0.5% Al at T∞ =
800 ◦C and T∞ = 1000 ◦C.

analysis of the micro-explosions for fuels with nano and micron particles was performed by

Gan and Qiao [206]. The authors reported that micron suspension forms a densely packed,

impermeable shell and nanosuspension a porous, more uniformly distributed spherical ag-
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gregate that affects droplet evaporation and combustion. After the occurrence of micro-

explosions, particle agglomerates are dispersed in the quartz tube environment and are pro-

jected from the explosion region and burned. The aluminum combustion characterizes this

final event. The residue derived from this final event is violently projected away, ascending

as the smoke tail. However, the combustion residue was not collected due to limitations on

the experimental setup.

The quantitative analysis concerning the addition of particles to liquid fuel is displayed in

Figure 4.26. The normalized droplet diameter as a function of the normalized time is pro-

vided for T∞ = 800 ◦C and T∞ = 1000 ◦C. The droplet size evolution of HVO with aluminum

particles differs from pure HVO.

(a) (b)

Figure 4.26: Droplet size evolution of pure HVO and HVO with nano and micron particles: a) T∞ = 800 ◦C; b)
T∞ = 1000 ◦C.

The later presents a steady burning, however aluminum particles dispersed in HVO present

a dry-out phase, where the droplet diameter does not reduce linearly with time and where a

reduction of the burning rate is identified in this phase, regardless of the particle size. Figure

4.26 a) shows that the addition of nanoparticles can produce a steeper droplet size regression

curve compared with pure HVO. In contrast, this effect is not observed with micron-sized

particles presenting a curve closer to the HVO, indicating a lower burning rate. This obser-

vation is consistent with the highest temperature, displayed in Figure 4.26 b). It is important

to highlight that at the end of the droplet size evolution curves was not possible to deter-

mine experimentally due to the considerable small size of the droplet, thus it provided an

estimation where micro-explosions appear by the number of frames until this phenomenon

occurs. The dry-out phase is initiated earlier under higher temperatures, indicating a more

pronounced curvature in the normalized droplet diameter, e.g., in nanofuel, as shown in Fig-

ure 4.26 b). The results also show that micro-explosions, which are marked in Figure 4.26

occur later for micron-sized particles suspended in HVO, which can be related to findings

reported in [409]. The authors stated that increasing the particle size increases the time to

disruption since the inter-particle distance increases and decreases the surface area, which

can delay the micro-explosion and be responsible for the droplet size evolution difference
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compared with nanoparticles. Consequently, it is noticed that micron-sized particles in a

liquid fuel present a longer lifetime even in comparison with HVO. Higher furnace tempera-

ture leads to a higher burning rate for all fuels.

To proceed with the investigation devoted to the influence of the particle size of energetic

material in a liquid biofuel, the temporal evolution of the burning rate is evaluated. Figure

4.27 shows the temporal evolution of the burning rate of HVO with nano and micron parti-

cles at a) T∞ = 800 ◦C and b) T∞ = 1000 ◦C. Regardless of the particle size added to HVO,

fluctuations in the temporal evolution of the burning rate are presented. This observation

is achieved compared to pure HVO, which displays a more constant temporal evolution of

the burning rate. Nevertheless, the burning rate values are significantly higher in the initial

stages. However, as time evolves, a significant reduction is noticed due to the accumulation

of particles within the droplet as evaporation occurs, leading to the formation of the dry-out

phase.

(a) (b)

Figure 4.27: Temporal evolution of the burning rate of HVO with nano and micron particles: a) T∞ = 800 ◦C;
b) T∞ = 1000 ◦C.

Increasing the furnace temperature increases the burning rate, as shown in Figure 4.27 b).

Finally, considering the particle size range used in this work, the most encouraging results

were obtained for HVO + 40 nm (0.5 wt.%), presenting a higher burning rate and lower life-

time. Based on the previous findings, the most promising results were achieved for fuels

composed of HVO and nanoparticles in a size of 40 nm. Due to this, to address the influence

of the particle concentration in single droplet combustion, nanofuels should be used exclu-

sively, considering nanoparticles of 40 nm. As described in the operating conditions, low and

high particle concentrations were explored, ranging from 0.2 to 4.0 wt.%. A low particle con-

centration is considered for values below 1.0%. On the contrary, high particle concentrations

rely on values > 1.0 %. For the high particle concentration, the use of a surfactant, oleic acid

(OA), was required to enhance nanoparticle dispersion in the liquid biofuel to ensure that

the nanofuel remains stable during the experiments. Thus, three nanofuels with aluminum

nanoparticle concentrations of 1.0 wt.%, 2.0 wt.% and 4.0 wt.% were prepared and tested.

In a theoretical approach, the increment of aluminum particle concentration increases the
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energy content of the fuel, a desired outcome for themobility industry. Concerning the lower

particle concentration no surfactant was added, as noticed in the description of the droplet

size evolution of HVO + 40 nm + 0.5% Al provided in Figure 4.26 and Figure 4.27. Conse-

quently, a brief description of a nanofuel droplet combustion with a lower particle concen-

tration without using surfactant was already provided. Due to this, the following analysis

is dedicated to the addition of nanoparticles in a high particle concentration to evaluate the

influence of the particle, as well as the addition of the surfactant. In the conclusive analy-

sis of these results, a comparison between low and high particle concentrations is outlined

regarding the average burning rate.

For the experimental study focus on the variation of particle concentration equal to or higher

than 1.0 wt.%, a surfactant-to-nanoparticle mass ratio of 1:1 was used, and two furnace tem-

peratures were considered, T∞ = 800 ◦C and T∞ = 1000 ◦C. Before evaluating the com-

bustion of the nanofuel droplets, it is essential to evaluate the combustion characteristics of

pure HVO and HVO + OA droplets as a baseline for comparison. Furthermore, the high-

est concentration of surfactant (4.0 wt.%) used to enhance the stability of nanofuel was also

employed for a clearer understanding of nanoparticle effects. As previously mentioned, the

droplet size evolution of each fuel was not acquired for the heating phase due to the opti-

cal limitations of the experimental setup. The droplet autoignition occurs when the droplet

leaves the injector tip and is susceptible to high temperatures. The visualization of droplet

combustion of HVO + 4% OA and three nanofuels are display in Figure 4.28 and Figure

4.29 at T∞ = 800 ◦C and T∞ = 1000 ◦C, respectively. The visualization of the pure HVO

combustion is also presented in Figure 4.16 and Figure 4.17. As stated, a high-speed cam-

era with a high-magnification lens was used to rigorously capture the combustion process

and identify potential disruptive burning phenomena. The ignition frame is defined as t = 0

ms, with a droplet diameter of approximately 250 µm. The visualization reveals that as time

progresses, the droplet diameter decreases, and regardless of the furnace temperature, only

including nanoparticles as an additive leads to disruptive burning phenomena. Pure HVO

and HVO + 4.0 wt.% OA does not display any puffing or micro-explosion during the droplet

lifetime. However, all the nanofuels studied exhibited micro-explosions with an occurrence

rate of 100% at the end of their lifetime, regardless of the experimental conditions and par-

ticle concentration, as already discussed in the previous results. Since these phenomena are

exclusively observed when nanoparticles are introduced, strongly suggesting their active in-

volvement in driving its occurrence. A brief elucidation regarding these events has already

been provided, and a more in-depth explanation will be presented. As discussed earlier, as

the liquid fuel evaporates, the nanoparticles remain inside the droplet since no ejections are

identified during themain course of the combustion. The droplet surface is receding rapidly,

sweeping in the nanoparticles that remain inside the droplet. Subsequently, the concentra-

tion of the solid phase increases and begins preferentially at the droplet surface, where mass

and heat exchange occur. Due to this, it is essential to confirm the relative motion of the re-

gressing surface and particles. According to [226,227], the Péclet Number (Pe) can evaluate

this relative motion. This dimensionless number can be given by the following expression:
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Pe =
Kc

8Dpl
, (4.8)

where Kc is the evaporation rate, and D is the particle diffusion coefficient in the liquid

droplet, estimated by the Einstein-Stokes relation.
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Figure 4.28: Sequence of instantaneous images of HVO + 4% OA and nanofuels at a furnace temperature of
T∞ = 800 ◦C.
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Figure 4.29: Sequence of instantaneous images of HVO + 4% OA and nanofuels at a furnace temperature of
T∞ = 1000 ◦C.
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The Einstein-Stokes relation is expressed by [226]:

Dpl =
kBTl
6πµlrp

, (4.9)

where kB is the Boltzmann constant, Tl and µl are, respectively, the liquid temperature and

dynamic viscosity and rp is the particle radius. When Pe≪ 1, the particles have enough time

to diffuse through the droplet, which leads to a packed spherical particle aggregate. On the

other hand, when Pe≫ 1, the time to diffuse the particles through the droplet is insufficient,

resulting in an accumulation on the droplet surface. Considering Equation (4.8), the values

of rp are in nanoscale, and temperature is approximately 280 ◦C acquired from the distillation

curve displayed in Figure 3.4. The viscosity values were obtained from [410,411]. Due to this,

an approximate value of Pe was estimated to be of the order of 1000, i.e., Pe ≫ 1. This Pe

value asserts that the particles are agglomerating at the droplet surface before notable par-

ticle redistribution occurs by diffusion. The liquid biofuel evaporates more quickly than the

diffusion of aluminum particles, evidencing that convective transport dominates over diffu-

sive transport. Consequently, as droplet evaporation proceeds, this particle agglomeration

near the surface originates a thicker shell. The strength of the shell increases as its thickness

becomes greater. Due to this, the shell becomes more resistant to the compressive capillary

forces induced by the regression of the droplet surface. Eventually, the strength of the shell

becomes greater than the compressive stress, which leads to a stop in shell shrinkage. After

that, the evaporation front from the outer surface of the droplet moves inward, causing the

shell to dry out and form a dry crust [236]. The shell heated up, the droplet temperature ex-

ceeds the boiling point of the liquid fuel promoting nucleation of the liquid fuel that remains

inside the shell of particles [237]. Consequently, a shell is forming, becoming more resis-

tant to the compressive capillary forces induced by the regression of the droplet surface. At

some point, the shell strength overcomes the compressive stress, which ceases shell shrink-

age. During this procedure, the shell is heated up hence the droplet temperature exceeds

the boiling point of the liquid fuel. This promotes nucleation of the liquid fuel that remains

inside the shell of particles [237]. As a result, the pressure inside the structure increases, ulti-

mately prompting the shell to disintegrate, promoting the appearance of disruptive burning

phenomena. Later, the final residue is aggressively projected away, eventually ascending as

the smoke tail occurring from the aluminum combustion [237]. The occurrence of micro-

explosions has a notable impact not only on the duration of the droplet lifetime but also on

atomization, as it enhances the dispersion of the solid phase. Unfortunately, the available

experimental setup does not facilitate collecting combustion residues or measuring heat re-

leased by nanoparticles. These aspects are crucial for evaluating their impact on emissions

and potential damage to the combustion chamber.

Figure 4.30 shows the droplet size evolution of pureHVO,HVOwith the addition of 4.0 wt.%

of OA at a) T∞ = 800 ◦C and b) T∞ = 1000 ◦C. droplet combustion of pure HVO and HVO +

4.0wt.%OA for both furnace temperatures is in good agreementwith theD2-law, without the
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existence of disruptive behavior phenomena, as noted previously. The maximum standard

deviation for the curves of HVO + 4.0 wt.% OA is 0.0019mm2/mm2. Concerning the droplet

size evolution of HVO + 4.0 wt.% OA, a near overlap with the temporal history of the diam-

eter squared of pure HVO for both furnace temperatures is noticed. The most pronounced

difference in the curves is displayed at the later stages of the droplet lifetime for T∞ = 800 ◦C

for diameters belowD2/D2
0 = 0.25. This results in a slight departure between pure HVO and

HVO + 4.0 wt.% OA resulting in a small extension of the lifetime of the HVOwith surfactant.

The small difference in the volatilities of OA can be attributed to this phenomenon since the

boiling point of oleic acid is 360 ◦C, whereas HVO ranges from 180 to 308 ◦C, resulting to

the preferential gasification of the more volatile component, i.e., HVO [142]. As evaporation

occurs, the relative concentration of OA in the droplet increases, eventually influencing the

combustion behavior after reaching a critical level. On the other hand, a distinct behavior is

noticed for a higher furnace temperature. This leads to the hypothesis that preferential gasi-

fication is suppressed at high furnace temperatures. This outcome is highly promising since

adding small concentrations of OA significantly increases the stability of nanofuels without

jeopardizing the burning characteristics of HVO. Similar findings were already reported by

Javed et al. [221, 412]. The authors investigated the impact of adding small concentrations

of oleic acid to n-heptane and kerosene droplets at high temperatures. The authors reported

that its influence is negligible in the combustion behavior compared to pure fuels.

(a) (b)

Figure 4.30: Droplet size evolution of pure HVO, HVO with the addition of 4.0 wt.% of OA: a) T∞ = 800 ◦C; b)
T∞ = 1000 ◦C.

Since the combustion characteristics of HVO droplets with 4.0 wt.% OA did not show signif-

icant differences compared to pure HVO droplets, no further concentrations were explored,

and the independent role of nanoparticles can be analyzed. Figure 4.31 shows droplet size

evolution of pure HVO, HVO with the addition of 4.0 wt.% of OA and the different nanofu-

els studied for a) T∞ = 800 ◦C and b) T∞ = 1000 ◦C. The maximum standard deviation

for all curves featured in Figure 4.31 a) is 0.0038 mm2/mm2, and for all curves depicted in

Figure 4.31 b) it is 0.0063 mm2/mm2. Similar to the previous findings, adding nanopar-

ticles to the HVO leads to a departure from the D2-law. In addition, during steady-state

combustion, the droplet burning rate increases, regardless of particle concentration and fur-
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nace temperature conditions. A classical steady-state, dry-out, disruptive behavior is evi-

dent. The steady-state and dry-out phase identification for both temperatures is displayed

in Figure 4.31. Regardless of the nanoparticle concentration, all the nanofuels studied pre-

sented a similar droplet size evolution. This effect can be attributed to radiation absorption

by the aluminum nanoparticles, as highlighted in the literature as one of the mechanisms

presented in nanofuel combustion.

(a) (b)

Figure 4.31: Droplet size evolution of pure HVO, HVO with the addition of 4.0 wt.% of OA and the different
nanofuels studied for: a) T∞ = 800 ◦C; b) T∞ = 1000 ◦C.

Radiation absorption can increase the energy budget available for liquid fuel evaporation.

Thus, increasing the particle concentration increases the quantity of nanoparticles, which

will not produce any noticeable improvement if the droplet already absorbs all the incoming

radiation energy. These results indicate the potential use of nanofuel at low particle concen-

trations. As noticed a particle concentration of 1.0 wt.% of aluminum nanoparticles provides

a substancial enhancement in the burning rate, particularly during the steady-state, offer-

ing a reduction of the droplet lifetime, while ensuring a better suspension and long lasting

stability of the nanoparticles on the base fuel. In addition, using nanofuel with low particle

concentration is more cost-effective and reduces equipment wear, which is crucial to address

their viability for real-world application. Concerning the dry-out phase, its onset is approx-

imately at t/D2
0 = 0.4 s/mm

2 and t/D2
0 = 0.35 s/mm

2 for T∞ = 800 ◦C and T∞ = 1000 ◦C,

respectively. This conclusion is obtained qualitatively based on the curvature, and there is no

precise evaluation method. The dry-out phase appears due to the solid phase of a nanofuel

that remains inside the droplet as the liquid phase is evaporation. With time, resistance to

the liquid fuel is developed, resulting in a reduction rate of the droplet diameter. Besides

that, the dry-out phase appears more influenced by furnace temperature, where the parti-

cle concentration causes a negligible effect. The onset of the disruptive burning phenomena

seems to have a minimal influence in the analysis concerning high particle concentration,

as shown in Figure 4.31. Moreover, a specific behavior is identified in comparison with the

micro-explosion provided by the fuels using nano and micron-size particles without the use

of the surfactant. This observation suggests that the addition of surfactant in the occurrence
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of disruptive burning phenomena can promote the efficiency of the process, as will be dis-

cussed in the subsequent section.

For comparison purposes between the nanofuels at two furnace temperatures, Figure 4.32

shows the average burning rate. Instead of displaying the droplet burning rate as a function

of time, it was defined to present the average burning rate, as given the circumstances, the

latter introduces much more useful information regarding the burning behavior of isolated

droplets. To correctly investigate the enhancement in the droplet burning rate, this was cal-

culated using its average value and disregarding the dry-out phase, i.e., for D2/D2
0 < 0.3.

For pure HVO and HVO + 4.0 wt.% OA, regardless of the furnace temperature, the maxi-

mum standard deviation is 0.334 mm2/s and 0.369 mm2/s, respectively. For the nanofuels,

the maximum standard deviation for the burning rate is 0.55 mm2/s. This analysis involves

nanofuel with a particle size of 40 nm and low and high particle concentrations. The latter

also includes the surfactant addition. It can be noticed that the improvement in the burning

rate is more notorious for higher furnace temperatures related to more radiation energy be-

ing transmitted from the DTF walls. This observation is following the droplet size evolution

previously presented. Additionally, the results show that the lowest particle concentration

produces a minor enhancement in the burning compared with HVO. Moreover, the burning

rate of HVO + 4% OA is quite similar to the HVO. The influence of surfactant appears to

contribute to the burning rate, where there is a slight difference in the burning rate as the

furnace temperature varies for HVO + 0.5% and HVO + 1.0%. This effect was noticed when

surfactant was added to the particle concentration of 1.0%.

Figure 4.32: Average droplet burning rate for the steady-state combustion phase (D2/D2
0 > 0.3) of pure HVO,

HVO with the addition of 4.0 wt.% of OA and the different nanofuels with a particle size of 40 nm studied as a
function of the furnace temperatures T∞ = 800 ◦C and T∞ = 1000 ◦C.

As previously discussed in the analysis of high particle concentration, an increase in the

amount of nanoparticles inside the droplet does not result in an enhancement of the burning

rate.
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4.3.3 Disruptive Burning Phenomena

The previous findings reported disruptive burning phenomena when aluminum particles

were added to the liquid biofuel regardless of the furnace temperature, particle size, and con-

centration. Concerning the studies present in the literature, themajority involving nanofuels

or micron-sized particles stably suspended in a liquid fuel are developed in a fiber suspen-

sion technique [29,195,393]. This experimental method can act as a nucleating surface, pro-

moting heterogeneous boiling related to a certain low degree of superheat. Consequently,

a continuous bubble formation potentially leads to a disruptive burning phenomenon [29].

Thus, the present work confirms that disruptive burning phenomena can be detected with-

out using the suspended droplet method due to the addition of particles. Guerieri et al. [413]

developed a study using a falling dropletmethod, using an aluminum additive, and also spot-

ted disruptive burning events. Disruptive burning phenomena are characterized by two out-

comes: puffing andmicro-explosion. According to Javed et al. [219], a micro-explosion s is a

complex process involving multicomponent, multiphase, and multiscale interactions. Prior

to the occurrence of micro-explosion, puffing was commonly noticed. The micro-explosions

correspond to the total disintegration of the primary droplet, while on the other hand, puffing

inmost studies involving emulsions is defined as the release of volatile components, resulting

in a partial disintegration [159, 165].

Since the nanoparticles offer themost promising outcomes, attention is directed toward their

effect on the single droplet combustion process, particularly at the end of the dry-out phase,

where disruptive burning phenomena are observed. These events promote secondary atom-

ization, dispersing particle agglomerate and remaining liquid fuel, promoting a reduction in

the droplet lifetime. Despite the fact that the behavior of micro-explosions is stochastic, a

quantification of these events is required. The analysis of the disruptive burning phenomena

in the present study focuses on a nanofuel droplet predominantly composed of fuel, a liq-

uid phase, HVO, and solid aluminum nanoparticles in different concentrations. In addition,

falling droplets are inserted into a high temperature provided by the drop tube furnace. Due

to this, the liquid fuel evaporates, and as time proceeds, the nanoparticles persist inside the

droplet and accumulate at the droplet surface. Due to this, the nanoparticle concentration

increases and affects the biofuel evaporation, leading to a slower reduction of the droplet di-

ameter at the end of its lifetime. This hinders biofuel vaporization, and as a result, the droplet

surface behaves as a ”shell”, increasing the droplet temperature and leading to the nucleation

of the liquid fuel. As a result, the pressure inside the droplet rises, ultimately prompting the

shell to explode, resulting in a puffing or micro-explosion.

An investigation dedicated to the disruptive burning phenomena of a nanofuel using a parti-

cle size of 40 nm and different particle concentrations, and two furnace temperatures is con-

sidered to better understand their nature and phenomenology. Puffing andmicro-explosions

were studied using a falling droplet method to avoid interfering with intrusive elements. A

preliminary study is presented focus on HVO + 40 nm + 1.0% Al at T∞ = 800 ◦C and T∞ =

1000 ◦C in terms of visualization, micro-explosions fragments and duration. A visualization
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of the end of droplet lifetime of HVO + 40 nm (1.0 wt.%) at T∞ = 800 ◦C is displayed in Fig-

ure 4.33. The instant t = 0ms is defined as the micro-explosionmoment. As can be seen, the

primary droplet disintegrates, and its original shape is no longer spherical. However, prior

to this event, the droplet deforms, and puffing is detected at t = -0.9375 ms. At this point,

the droplet did not release any noticeable fragments. On the other hand, when the micro-

explosion occurs, several fragments were released with smaller dimensions than the primary

droplet, as shown at t = 0.3125 ms. As time proceeds, the number of fragments increases,

and bright spots are identified as the aluminum combustion. From t = 0.625ms to t = 0.9375

ms, the ignited fragments are dispersed in the quartz tube and appear to rotate in turn of the

explosion position. During this process, the ignited fragments ascend, causing their detec-

tion to be progressively more challenging (t = 1.5625 ms). Moreover, a substantial portion

of the deformed droplet remains visible, with minimal change in its position. The ignition of

this part, initiated at t = 5.625 ms, is noticeable at its surface brightness. As time progresses,

an intense bright spot appears, which gradually extinguishes. Finally, a combustion residue

is violently projected away, ascending as the smoke tail.

t =0.9375 ms t =1.25 ms

t =0.9375 ms

t =-0.9375 ms t = 0 ms t = 0.3125 ms

0.9375 ms
t= 0.625 ms t =1.25 ms t =1.5625 ms t =1.875 ms

t =5.3125 ms t=5.625 ms t =6.875 ms t = 8.125 ms t= 10.9375ms

Puffing

50 µm 

t =-0.625 mst =-1.25 ms

v

Figure 4.33: Disruptive burning phenomena for HVO + 40 nm (1.0 wt.%) at T∞ = 800 ◦C, where t = 0 ms
corresponds to the beginning of the micro-explosion.

Figure 4.34 shows the development of the disruptive events occurred at T∞ = 1000 ◦C. As

noted before, prior to the micro-explosion (t = 0 ms), puffing is evident where at least two

fragments are ejected. When the micro-explosion begins, a large number of ignited frag-

ments are released in various directions, promoting intense bright spots inside the quartz

tube. The ignited fragments rotate and ascend, possessing different dimensions. The largest
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fragment from the micro-explosion is divided into two elements, as displayed in t = 1.5 ms.

As a result, another intense explosion occurs from t = 1.5 ms until t = 3.0 ms, leading to the

appearance of more small fragments projected from the initial position. Subsequently, these

fragments ignite, and finally, the droplet totally disintegrates.

t = 3.4375 mst = 3.4375 mst = 3.4375 ms

Puffing

Puffing
t =-3.5 ms t =-3.0 ms t = -0.5 ms t = 0 ms t=0.5 ms

t=1.0 ms t=1.5 ms t=2.0 ms t=2.5 ms t=3.0 ms

t=3.5 ms t=4.0 ms t=5.5 ms t=7.5 ms t=10.5 ms

50 µm 

v

Figure 4.34: Disruptive burning phenomena for HVO + 40 nm (1.0 wt.%) at T∞ = 1000 ◦C, where t = 0 ms
corresponds to the beginning of the micro-explosion.

When comparing the phenomena of puffing and micro-explosions as a function of furnace

temperature, it was noticed that both events occur for the operating conditions used in the

present study. Nevertheless, the phenomena are more intense at T∞ = 1000 ◦C, where the

primary droplet disintegrates into large fragments that eventually disrupt intomultiple smaller

particles that eventually lead to its ignition. At the lowest furnace temperature, a consider-

able portion of the droplet deforms and, as time evolves, ignites as a single fragment. In this

context, evaluating the maximum number of fragments released from the micro-explosions

is essential. This investigation was performed and is provided in Figure 4.35. In this case, a

nanofuel of HVO + 40 nm + 1.0% Al explores the maximum number of fragments after the

micro-explosion occurrence at the two furnace temperatures. This quantification method

for micro-explosion intensity is an empirical approach based on the image data processing

previously mentioned. It plays a relevant role in the nanofuel field in understanding the ef-

fectiveness of fuel atomization and droplet lifetime. The analysis included fragments only

when their size was larger than the pixel size. To evaluate the influence of the furnace tem-

perature on the micro-explosion intensity, a sample of 10 micro-explosions was examined
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and randomly sorted. In virtue of these observations, micro-explosion intensity is related to

the number and distribution of fragments ejected from the primary droplet in the present

work. The blue dashed line corresponds to the average value of fragments number at T∞ =

800 ◦C, and the red dashed line at T∞ = 1000 ◦C, respectively.

∞

∞

Figure 4.35: Number of fragments as a quantification method for micro-explosion intensity at different furnace
temperatures for HVO + 40 nm (1.0 wt.%).

The presentation of these lines is merely to ease the comprehension of data. The results indi-

cate that the number of fragments is higher for the highest furnace temperature. As discussed

in the visualization, at T∞ = 1000 ◦C, observations indicated that the largest fragments could

disintegrate into smaller components, leading to an effective dispersion. The dispersion of

the particles greatly enhances the surface area of the final agglomerates and consequently

increases the air/fuel mixture of the solid phase fuel. Furthermore, at T∞ = 800 ◦C, several

micro-explosions release a large fragment that burns individually without disrupting several

elements after the explosion. This observation could be related to the increase in the furnace

temperature, which allows a quick accumulation of aluminum nanoparticles at the droplet

surface, consequently increasing its temperature and promoting an intense explosion. To

gain a better understanding of this subject, an analysis of the micro-explosion lifetime is

performed. Figure 4.36 shows a relation between the maximum number of fragments and

the micro-explosion duration. Each color point corresponds to a micro-explosion, where the

red points correspond to T∞ = 1000 ◦C and blue points correspond to T∞ = 800 ◦C. It is es-

sential tomention that 20micro-explosions were considered due to the limitation in the field

of view and the micro-explosion tracking. A clear trend was challenging to notice due to un-

predictability related to the phenomenon and the influence of temperature on the extinction

of the fragments.

Themajority ofmicro-explosions occurred from approximately 0.010 s to 0.020 s. It appears
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Figure 4.36: A relation between the number of fragments with the micro-explosion duration different furnace
temperature for HVO + 40 nm (1.0 wt.%).

that the highest number of fragments generated by the micro-explosions is associated with

a shorter duration. However, further studies should be conducted using a larger sample

and additional furnace temperatures. In a falling droplet method, the convective environ-

ment and the flame position could be pertinent factors that potentially influence the micro-

explosion events. In light of this, Figure 4.37 shows the number of fragments at each region of

interest for the two furnace temperatures. The purpose is to understand if the flame position

affects the onset of the micro-explosions. The red circle displayed in the center of the image

represents the explosion position, and based on this, four regions (upper side - right and left;

lower side - right and left) were delimited with a maximum length of 500 pixels. Thus, the

upper side has an opposite direction to the downward movement of the droplet, whereas the

lower side follows the droplet motion. First, it is important to highlight that the number of

fragments presented in Figure 4.37 is only referent to the instant after the micro-explosions

when the fragments were spotted. Therefore, contrary to the explanations provided earlier,

the number of fragments for T∞ = 800 ◦C seems higher. This observation is due to the iden-

tification of fragments immediately following the micro-explosions, and as noticed in Figure

4.34, as the time proceeds for a higher furnace temperature, the largest fragments tend to dis-

rupt, producingmore fragments with reduced time. A total of 60 fragments were considered,

and different colors represent the results for the furnace temperature. The results suggest

that neither side has a considerable number of fragments to distinguish. However, the lower

side possesses a higher number of fragments. Therefore, it was noticed that the droplet flame

position does not affect the disruptive event. At themoment of amicro-explosion, the droplet

flames are already extinguished, being easily identified on the upper side.

The impact of the furnace temperature was already described in detail. However, as noted

in the sequences of images provided regarding the combustion of nanofuel, particle concen-

tration seems to play a relevant role in these phenomena.
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Figure 4.37: Number of fragments at each region of interest after the micro-explosion for HVO + 40 nm (1.0
wt.%).

Thus, the micro-explosion intensity is evaluated for three particle concentrations: 0.2, 0.5,

and 1.0 wt.%. Figure 4.38 shows the micro-explosions intensity as a function of the particle

concentration for T∞ = 800 ◦C and T∞ = 1000 ◦C.

Figure 4.38: Number of fragments as a quantification method for micro-explosion intensity as a function of the
particle concentration at different furnace temperatures.

For this analysis, 10 micro-explosions were considered for each particle concentration. The

results show that increasing the nanoparticle concentration leads to an increase in the num-

ber of fragments and the projection distance. However, a weaker fragmentation occurs for
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lower concentrations (0.2 wt.%), indicating a decrease in the micro-explosion intensity. For

a concentration of 0.2 wt.%, no significant difference between the furnace temperature is

noted concerning the micro-explosion. Nevertheless, increasing the particle concentration,

it is observed that the micro-explosion intensity increases as the furnace temperature in-

creases. This can be attributed to the higher amount of particles in the droplet, which allows

for a higher dispersion and an increase of the nucleation sites for the onset of this event.

In addition, a higher furnace temperature allows for ease of particle combustion. Similar

findings concerning the increase of micro-explosion intensity with the increase of particle

concentration were provided by [238,414,415].

The quantification of micro-explosions for high particle concentration was not carried out

due to the limitations in the samples for this condition. Consequently, only the visualization

is provided for particle concentrations of 1.0, 2.0, and 4.0 wt.%. This visualization also re-

veals the influence of adding surfactant to a nanofuel. Figure 4.39 and Figure 4.40 shows the

sequence of images regarding the influence of high particle concentration at T∞ =800 ◦C and

T∞ = 1000 ◦C, respectively. A time interval of 1 ms separates the frames in each sequence.

(a) (b) (c)

Figure 4.39: Micro-explosions at T∞ = 800 ◦C for different nanofuels: a) HVO + 1% OA + 1% Al; b) HVO + 2%
OA + 2% Al; c) HVO + 4% OA + 4% Al.

Particle ejection and droplet expansion are spotted regardless of particle concentration and

furnace temperature. Particle ejection is themost commonly observed, where a small amount
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(a) (b) (c)

Figure 4.40: Micro-explosions at T∞ = 1000 ◦C for different nanofuels: a) HVO + 1% OA + 1% Al; b) HVO + 2%
OA + 2% Al; c) HVO + 4% OA + 4% Al.

of nanoparticles are expelled from the primary droplet, igniting instantaneously and form-

ing a bright spot characteristic of aluminum combustion, as previously described as puffing.

Droplet expansion before micro-explosion occurred repeatedly, with a notable but tempo-

rary increase in droplet size. Besides that there is no quantification analysis on these particle

concentration, the visualization of Figure 4.39 and Figure 4.40 shows that higher particle

concentration and furnace temperature promotes a higher micro-explosion intensity.

4.4 Numerical Methodology

The present section presents the theoretical formulation and solution approach of the math-

ematical model in depth. In this context, a simplified macroscopic model is developed using

the Python programming language to better understand the combustion phenomena asso-

ciated with single droplet combustion. The mathematical model results are compared with

the experimental findings on pure fuels and nanofuel droplets. Concerning the nanofuel

droplets, an investigation dedicated to the furnace temperature, as well as the particle con-

centration, is performed. The purpose is to understand the mechanisms that affect nanofuel

droplet combustion, e.g., particle aggregation and radiation absorption. It is essential to
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highlight that, in numerical terms, the aluminum combustion and disruptive burning phe-

nomena are out of the scope of the present work. As described in chapter 2, there are several

approaches in modeling terms to predict the droplet size evolution for pure fuels.

In the present work, the basis of the mathematical model remains in the D2 law. However,

several assumptions are incorporated. Firstly, a surrogate fuel for the HVO is evaluated,

considering its composition. The numerical results are compared with the droplet size evo-

lution and burning rate obtained in the experimental results for pure HVO. Additionally, the

model incorporates the convective effects since the present work focuses on falling droplets

where heat and mass transfer processes are influenced by external convection, affecting the

droplet burning rate. Subsequently, the addition of nanoparticles to a liquid fuel is explored.

To accomplish this, an analysis of the radiation absorption as well as the influence of particle

agglomeration is performed concerning the particle concentration. Themathematical model

is described in detail in the following subsections.

4.4.1 Hexadecane as a Surrogate Fuel

Firstly, to understand the effect of adding nanoparticles to a liquid fuel, it is essential to inves-

tigate the combustion of the pure fuel droplet in numerical terms. As previously mentioned,

the pure fuel used in this study is HVO biofuel produced from NESTE, a multi-component

fuel. Consequently, its thermophysical properties were simplified and introduced in the

mathematical model. Since the volatility and the thermophysical properties of HVO compo-

nents do not differ significantly, the burning behavior of HVO may be represented approxi-

mately to a single-component fuel. TheHVO comprises alkanes with typical carbon numbers

from C15 to C18 [371]. Consequently, hexadecane (C16H34) was tested as a surrogate fuel of

HVO as well as HVO with OA, being one of the main constituents of biofuel. This specific

approach was employed to simplify the modeling complexities. Consequently, hexadecane

was selected, being one of the heaviest components in HVO [372].

Considering the simplified interpretation of theD2-law for droplet combustion, as indicated

by theEquation (2.40), the thermophysical propertieswere evaluated following the approach

of Law and Williams [406]. This approach allows accurate theoretical predictions against a

large amount of experimental data over various conditions. Moreover, it is also assumed that

the environment temperature is equal to the furnace temperature, T∞. This assumption is

reasonable, as seen in Figure 4.3. The authors Law andWilliams [406] suggested calculating

the liquid fuel density at the droplet surface temperature

ρl = ρl (Ts) , (4.10)

and proposed the following approximations for the gas thermal conductivity and the gas spe-

cific heat, respectively,
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kg = χkF
(
T 1

)
+ (1− χ) kOx

(
T 1

)
, (4.11)

cpg = cpF
(
T 1

)
, (4.12)

where kF and kOx are the thermal conductivities of fuel vapor and oxidizer, the air in the

present case, χ is related to an average fuel mole fraction in the gaseous region inside the

flame front. The gas thermal conductivity and heat capacity curves of hexadecane as a func-

tion of temperature were only available for 1000 K and 1500 K, respectively. Consequently,

they were extrapolated up to 2000 K using the Excel forecast sheet. These extrapolations are

graphically represented in the Figure 4.41.

(a) (b)

Figure 4.41: Extrapolation of hexadecane a) Gas thermal conductivity; b) Gas heat capacity, adapted from [416].

A value ofχ=0.4was considered since it provides a good agreementwith experiments [406];

and cpF is the specific heat of fuel vapor. The authors also proposed to evaluate the properties

presented in Equations (4.11) and (4.12) at an average temperature of T 1 = (Ts + Tf ) /2, as

previouslymentioned the region 1 inside the front flame. To estimate the flame temperature,

denoted as Tf , based on the thermophysical properties, an assumption was considered that

exhibits negligible deviation from the adiabatic flame temperature observed in a stoichiomet-

ric system under constant pressure. In this system, the initial fuel temperature corresponds

to its boiling point, Tboil, while T∞ represents the initial air temperature. Despite the po-

tential for dissociation to decrease the flame temperature, particularly under stoichiometric

conditions and high environment temperatures, incorporating its effect into the flame tem-

perature estimation would introduce further complexity. Hence, disregarding the influence

of the dissociation on the flame temperature was deemed appropriate tomaintain simplicity.

4.4.2 Incorporation of the Convective Effects

In the present work, a falling single droplet combustion experiment is employed where the

heat andmass transfer processes are influenced by external convection, which usually affects

the droplet burning rate [137]. The Richardson Number was estimated to determine the

importance of natural convection relative to forced convection for the conditions underwhich
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the experiments were conducted:
Rid =

Grd
Re2d

. (4.13)

Generally, if Rid ≪ 1, natural convection effects may be ignored. Conversely, if Rid ≫ 1,

forced convection effects may be neglected. Otherwise, for Rid ≈ 1, the combined effects of

free and forced convection must be considered [417]. According to Law andWilliams [406],

the droplet Grashof Number is defined as

Grd =
gβg (Tf − T∞)D3

ν2g
, (4.14)

where g is the acceleration due to gravity, βg is the gas coefficient of thermal expansion,

βg ≃ 1/Tg for ideal gases and νg is the gas kinematic viscosity. The expressions for the droplet

Reynolds number and relative velocity between the droplet and the free stream are provided

in Equation 4.6 and Equation 4.7, respectively. The airflow Reynolds number was previ-

ously described in Equation. (4.1). Table 4.4 shows the estimated magnitude order from

experimental results. Therefore, only forced convection is expected to influence the droplet

burning rate, whereas natural convection can be neglected, as displayed in Table 4.4.

Table 4.4: Estimated magnitude order from experimental results.

Parameters Order of magnitude (O)

g 10ms−2

βg 10−3 K−1

(Tf − T∞) 103 K

D3 10−11 m3

ν2
g 10−7 m4 s−2

Grd 10−3

Urel 1ms−1

D 10−4 m

νg 10−4 m2 s−1

Red 1

Rid 10−3 ≪ 1

Since the present work incorporates the convective effects, the burning rate can be defined in

Equation (2.39). A detailed description of the convective effects is presented below. To incor-

porate the effects of forced convection into the droplet combustion model, the formulation

presented in Turns [128] was adopted. The approach is straightforward and based on film

theory, maintaining the desired simplicity. It replaces the heat and mass transfer boundary

conditions at infinity with the same conditions moved inward to the so-called film radius, δT
for energy and δM for species. Figure 4.42 illustrates how the film radii intensify temperature

and species concentration gradients, which increases the heat and mass transfer rates at the
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droplet surface.

Figure 4.42: Comparison of temperature and species profiles with and without forced convection. Theoretical
film thicknesses are indicated by δT (temperature) and δM (species) [128].

The film radii are defined, in terms of the droplet Nusselt Number, Nud, for heat transfer,

and the droplet Sherwood Number, Shd, for mass transfer, as follows [128]:

δT
rs

=
Nud

Nud − 2
(4.15a)

δM
rs

=
Shd

Shd − 2
. (4.15b)

Note thatNud = 2 for a quiescentmedium, and then one would recover δT → ∞. Since unity

Lewis number is assumed,Nud = Shd. To evaluateNud, Faeth [418] proposed the following

correlation

Nud = 2 +
0.555Re

1/2
d Pr

1/3
g[

1 + 1.232

RedPr
4/3
g

]1/2 , (4.16)

where Prg is the gas Prandtl number. Equation (4.16) applies to both droplet evaporation

and combustion and is valid for low and high Red values up to Red = 1800 [142]. Red in

Equation (4.16) was evaluated according to Equation (4.6). Urel was calculated using Equa-

tion (4.7), where Ud was determined from the results of the experiments conducted and U∞

can be determined using Equation (4.2), where its relevant parameters are displayed in Ta-

ble 4.1 for each furnace temperature. νg in Equation (4.6) and Prg in Equation (4.16) were

approximated to those of air and evaluated at a mean temperature T 2 = (Tf + T∞) /2 [406].

Consequently, as previously stated by Turns [128], the burning rate constant considering the

convection effects is presented in Equation (2.39). Figure 4.43 shows the droplet Nusselt

Number as a function of the droplet squared ratio at furnace temperatures of T∞ = 800 ◦C

and T∞ = 1000 ◦C, where the red dashed line corresponds to Nud = 2, a case where there is no

convection. The results suggest that the droplet Nusselt number decreases with increasing

air temperature and the decrease of the droplet diameter. Moreover, it can be concluded that
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the experimental study was performed under weak, forced convection in a laminar regime.

Figure 4.43: Droplet Nusselt Number as a function of the droplet squared ratio at furnace temperatures of T∞

= 800 ◦C and T∞ = 1000 ◦C.

4.4.3 Incorporation of Nanoparticles in a Liquid Droplet

As highlighted above in the section introduction, the addition of nanoparticles to a liquid fuel

is evaluated using amodeling approach. This investigationmainly explored twomechanisms

that affect the nanofuel droplet combustion radiation absorption and particle agglomeration.

The effect of radiation is typically disregarded, as reported in Table 2.4. Radiation absorbed

by the droplet is frequently neglected since most liquid fuels are considered transparent to

radiation [225]. In this respect, thermal conduction only accomplishes heat transfer to the

droplet surface. According to the literature, the radiative heat transfer can become signifi-

cant as the nanoparticles suspended in the droplet absorb the radiation energy emitted by the

droplet flame and, in some cases, by an external heating source [215,221]. Consequently, the

radiation absorption increases the energy per unit of time available to vaporize the droplet,

affecting the burning rate of nanofuel droplets, as will be discussed later. To include the

effects of radiative heat transfer in the simplified macroscopic model resulting from the ad-

dition of nanoparticles, blackbody radiation was assumed to be emitted from infinity, i.e.,

from the DTF walls in a spherically symmetric field. The blackbody radiation assumption

is due to the surface of the DTF walls being much larger than the droplet surface [407]. It

was also considered that the gaseous phase surrounding the droplet is passive to radiation.

Thismeans that the interaction between the gas phase and the radiation is neglected. For the

present study, it is assumed that all radiation is absorbed at the droplet surface, which is en-

tirely filled with nanoparticles. Based on this, the effect of the radiation absorption should be

included in the surface energy balance at the droplet liquid-vapor interface. Consequently,

the heat transferred into the droplet surface is now given by
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−
[
−kg4πr2

dT

dr

]
rs

+ Q̇rad = ṁFhfg , (4.17)

where Q̇rad is the net radiation heat transfer rate at the droplet surface, determined as follows

Q̇rad = Ad (Gw − Jd) = AdσB
(
αdT

4
w − εdT

4
s

)
, (4.18)

where Ad is the droplet surface area, Gw is the DTF walls irradiation, Jd is the droplet ra-

diosity, σB is the Stefan-Boltzmann constant and αd and εd are, respectively, the droplet

absorptivity and emissivity. Note that, for the calculation of Q̇rad, it was assumed that the

nanofuels droplets are opaque, i.e., their transmissivity is zero, τ = 0. The assumption is

supported by the experimental findings of Gan and Qiao [230], who investigated the UV-

Vis transmittance (190–900 nm) of ethanol-based fuel containing aluminum nanoparticles.

Their results showed that even at a low concentration of 0.1 wt.% aluminum, the nanofuel ex-

hibited a nearly constant radiation transmittance of approximately 2%. As previously noted,

it is assumed that all radiation is absorbed at the droplet surface, which is entirely filled with

nanoparticles. It is essential to note that future studies should conduct a detailed analysis of

the particle concentration influence. Defining, for convenience, qrad = Q̇rad/ṁF and substi-

tuting into Equation (4.17), yields

−
[
−kg4πr2

dT

dr

]
rs

= ṁF (hfg − qrad) , (4.19)

which provides a revised definition of the effective latent heat of vaporization

hfg,eff = hfg − qrad . (4.20)

Thus, the droplet size evolution continues to be determined by Equation (2.40), and Kc is

still evaluated by Equation (2.39). Thus, Bo,q is calculated by Equation (4.21) for nanofuel

droplets, emphasizing the primary outcome of the original model modification:

Bo,q =
∆hc/νof + cpg (T∞ − Ts)

hfg,eff
. (4.21)

As discussed earlier, the accumulation of particles during the evaporation and combustion of

nanofuel droplets may significantly affect the behavior of these processes. According to the

literature reviewed, agglomeration or aggregation of nanoparticles near the droplet surface

creates a resistance for the liquid to evaporate, thus decreasing the burning rate. This effect

is mainly felt in the last phase of the droplet lifetime, the so-called dry-out phase, where
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a shell of particles is formed, and evaporation occurs only when the liquid inside the shell

reaches the outer surface through capillary action [195, 222, 226]. Although occurring on

distinct time scales, this phenomenon resembles droplet drying, which is employed in diverse

industries for solid particle formation and is well-established. Examples of such industries

include pharmaceuticals [419,420].

A single droplet drying model was combined into the simplified single droplet combustion

model previously described to obtain insights into the physical phenomena associated with

particle agglomeration during combustion. It was based on the hypothesis developed by

Mezhericher et al. [236] and later improved by Maurice et al. [235]. Due to slow particle

diffusion, as the surface regresses, nanoparticles accumulate near the droplet surface [234],

which eventually leads to a shell of particles [226]. This refers to the first drying phase

ending and initiating the transition into the subsequent phase, known as the second dry-

ing phase [235]. During this phase, a shell of accumulated nanoparticles introduces a mass

resistance that hinders the evaporation of the liquid fuel. As the evaporation progresses, the

shell gradually thickens, causing a decrease in the evaporation rate. Ultimately, a critical

point is reached. This occurs when the resistance of the shell becomes more significant than

the compressive capillary forces applied to its surface, leading to a nearly constant diameter

of the shell [236]. At thismoment, the droplet enters the second drying phase. Subsequently,

the shell of particles undergoes drying, promoting the nucleation of the residual liquid fuel

presented within the droplet [237]. Consequently, the internal pressure of the droplet rises,

ultimately leading to the disruptive burning phenomena [393]. The modeling and predic-

tion of micro-explosions, more concretely aluminum particle combustion that occurs at the

end of the droplet lifetime, are beyond the scope of this study and will be investigated in fu-

ture research. This theoretical model primarily focuses on the first drying phase since the

outer diameter of the droplet remains relatively constant during the second drying phase.

However, the transitional period between the first and second drying phases is incorporated

into the model as part of the first drying phase. This decision is based on the ratio between

the characteristic times of droplet evaporation and shell shrinkage and thickening, which in-

cludes the phenomenon of particle rearrangement of the shell formed on the droplet surface

as it recedes, holds a theoretical value of approximately O(10) [236]. In the present mathe-

matical model, the assumptions associated with the accumulation of particles in the droplet

surface are related to the previous studies [235,236]. Initially, the analysis considers the ra-

dial symmetry of transport phenomena, aligning with the principles outlined in the D2-law

for droplet combustion. Additionally, intra-droplet circulation is disregarded, and it is as-

sumed that spontaneous agglomeration of nanoparticles within the droplet does not occur.

Moreover, all nanoparticles are assumed to be uniform in size and spherical. Based on these

assumptions, the transport of nanoparticles within the droplet can be described using Fick’s

second law [235]:

∂Ynp(r, t)

∂t
=

1

r2
∂

∂r

(
r2Dpl

∂Ynp
∂r

)
, (4.22)
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for 0 ≤ r ≤ rs(t), where Ynp is the volume fraction of nanoparticles and Dpl is the diffu-

sivity coefficient of particles in liquids, which can be calculated from Einstein-Stokes rela-

tion [226], displayed in Equation (4.9). For the initial condition of Equation (4.22), it is

assumed that initially, the nanoparticles inside the droplet are spherical and uniformly dis-

tributed so

Ynp(r, t = 0) = Ynp,o(r) , (4.23)

where Ynp,o is the initial volume fraction of nanoparticles in the nanofuel mixture. The cor-

responding boundary conditions are [235]

∂Ynp(r, t)

∂r
= 0 r = 0 (4.24a)

∂

∂t

[∫ rs(t)

0
Ynp(r, t)ρnp4πr

2dr

]
= 0 r = rs(t) , (4.24b)

where ρnp is the density of the nanoparticles material. The first boundary condition is due

to the spherical symmetry of the problem, and the second one describes the conservation of

overall solid mass within the droplet, as the nanoparticles are considered to remain in the

droplet interior during the evaporation process [236]. Based on the species volume fraction

within the droplet, it becomes apparent that a specific instant exists when the solid content

attains a saturation value on the droplet surface [235]. In this study, the saturation value

was assumed to be Ynp,max = Ynp,sat = 0.6, indicating the maximum theoretical value for or-

thorhombic packing of mono-sized spheres [421]. This particular point, commonly referred

to as the ”locking point” [235,236], means the onset of agglomeration among the nanoparti-

cles that were previously independent. As a result, a thin shell composed of connected solid

particles is formed through intermolecular attractive forces [235]. This moment marks the

initiation of the transition period.

When the transition starts, a thin layer of nanoparticles is submerged while the liquid evap-

orates from the surface until the agglomerated particles are exposed to the surrounding gas

[235]. At this stage, both internal and external pressures act on the droplet. The internal

pressure of the droplet counteracts the external pressure, reducing the capillary compres-

sion effect to some extent [235]. The development of the mathematical expressions for those

pressures is elaborately described in Mezhericher et al. [236]. In the present work, only the

final expressions will be presented for simplification purposes. Consequently, the external

pressure exerted on the shell is caused by both capillary effects and interfacial tension of the

liquid, which is given by [235,236]
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Pext(t) = 2σ cos (θ)

[
3

2rp

(
1− ε

ε

)
+

1

rs(t)

]
, (4.25)

where σ is the liquid fuel surface tension at Ts; θ is the contact angle, i.e., the angle where the

liquid-vapor interfacemeets the solid surface; and ε is the shell porosity, ε = 1−Ynp,sat = 0.4

[421]. The liquid fraction primarily influences the internal pressure exerted on the shell.

Once the shell is formed, the pressure within the droplet does not undergo instantaneous

changes but rather maintains the same value as the internal pressure before shell formation

[236]. The evaluation of the internal pressure within the droplet follows the Laplace–Young

Equation and is expressed by [235,236]

Pint(t) =
2σ

rs(t)
. (4.26)

Considering the shell of agglomerated nanoparticles as a pseudo-continuous solid body, the

radial and tangential mechanical stresses within this spherical shell caused by internal and

external pressures can be approximated by [235,236]:

σmr(r) =
Pextb

3
(
r3 − a3

)
r3 (a3 − b3)

+
Pinta

3
(
b3 − r3

)
r3 (a3 − b3)

(4.27)

σmψ(r) =
Pextb

3
(
2r3 + a3

)
2r3 (a3 − b3)

−
Pinta

3
(
2r3 + b3

)
2r3 (a3 − b3)

(4.28)

for a ≤ r ≤ b, where a and b are, respectively, the inner and outer radii of the shell. The pres-

ence of capillary effects on the outer surface of the shell causes additional compressive capil-

lary forces performing tangentially on the nanoparticles [236]. In the case of a liquid bridge

formed between two spherical particles, as depicted in Figure 4.44, these additional com-

pressive capillary forces contribute towards the tangential stress experienced at the droplet

surface [235,236].

Where αh is the half-filling angle and LL and ρ are the principal radii of the liquid meniscus.

In this work it was assumed that θ = 30◦, α = 45◦ and ρ = ∞, so that L = rp sin (α).The

condensed shell containing agglomerated nanoparticles undergoes collapse or rearrange-

ment due to droplet evaporation, provided that the following buckling criterion is fulfilled

[235,236].

max (|σmr| , |σmψ|) > σmy . (4.29)

Here, σmy represents the yield stress of the shell. Since the literature does not provide an
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Figure 4.44: Schematic of a liquid bridge between two particles, adapted from [422].

available value for σmy of the agglomerated nanoparticle shell, and its direct measurement

would be highly challenging, this parametermust be determined by fitting with experimental

findings.

Following the collapse of the shell, this iterative process continues until the shell attains a suf-

ficient thickness to suffer the capillary pressure, resulting in no agreement of the buckling

criterion defined by Equation (4.29) [235]. The repeating process of evaporation and shell

collapse, which characterizes the transition period, is well explained in [236]. The point at

which the buckling criterion is not achieved determines the end of the transition period and

the onset of the second drying phase, where the outer diameter of the droplet remains con-

stant until a micro-explosion occurs. Consequently, following the initial droplet shrinkage

primarily governed by theD2-law, considering the radiation effects, the further reduction in

droplet size ceases due to constraints imposed by particle packing

dD2

dt
= 0 . (4.30)

The relative motion of the regressing droplet surface and the nanoparticles can be assessed

by comparing the time scales, which can be quantified using the Péclet number [226] is dis-

played in Equation (4.8) as previously discussed. Consequently, during the evaporation pro-

cess, nanoparticles have insufficient time to diffuse and are quickly included on the regress-

ing droplet surface [226], as shown in Table 4.5. Hence, it can be assumed that the diffusion

of nanoparticles in the liquid is negligible.

This significantly simplifies the way of determining the species concentration profile within

the droplet, as now onemerely has to determine the amount of nanoparticles dragged inward

by the recessing droplet surface. Therefore, instead of solving Equation (4.22), the volume

fraction of nanoparticles inside the droplet was obtained in a simplifiedmanner, both in time

and in the radial direction. To better understand this approach, Figure 4.45 shows the vol-

ume fraction profile of nanoparticles within the droplet. It divided the initial droplet radius

into radial shells of the same thickness∆r. As the evaporation progresses, the nanoparticles
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Table 4.5: Continued estimated magnitude order from experimental results.

Parameters Order of magnitude (O)

Kc 10−6 m2 s−1

kB 10−23 J K−1

Tl 103 K

µl 10−2 Pa.s

rp 10−8 m

Dpl 10−10 m2 s−1

Pe 103 ≫ 1

near the droplet surface are integrated into the closest radial shell to the regressing droplet

surface until the saturation point is achieved and the transition period begins. Afterward, the

nanoparticles are included in the two closest radial shells to the surface, and so on, increas-

ing the number of radial shells that include dragged nanoparticles and, therefore, increasing

the thickness of the shell of agglomerated nanoparticles.

Figure 4.45: Schematic of the numerical approach to obtain volume fraction profile of nanoparticles inside the
droplet.

Basedon the proposed theoretical framework for the combustion of isolatednanofuel droplets,

a computational solution algorithm was developed. This algorithm is illustrated in Figure

4.46.

To obtain the diameter squared, D2, as a function of time, the explicit Euler method was

used. Time step and grid studies were performed. Subsequently, a time step ∆t = 1 · 10−5 s

was considered, and grid analysis showed that by discretizing the droplet radius into 1000

radial shells, i.e., for a radial shell thickness of ∆r = 1.25 · 10−7 m, grid independence was

achieved.
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Figure 4.46: Flowchart of the model solution algorithm.

4.4.4 Sensitivity Analysis

A sensitivity analysis is performed to test the model robustness by understanding whether

variations in certain parameters affect the findings. Thus, the sensitivity analysis for the

fuel gas thermal conductivity, heat capacity, and absorptivity are performed with respect to

the average burning rate for both furnace temperatures. Figure 4.47 shows the influence

of the fuel gas thermal conductivity in the average droplet burning rate. The analysis shows

that with an extrapolation uncertainty of approximately 20%, the droplet burning rate would

change by a maximum of approximately 10%. It can be affirmed that the model is relatively
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insensitive to variations in the value of kF , indicating that errors in the extrapolation of this

parameter do not promote substantial deviations in the final model results.

-20 -10 0 10 20

Fuel Gas Thermal Conductivity Variation (%)

-20

-15

-10

-5

0

5

10

15

20

A
v
e

ra
g

e
 B

u
rn

in
g

 R
a

te
 V

a
ri
a

ti
o

n
 (

%
)

K
c
 (T  = 800°C)

(a)

-20 -10 0 10 20

Fuel Gas Thermal Conductivity Variation (%)

-20

-15

-10

-5

0

5

10

15

20

A
v
e

ra
g

e
 B

u
rn

in
g

 R
a

te
 V

a
ri
a

ti
o

n
 (

%
)

K
c
 (T  = 1000°C)

(b)

Figure 4.47: Influence of the fuel gas thermal conductivity in the average droplet burning rate for: a) T∞ = 800
◦C; b) T∞ = 1000 ◦C.

Concerning the fuel gas heat capacity, Figure 4.48 shows the variation of this parameter con-

cerning the average burning rate. The results indicate that an extrapolation up to 10% leads

to a variation of the average burning less than 10%. Similarly to the kF , the model is also not

very sensitive to variations in the value of cpF and, thus, deviations arising from the extrap-

olation do not affect the results obtained from the theoretical model.
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Figure 4.48: Influence of the fuel gas heat capacity in the average droplet burning rate for: a) T∞ = 800 ◦C; b)
T∞ = 1000 ◦C.

4.5 SingleDropletCombustion: MathematicalModelResults

The present section is dedicated to the results regarding the simplified macroscopic model.

The model was previously described, and the experimental findings presented in this study

provide valuable support for developing a mathematical model to evaluate the droplet size

evolution and burning rate. Prior to the analysis of the performance of the model on its abil-

ity to predict the combustion behavior of isolated nanofuel droplets, the model is validated

for pure fuels. In terms of nanofuel droplet combustion, radiation absorption, and particle
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agglomeration results are presented. Finally, a comparison between the experimental and

numerical findings is discussed.

4.5.1 Pure Fuels

The initial analysis was conducted on the pure HVO. The experimental analysis showed no

substantial differences in the combustion process in pure HVO and HVO with 4.0 wt.% OA.

Thus, the influence of OA addition was neglected in the mathematical model. As pointed out

in the description of the mathematical model, the properties of the liquid fuel were approx-

imated to those of hexadecane. Figure 4.49 shows the Comparison between experimental

and numerical results for the droplet size evolution of pure HVO and HVO with the addition

of 4.0 wt.% of OA at a) T∞ = 800 ◦C, b) T∞ = 1000 ◦C. The prediction of the combustion of

pure HVO and HVO + 4.0 wt.% OA was performed assuming n-hexadecane as a surrogate

fuel to estimate the combustion dynamics and the incorporation of the convective effects.
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Figure 4.49: Comparison between experimental and numerical results for the droplet size evolution of pure
HVO and HVO with the addition of 4.0 wt.% of OA: a) T∞ = 800 ◦C; b) T∞ = 1000 ◦C.

The mathematical model predicts droplet size evolution regardless of the furnace tempera-

ture, evidencing a linear droplet diameter reduction as time evolves. The model accurately

predicts the behavior at T∞ = 800 ◦C. However, the model overpredicts the droplet diame-

ter variation for higher temperatures compared to the experimental results. For comparison

purposes, the average burning rate for experimental and numerical results is provided in

Figure 4.50.

The findings indicate that the simplified theoretical model could accurately predict the phys-

ical phenomena observed during the combustion of isolated droplets of pure HVO and HVO

with the addition of 4.0 wt.% OA. The assumptions of using hexadecane as a surrogate fuel

of HVO suggest a feasible alternative for biofuel to be approximated as a single-component

fuel. A sensibility analysis was performed, focusing on potential uncertainties regarding the

estimation of model parameters, and is presented in the numerical methodology. This anal-

ysis aimed to assess the robustness of the model by examining the substantial variations of
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Figure 4.50: Comparison of average burning rate for experimental and numerical approaches at both furnace
temperature: T∞ = 800 ◦C; T∞ = 1000 ◦C.

these parameters in average droplet burning rates under the two furnace temperatures. In

light of this, it can be affirmed that the model exhibits robustness within the scope of this

study, hence can accurately replicate the underlying physical phenomena that occur during

the combustion of isolated liquid fuel droplets, thereby validating its reliability. Following

the validation of the model and the discussion of the results for pure liquid fuels, numerical

simulations were carried out considering the addition of nanoparticles.

4.5.2 Nanofuels

As highlighted in the numerical methodology, the impact of nanoparticles on droplet com-

bustion behavior is addressed. The experimental and numerical findings will be compared

in terms of droplet size evolution and burning rate. The analysis concerning the nanofuel

evaluation is conducted from higher particle concentrations. For nanofuels predictions, the

gas domain analysis remains unchanged compared to pure liquid, including the effects of

nanoparticle addition in termsof radiation absorption andparticle agglomeration. Thenanopar-

ticles are considered insoluble with uniform size and distribution. Regarding the particle

aggregation, the yield stress of the shell, σy = 10 MPa, was determined by fitting with the

experimental results. In light of this, Figure 4.51 shows the numerical results obtained for

the droplet size evolution for each nanofuel at the two furnace temperatures. Experimental

results are also displayed in Figure 4.51 for a better understanding. The droplet size evo-

lution for each condition is exhibited by a black line showing the steady-state and dry-out

phases. The latter is evidenced by a constant diameter at the end of the droplet lifetime. In

this context, the nanofuel predictions exhibit a steeper and more abrupt transition between

the steady-state and dry-out phase in contrast to the experimental observations, where this

transition appears smoother. This finding is a consequence of the assumption integrated

into the employed model, pointing out that the transition between phases occurs without

any mass resistance arising from the formation of the shell of nanoparticles at the droplet
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surface.
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Figure 4.51: Comparison between experimental and numerical data for the droplet size evolution of: a) HVO +
1% OA + 1% Al (T∞ = 800 ◦C); b) HVO + 1% OA + 1% Al (T∞ = 1000 ◦C); c) HVO + 2% OA + 2% Al (T∞ = 800
◦C); d) HVO + 2% OA + 2% Al (T∞ = 1000 ◦C); e) HVO + 4% OA + 4% Al (T∞ = 800 ◦C); f) HVO + 4% OA +

4% Al (T∞ = 1000 ◦C).

Further research into this transitionwould be relevant to achieve better accuracy in themodel

results. The effect of the particle concentration is noticeable in the dry-out phase, where an

increase in the particle concentration leads to an increase in the dry-out phase, whichmay be
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attributed to the fact that a higher amount of nanoparticles remain within the droplet during

the combustion process. Thus, an increased particle concentration corresponds to a higher

solid phase during the final phase of the droplet lifetime. In this context, the evolution of

the solid volume fraction inside the droplet during the combustion process was performed.

Figure 4.52 shows the model predictions on the evolution of the solid volume fraction inside

the droplet for the nanofuels studied a) at T∞ = 800 ◦C and b) T∞ = 1000 ◦C. Moreover, the

combustion process reveals a correlation between shell thickness and droplet size, charac-

terized by an exponential fitting, as shown in Figure 4.51. The results reveal that the max-

imum solid volume fraction is obtained at an earlier stage when the particle concentration

is higher, regardless of the furnace temperature. Besides that, the shell at the beginning of

the second drying stage is predicted to be thicker for a higher initial particle concentration.

The model estimated that for the beginning of the second drying stage, the shell thickness

was approximately 2.6 µm for the nanofuel with 1 wt.% of aluminum nanoparticles, 3.4 µm

for the nanofuel with 2 wt.% of aluminum nanoparticles and 4.1 µm for the nanofuel with 4

wt.% of aluminum nanoparticles.

(a) (b)

(c) (d)

Figure 4.52: Solid volume fraction at: a) T∞ = 800 ◦C; b) T∞ = 1000 ◦C. Shell thickness and droplet radius
ratio at: c) T∞ = 800 ◦C; d) T∞ = 1000 ◦C.

The simplifiedmodel predictions reasonably capture the single droplet combustion behavior
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of nanofuels when radiation absorption and particle aggregation are included. However, it

should be stated that the model slightly underpredicted the droplet burning rate during the

steady-state phase for all nanofuels investigated. Overall, the simplified model could accu-

rately reproduce the combustion characteristics of nanofuel droplets. As a result, it provided

valuable insights into the underlying physical processes, enhancing the understanding that

contributes to the broader knowledge of nanofuel combustion phenomena. Further research

on predicting the disruptive burning phenomena and multi-component physics should be

explored to understand the nanofuel combustion phenomena better.

4.6 Summary

The present chapter focuses on single droplet combustion, addressing experimental and nu-

merical investigations. From the point of view of the experimental study, falling droplets of

conventional and alternative jet fuel are studied in a drop tube furnace at high temperatures,

avoiding the use of a supporting fiber. The findings reveal that HVO and Jet A-1 present

a similar combustion behavior, following the D2-law without the occurrence of disruptive

burning phenomena. On the other hand, when aluminum nanoparticles are added to the

HVO, a deviation from the D2-law is noticeable, as well as disruptive burning phenomena,

regardless of the furnace temperature, particle size, and concentration. Consequently, the

droplet size evolution is affected, and the burning rate is enhanced, depending on the parti-

cle concentration. Particle agglomeration and radiation were identified as relevant mecha-

nisms responsible for the differences between a nanofuel and a pure liquid fuel. Regarding

the experimental study dedicated to the disruptive burning phenomena in nanofuel, a higher

particle concentration and furnace temperature promote a higher micro-explosion intensity.

This phenomenon requires additional oversight since hot spots can cause cracking, poten-

tially resulting in premature engine failure. However, the current experimental configuration

does not permit assessing the heat produced by micro-explosions, limiting the investigation

into their impacts on emissions and potential damage in a real combustion chamber. These

concerns can be further examined in the spray combustion chamber. Nevertheless, the stud-

ies of nanofuel spray combustion are relatively limited, highlighting the necessity of such

studies to better understand the potential benefits of nanofuels.
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Chapter 5

Spray: Non Reacting Conditions

5.1 Introduction

Anunderstanding of the principles of atomization is required for diverse applications. Sprays

have been employed in gas turbines, rockets, and diesel engines. Besides its wide use in en-

gineering and industrial manufacturing processes, atomization also plays a relevant role in

several fields, such as agriculture, medicine, and food technology [257]. Typically, a spray is

classified as a two-phase flow. The liquid refers to dispersed or discrete phases manifest in

the form of droplets or ligaments, and the gas phase is the continuous phase. Focusing on

combustion systems, atomization aims to provide fuel injection, allowing the conversion of

fuel liquid bulk into small droplets. In this respect, liquid fuels are atomized prior to the com-

bustion to maximize the surface area between the liquid and its surrounding environment,

enhancing the mechanisms of heat and mass transfer. As previously stated by Lefebvre [55],

fuels do not possess satisfactory volatility to generate enough vapor amounts essentially to

disrupt ignition and combustion. Thus, the atomization process permits the release of a con-

siderably high number of droplets, resulting in a substantially increase surface area, enhanc-

ing the combustion process and leading to faster and cleaner combustion. Large droplet sizes

influence the ignition process, as well as its evaporation rate. Additionally, the atomization

process plays a vital role in the fuel-air mixing that is intricately associated with combustion

efficiency, stability limits, and emissions.

A deep understanding of cleaner fuels and improved propulsion devices requires an evalu-

ation of spray dynamics. Liquid jet atomization typically occurs in two distinct phases: pri-

mary breakup of the liquid jet near the atomizer exit and secondary atomization. The former

corresponds to larger droplets and liquid ligaments formed in the primary disintegration

that may exhibit instability, leading to fragmentation into smaller ones and promoting sec-

ondary atomization. Introducing alternative fuels in combustion systems has the potential to

influence their performance as the properties of these fuels may differ from those of conven-

tional ones. Consequently, the present section focuses on a detailed study dedicated to the

spray investigation under non reacting conditions. Experiments dedicated to primary and

secondary atomization will be discussed for conventional and alternative jet fuels. An exper-

imental rig was developed to accomplish this objective, employing a commercial air-assisted

atomizer with external mixing. The spray is visualized using a high-speed camera under sev-

eral air-fuel ratios to comprehend their influence on spray behavior. Subsequently, image

data processing is performed to evaluate the spray cone angle and breakup length. Addition-

ally, detailed measurements of droplet sizes and velocities were acquired by Phase-Doppler
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Interferometry. Considerable attention is provided to the droplet size distribution and air-

liquid interactions to understand the influence of the fuel physical properties on the spray

dynamics and address the impact of adding nanoparticles to a liquid fuel. Conducting this

investigation for non reacting conditions is a requirement for future design and development

of laboratory combustion chambers to compare the performance of alternative and conven-

tional liquid fuels, as will discussed in chapter 6.

5.2 Experimental Methodology

Spray characterization in non-reactive environments is performed using two diagnostic tech-

niques: the imaging technique and the Phase-Doppler Interferometry. Moreover, an exper-

imental setup dedicated to each technique was developed to ease the data acquisition. The

imaging technique permits spray visualization using a high-speed camera andmeasurements

related to the breakup structures, length, and spray cone angle. These measurements are

based on post-processing of the recorded images. A detailed description of the algorithms

developed to accomplish this purpose will also be provided. Additionally, this imaging tech-

nique allowed the identification of primary and secondary atomization. For the secondary

atomization analysis, a Phase-Doppler Interferometer (PDI) is used to obtain the droplet di-

ameter and velocity distributions. A brief description of this approach and the methodology

adopted is presented, including the operating conditions for each fuel tested.

5.2.1 Experimental Setup - Imaging Technique

Spray visualization is typically performed through an imaging technique, such as backlight

imaging. This non-intrusive optical imaging method allows the acquisition of qualitative

and quantitative details on spray morphology. The backlight technique is executed using a

light source and imaging detectors, commonly defined as high-speed cameras coupled with

a specific lens for the purpose. The methodology of this technique involves positioning a test

object between the light source and the camera. In the absence of a test object for analysis, a

white image with a uniform background intensity is provided since the light source is directly

projected to the camera. Subsequently, when the test object, such as a spray, is positioned

for evaluation, a shadow area is generated in the recorded image due to the obstruction on

the light path. This technique aims to acquire high-contrast images of the spray to evaluate

its properties in terms of breakup length (BL) and spray cone angle (SCA) through image

data processing. Figure 5.1 shows the experimental setup used for the imaging technique,

which comprises an illumination set, image acquisition, and injection system. As depicted in

Figure 5.2, an air-assisted atomizer, specifically the SCHLICK Two-Substance Nozzle Model

(0/2) with external mixing, is employed in the injection system. In this context, the air and

fuel flowrate are controlled independently, where the liquid orifice has a diameter of 0.8

mm. Regarding the air, an annular section, with inner and outer diameters of 3 and 5 mm,

is presented in the nozzle. The air-assisted atomizer releases the liquid through a central

orifice, while the atomizing air is released concentrically from the periphery of the nozzle.
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Figure 5.1: Illustration of the experimental setup for spray visualization.

Figure 5.2 c) shows the air swirl grooves in the atomizer nozzlewith an angle of approximately

45◦. In practical applications, swirl enhancesmixing, increases residence time, and improves

flame stability in the case of combustion [354]. Therefore, this atomizer was selected based

on considering the development of a combustion chamber for liquid fuels.

Liquid

Air

(a)

(b) (c)

Figure 5.2: SCHLICK Two-Substance Nozzle Model, 0/2 atomizer a) side view, b) liquid nozzle front view, c)
liquid nozzle side view.

The atomizer is placed in a rigid structure that allows it to move in three axes, as shown in

Figure 5.1. Additionally, it was positioned vertically downwards to prevent droplet overlap

during recirculation. A rotameter ABB PurgeMaster with a maximum capacity of 1.15 L/h

was used for fuel injection on the atomizer. This fuel rotameter is employed for conven-

tional and alternative jet fuel. Due to this, calibration is required to understand the effective

flowrate released by the atomizer, as will be further explored. The fuel rotameter is con-

nected to a pressurized tank at 1 bar with a maximum volume of 2 L. The pressurization is
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performed using a nitrogen bottle connected to the fuel tank. A rotameter BB PurgeMaster

with a maximum capacity of 54 L/min was used for the air atomization, provided by the lab-

oratory compressor at 2 bar controlled through a manual valve. Fuel and air rotameters are

depicted in Figure 5.3. Since the present work focuses on non reacting conditions, the air

and fuel were investigated in ambient and atmospheric conditions.

Figure 5.3: Illustration of the experimental setup for spray visualization .

Regarding the image acquisition system, a high-speed camera, the FASTCAM Mini AX100,

coupledwith a highmagnification lens, was placed perpendicularly on the spray for the image

acquisition system. The magnification lens comprises a 6.5×Zoom, 12 mm FF, a 0.25×lens

attachment, and a 2.0×short adapter with a magnifying range of 0.35-2.25, leading to an

increase in the spatial resolution up to 8.2 μm/pixel. An LED illumination of 80 W with

diffusing glass was positioned ahead of the spray to enhance the visualization. The use of

high speed is required for the spray visualization, as well as measurements of the breakup

length and spray cone angle. Thus, the high-speed parameters employed in these analyses

are displayed in Table 5.1.

Table 5.1: High-speed camera conditions for breakup length and spray cone angle measurements.

Frame Rate (fps) Shutter Speed (1/s) Resolution

Breakup Length 4000 16000 and 40000 1024×1024
Spray Cone Angle 10000 90000 768×528

5.2.2 Experimental Setup - Phase-Doppler Interferometer

The present work employs a Phase-Doppler Interferometer technique to explore the droplet

diameters and velocities distributions of conventional and alternative jet fuels. This single-

point laser diagnostic technique allows measurements of individual droplet diameters and

velocity components in a polydisperse environment. A PDI system provides quantitative

spray measurements through the analysis of the spherical droplets when they traverse the

control volume of the equipment. This technique is valuable when at a considerable distance

from the nozzle, as obtaining sharp images of individual droplets becomes challenging.
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Figure 5.4 illustrates the experimental setup of the Phase-Doppler Interferometry. The ex-

periments are performed using a FlowExplorer 1D transmitting and receiving optics con-

nected to a BSA F100 processor from Dantec Dynamics. The processor is connected to a

computer for further analysis of the measurements.

Figure 5.4: Illustration of the experimental setup for PDI measurements.

Concerning fuel injection, a comparable method to the imaging technique is employed, us-

ing a fuel rotameter and a pressure tank, as shown in Figure 5.1. Concerning the operating

conditions, the fuel and air interaction occurred under ambient and atmospheric conditions.

Alongwith this, various air-fuel ratios (AFR) are considered, as will be further described. The

atomizer operates along three axes (Rx, Ry, and Z), enabling it to vary its position in order to

obtain a more detailed understanding of the spray, as shown in Figure 5.5. The negative val-

ues of the axial velocity (U) are considered to be in the downward direction, consistent with

the behavior of the secondary droplets. For each position, a sample size of 5000 droplets

is considered, consistent with the literature, which ensures that this quantity is sufficient to

stabilize the results [331,423].

Figure 5.5: Illustration of radial and axial positions considered for the PDI measurements.

To evaluate the spray dynamics, it is imperative to accurately measure the droplets size and

velocity. The nozzle is defined as the Z = 0 mm and the control volume created by the in-
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tersection of two laser beams. Measurements were conducted on individual droplets as they

traversed the control volume. The receiving optics projects a segment of the scattered light

ontomultiple detectors. Each detector converts the optical signal into a Doppler burst with a

frequency linearly proportional to the droplet velocity. The phase shift between the Doppler

signals from different detectors directly measures the droplet diameter [424]. If the droplet

size values and velocities are identical for each negative and positive position of the atom-

izer, the spray is symmetrical. The system is used for transmitting optics laser power of 90

mW for the axial velocity (U) component measurements, with a wavelength of 660 nm. The

focal length is 500 mm, the beam spacing is 37 mm. The receiving optics was a fiber PDA,

with a receiver focal length of 400 mm. The detailed characteristics of PDI, such as optical

configuration and software parameters, are displayed in Table 5.2. The refractive index for

the Jet A-1, HVO, and nanofuels are provided in chapter 3.

Table 5.2: PDI Measurement Configuration.

Transmitting Optics

Beam System U1

Laser power 90 mW
Wavelength 660 nm
Focal length 500 mm
Beam spacing 37 mm

Receiving Optics

Receiver Type Fiber PDI
Scattering angle 31◦

Receiver focal length 400 mm

Software Parameters

Photomultiplier Sensitivity 900 V
Signal Gain 16 dB
Center Velocity -16.34 m/s
Velocity Span 43.03 m/s

5.2.3 Operating Conditions

As highlighted in the description of the experimental setup, a fuel rotameter controlled the

flowrate of conventional and alternative fuels. Due to this, prior to the data collection, a cal-

ibration procedure was conducted to assess the effective flowrate dispensed by the atomizer.

The purpose is to establish the fuel conditions considered in the present work and assess the

effective fuel flowrate for a rigorous comparison between the various fuels. The fuel cali-

bration relied on the theoretical flowrate and the effective flowrate. The theoretical flowrate

is related to the volumetric flowrate that should be released by the rotameter described by

the manufacturer. However, when a specific theoretical flowrate is imposed, fuel flowrate

release departs from the expected value since alternative and conventional fuels possess dif-

ferent physical properties, especially viscosity. Consequently, the effective flowrate wasmea-

sured through the calibration procedure, which corresponds to the fuel volumetric flowrate

released by the rotameter. This approach involves the measurements of the dispensed fuel

in a volumetric tube over a specified time interval for each fuel flowrate case. The sampling
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duration is approximately two to three minutes, and the collected liquid mass is measured

using a digital scale after subtracting the weight of the volumetric tube, leading to the mass

and volumetric flowrate calculation. This analysis was carried out for each fuel and flowrate

condition three times. Figure 5.6 shows the rotameter calibration for each fuel employed in

the present work.

Figure 5.6: Rotameter calibration for alternative and conventional jet fuel: ■ - HVO, HVO + 0.5% Al, HVO +
1% Al; - Jet A-1

Five different fuel flowrates conditions were examined for each type of fuel considered in

this study. The analysis reveals that regardless of the flowrate imposed, HVO and nanofu-

els possess similar effective flowrate. The nanofuels considered in this particular study are

HVO with aluminum nanoparticles in a size of 40 nm and a particle concentration of 0.5

wt.% and 1 wt.%. For the spray analysis under non reacting, no additional particle size and

concentration are explored following the results obtained in the single droplet combustion.

The most significant difference is associated with Jet A-1 concerning alternative fuels. The

values for the fuel flowrates displayed in Figure 5.6 were considered based on the minimum

and maximum power output intended for the combustion chamber design. The combustion

chamber was designed based on the literature for burning alternative fuels, such as biofuel

and nanofuels, with a power output between 2 and 6 kW, as described in chapter 6.

After the fuel calibration, the operating conditions regarding the imaging technique and

Phase-Doppler Interferometry are established. In this context, different air and fuel ratios

are defined for deeper insight into the dynamics of the spray, using Jet A-1, HVO, and HVO

with aluminum nanoparticles. The first phase of experiments is devoted to the imaging tech-

nique in order to visualize the spray and determine the primary and secondary atomization.

Focusing on the experiments dedicated to the spray dynamics under non reacting conditions

using the imaging technique, the breakup length, and the spray cone angle is evaluated. To

accomplish this purpose, various fuel and air flowrates were considered to better understand

the fuel and liquid interactions. For a detailed analysis, the operating conditions applied in

the imaging technique are presented in Table 5.3.
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Table 5.3: Operating conditions employed in the experiments related to the imaging technique. Based on that,
experiments are dedicated to the breakup length (BL), and spray cone angle (SCA).

Jet A-1 HVO HVO+0.5% Al HVO+1% Al

ṁa BL SCA BL SCA BL BL

1st Condition

0.11 g/s 4 4 4

0.22 g/s 4 4 4

0.33 g/s 4 4

0.66 g/s 4 4

2nd Condition
0.11 g/s 4 4 4

0.22 g/s 4 4 4 4 4

3rd Condition
0.11 g/s 4 4 4

0.22 g/s 4 4 4

4th Condition

0.11 g/s 4 4 4 4

0.22 g/s 4 4 4 4 4

0.33 g/s 4 4 4 4 4

0.55 g/s 4 4

5th Condition
0.11 g/s 4 4 4 4

0.22 g/s 4 4 4 4

Different sets of experiments are carried out that rely on the breakup length (BL), and spray

cone angle (SCA). The checkmark (4) highlights the operating condition for each fuel and

set of experiments.

Regarding the measurements of the droplet size and velocity distributions, Phase-Doppler

Interferometry is employed. The PDI measurements are performed in several axial and ra-

dial positions with respect to the atomizer exit (Z = 0 mm). For the axial locations, four

positions are considered: Z = 5, 10, 15, and 20 mm. The selection of these distances was

correlated to the breakup structure of the spray. Since PDI relies on breaking the spray into

droplets, its use is not applicable to study the primary atomization, where the instabilities

begin to develop. Therefore, an initial axial position was chosen after the primary atomiza-

tion. For each Z, a set of measurements was performed along the radial-X and radial-Y axes

in 2 mm steps for the two perpendicular axes, as displayed in Figure 5.5. A summary of the

positions used in PDI measurements is presented in Table 5.4. Similar to the imaging tech-

nique, different air and fuel flowrates are considered for each PDI measurement. Table 5.5

shows the operating conditions used in the PDI technique. The fuel dimensionless numbers

for each operating condition are displayed in Appendix E.1.
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Table 5.4: Axial (Z) and radial distances (Rx and Ry) employed in the experiments related to the Phase-Doppler
Interferometry measurements.

Axial Distance Radial Distance

Z Rx Ry

5 mm -6 mm to 6 mm -6 mm to 6 mm

10 mm -10 mm to 10 mm -10 mm to 10 mm

15 mm -10 mm to 10 mm -10 mm to 10 mm

20 mm -10 mm to 10 mm -10 mm to 10 mm

Table 5.5: Operating conditions employed in the experiments related to the Phase-Doppler Interferometry
measurements.

Jet A-1 HVO HVO+0.5% Al HVO+1% Al

1st Condition
ṁa = 0.33 g/s 4 4 4 4

ṁa = 0.66 g/s 4 4 4 4

4th Condition

ṁa = 0.22 g/s 4 4

ṁa = 0.33 g/s 4 4 4

ṁa = 0.55 g/s 4 4 4

5.2.4 Image Data Processing

The imaging technique allows qualitative and quantitative measurements of the spray dy-

namics. Spray visualization is a method to investigate spray morphology and provide deeper

insights into both primary and secondary atomization processes. After primary atomization,

ligaments and large droplets are spotted, which subsequently fragment into smaller droplets,

indicating secondary atomization. The region closer to the nozzle, where the primary atom-

ization occurs, is characterized by an optically dense region of ligaments and droplets ob-

structing accurate examination. Consequently, this study explores the application of visual

inspection and image data processing techniques dedicated to analyzing primary atomiza-

tion. PDImeasurements of secondary atomization complement thesemethods to investigate

the spray dynamics under non-reactive conditions in depth.

Obtaining quantitative measurements from image acquisition requires image data process-

ing, which is essential to ensure that the imaging technique can provide reliable and consis-

tentmeasurements. An imaging techniquewas applied to different fuels and air-fuel ratios to

provide a set of data images. To perform detailed measurements of the spray characteristics,

the set of images should be carefully treated. Additionally, the spray properties are space-

dimensional properties, which require the conversion of pixels to physical dimensions, as

will be further discussed. In this context, a detailed explanation of the algorithms dedicated

to themeasurements of breakup length and spray cone angle developed in theMATLAB soft-

ware is provided.
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5.2.4.1 Breakup Length

The breakup length for the Jet A-1, HVO, and nanofuels are explored, which can provide

valuable insight into the atomization quality. The measurements of the breakup length are

challenging, and due to this, several images were recorded in focus structures to be further

analyzed. To accomplish this purpose, an algorithm inMATLAB software was developed. An

illustration of the algorithm dedicated to breakup length measurements is shown in Figure

5.7.

Figure 5.7: Illustration of the image data processing for breakup length.

A series of actions are performed to acquire the breakup length of each fuel, requiring in-

stantaneous breakup length images and background images, as shown in Figure 5.8. The

first step is dedicated to subtracting the background and instantaneous breakup length im-

ages. Then, the subtracted image is applied and binarized through a threshold value selected

based on a meticulous analysis, as shown in Figure 5.8 b).

(a) (b) (c)

Figure 5.8: Image data processing for breakup length: a) Original image; b) Cropped image; c) Identification of
the breakup length.

The image was cropped to highlight the spray structure. The breakup length corresponding

to the continuous fluid structure was identified, and its dimensions were determined by a

function noted as ”region props”. In this context, the breakup length represents themaximal

extent along the axial direction, identified as the structure with the highest area. Moreover,

the position of the region box is analyzed to ensure that the measurements are only focused
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on the continuous portion of the jet, measured from the nozzle to the breakup point. If the

analyzed region is not connected to the nozzle, the image is discarded, and a novel image

is investigated. All data related to the height, width, and position of the breakup structure

were exported in a matrix for further evaluation. In this particular analysis, the evaluated

data corresponds to a continuous liquid portion attached to the atomizer nozzle, and any

secondary droplets are discarded, as shown in Figure 5.8 c). The standard deviation of each

operating condition is provided in the results section. As previously mentioned, the spray

characteristics are analyzed by image data processing, which requires a conversion of pixels

presented in images to physical dimensions. Consequently, the atomizer nozzle is used as a

reference, and a pixel conversion to mm is performed. Table 5.6 shows the pixel size of all

the fuels tested in the breakup length experiments.

Table 5.6: Pixel size concerning the breakup length experiments for all the fuels.

Fuels Pixel Size

Jet A-1 0.035 mm/pixel

HVO 0.031 mm/pixel

HVO + 0.5% Al 0.032 mm/pixel

HVO + 1% Al 0.021 mm/pixel

The analysis of the breakup length can be difficult and requires examining the threshold value

and the number of frames required for the analysis. Figure 5.9 and 5.10 show the influence

of the number of frames and the threshold value, respectively. Different air flowrate were

considered using the 4th fuel operating condition displayed in Figure 5.6.

(a) (b)

Figure 5.9: Influence of the number of frames in the breakup length analysis: a) HVO; b) Jet A-1. Three
different air flowrate are considered using 4th fuel operating conditions.

The results show no significant variations in the breakup length in the amount of data ex-

plored. Due to this, 4000 frames were considered, guaranteeing that it is possible to un-

derstand the influence of the AFR on the breakup length using a threshold value of 0.2, as

displayed in Figure 5.10. This value was selected to guarantee the repeatability and indepen-

dence of the sample size. The mean breakup length (L) is evaluated as the arithmetic mean
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of instantaneous breakup length values obtained in the 4000 frames and subsequently nor-

malized by the nozzle diameter (Dl), as will be discussed in the results section.

Figure 5.10: Influence of the threshold value in the breakup length analysis for HVO in the 4th conditions
under two air flowrates.

5.2.4.2 Spray Cone Angle

To determine the spray cone angle (SCA), an in-house algorithm was developed to process

the image data in MATLAB software. A brief illustration of the spray cone angle algorithm is

displayed in Figure 5.11.

Figure 5.11: Illustration of the image data processing for spray cone angle.

The analysis starts with the background subtraction followed by an image binarization using

a threshold value. In the image matrix, the spray is identified with a value equal to 1, and the

rest of the image is equal to 0. Since the spray is considered a group of droplets, an overlap

of several frames is performed to capture the spray morphology as displayed in Figure 5.12.

In this analysis, 5000 frames are considered to determine the spray cone angle. This value

was selected based on a statistical study, as will be further discussed in this subsection. Sub-

sequently, the spray edges were identified and marked as the first and last white pixels with
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Figure 5.12: Visualization of the binarization of the spray using several frames.

red and green cross marks for each row of the image. Then, two lines with the best fitting

describe the spray periphery. Finally, a region of interest (ROI) is defined and highlighted

by blue, red, and green lines, as shown in Figure 5.13. Based on this, the spray cone angle is

achieved by trigonometric relationships.

Figure 5.13: Illustration of the parameters relevant for the SCA analysis.

The equation related to the spray cone angle measurements is given by:

SCA(◦) = 2tan−1

(
∆x1 −∆x2

2∆Z

)
(5.1)

where x1, x2 and Z are the parameters displayed in Figure 5.13. The uncertainties in this

study were exclusively attributed to the spray boundaries. Thus, a maximum uncertainty

associated with their location was defined to be ±2 pixel. Therefore, the associated absolute
error can be calculated with the following equation:

|∆SCA| =

∣∣∣∣∣ ∂f∂x1
∣∣∣∣∣ · |∆x1|+

∣∣∣∣∣ ∂f∂x2
∣∣∣∣∣ · |∆x2|+

∣∣∣∣∣ ∂f∂Z
∣∣∣∣∣ · |∆Z| (5.2)

The absolute error was analyzed for all the operating conditions, with the maximum value

of 1.7◦. To explore the swirl effect, two angle angles (θ1, θ2) were analyzed with respect to

vertical central lines coincident with the atomizer nozzle exit as displayed in Figure 5.13.

The asymmetry of the spray will be discussed in the results section. The pixel size related to

the spray cone angle is presented in Table 5.7.
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Table 5.7: Pixel size concerning the spray cone angle measurements for all the fuels.

Fuels Pixel Size

Jet A-1 0.053 mm/pixel

HVO 0.062 mm/pixel

A statistical study determined the specific number of frames and threshold values. Figure

5.14 shows the influence of the threshold value and number of frames in the spray cone angle.

HVOandJet A-1 are considered in the 4th conditions at two air flowrates for this examination.

The results show that the spray cone angle is more sensitive to threshold variations than the

number of frames. Based on that, the experiments obtained 5000 frames and a threshold

value of 0.18. A more detailed analysis regarding the number of frames and threshold on the

spray cone angle is displayed in Appendix D.1 and Appendix D.2.

(a) (b)

Figure 5.14: Influence of the a) threshold value and b) number of frames in the SCA analysis.

5.3 Experimental Results

The present section is dedicated to experimental results concerning the near and far fields

of spray. Qualitative and quantitative results regarding the atomization of conventional and

alternative jet fuel are acquired by imaging technique and Phase-Doppler Interferometer.

Firstly, the visualization is presented, followed by a brief discussion of the breakup struc-

tures at several air-fuel ratios. Subsequently, a detailed examination is provided, and a com-

parative analysis with breakup length correlations presented in the literature is performed.

Following this, a brief investigation of the spray cone angle is conducted. Finally, PDI analy-

sis is provided, elucidating the overall spray behavior for different AFRs under several axial

and radial distances. Additionally, the addition of nanoparticles is explored in the atomiza-

tion process.
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5.3.1 Visualization

Visualization for a wide range of operating conditions was performed using a high-speed

camera to capture the breakup structures in detail. This visualization provides insights re-

garding the breakup of conventional and alternative fuels, whichwill be scrutinized further in

terms of mean breakup length. The results offer a qualitative analysis near the nozzle orifice

to enhance understanding of the air-fuel interaction and the primary atomization. The first

process, denominated primary atomization, occurs near the jet nozzle, where shear forces at

the air and fuel interface destabilize the liquid jet, leading to its fragmentation into droplets

and ligaments. To understand this, the visualization regarding the fuel flowrate variation

is presented in Figure 5.15 and Figure 5.16. For this analysis, the fuel flowrate is increased

while the air flowrate is kept similar in both figures. Regardless of the fuel flowrate imposed,

a continuous cylindrical body is detected released by the atomizer nozzle. This liquid jet is

subjected to the airflow, creating instabilities. Figure 5.15 shows the development of the liq-

uid jet for the lowest fuel flowrate where the liquid jet remains attached to the nozzle and

elongates. As the time evolves, its thickness gradually reduces and from Figure 5.15 a) to c),

the expansion of the liquid jet is noticeable with a large head droplet attached to its extrem-

ity. As the liquid jet continues to extend and its thickness decreases, it becomes increasingly

susceptible to disruption, which is clearly spotted in Figure 5.15 c) to f).

(a) (b) (c)

(d) (e) (f)

Figure 5.15: Sequence of images of HVO equally spaced 1.5 ms under the following conditions: 1st fuel
condition, ṁa = 0.11 g/s.

Under higher fuel flowrate conditions, in Figure 5.16, it is observed that the liquid jet attached

to the nozzle extends farther than the one depicted in Figure 5.15. Besides that, several in-
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(a) (b) (c)

(d) (e) (f)

Figure 5.16: Sequence of images of HVO equally spaced 1.5 ms under the following conditions: 5th fuel
condition, ṁa = 0.11 g/s.

stabilities are spotted as the liquid jet is extended. These primary instabilities grow as they

move downstream and finally cause the breakup of the jet [292]. Eventually, the ligament

detaches Figure 5.16 (e) from the nozzle and breaks up into ligaments and large droplets.

The breakup occurs due to aerodynamic forces caused by the airflow in the liquid jet with

a relatively low velocity, which increases the kinetic energy of the liquid phase and induces

liquid stretching. As a result, the liquid breaks when the aerodynamic forces overcome the

surface tension [425]. After the ligament fragmentation into droplets, a new continuous liq-

uid portion is released from the nozzle that flaps in an opposite direction with respect to the

vertical axis. This phenomenon is denominated as jet flapping. Jet flapping is characterized

by a lateral oscillation of the jet core around the axis of the atomizer, which can be enhanced

due to air swirl, especially when in a lower airflow, being responsible for the lateral growth

of the spray [260,282]. As previously stated, in this experimental study, fuel atomization is

achieved using an air-assisted atomizer possessing a swirl. The analysis demonstrates that

an increase in the fuel flowrates displays a longer liquid portion that releases a variety of fila-

ments with different sizes and shapes, as well as large droplets. For lower fuel flowrates, the

liquid jet fragmentation seems to produce smaller droplets, as will be further discussed.

To visualize the influence of the airflow on the HVO liquid jet, the air flowrate was increased,

as depicted in Figure 5.17. This analysis considered three air flowrates (ṁa = 0.11 g/s, 0.22

g/s, and 0.33 g/s), while the fuel flowrate was kept constant to comprehend its influence in

the atomization process. For the lowest air flowrate, the development of a liquid jet is similar
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to the previous description provided for Figures 5.15 and 5.16. However, the jet breakup be-

havior is significantly affected when the air velocity increases, with a noticeable reduction in

length and in the size of the droplets released by the fragmentation. Furthermore, the detach-

ment of liquid from the surface of the jet occurs with greater intensity. The influence of the

airflow also promotes a helical deformation in the liquid jet, resulting in the fragmentation of

liquid blobs. It is noted that the development of liquid sheets is accompanied by substantial

rims and ligaments [338]. Additionally, increasing the air flowrate means no elongation of

the liquid portion, and its thickness is significantly reduced, leading to a more intense at-

omization. This observation is caused by the increase of the air velocity that promoted an

increase in shear between the liquid and air stream [306]. The air velocity increase proves

the atomization effectiveness, which leads to an increase in the aerodynamicWeber number,

as shown in Appendix E.1. The interpretation and comparison of the different dimensionless

numbers are relevant to understanding the topology of the breakup structures.

Following the brief description of the influence of the air and fuel flowrate variation, the vi-

sualization for the different fuels tested is provided. Figure 5.18 shows the liquid and air

interaction 5th fuel condition and ṁa = 0.22 g/s for a-c) HVO, d-f) Jet A-1, g-i) HVO + 1%

Al. As highlighted in the previous HVO image sequence, bag breakup is detected under these

specific conditions. This phenomenon is perceived when a thin balloon or bag-like structure

is near the nozzle. In this case, the breakup of the liquid portion is initiated as a conse-

quence of the bag formation. As time evolves, the bag expands until it eventually ruptures.

The disruption of the bag promotes the formation of droplets and ligaments, which can be

amplified by the swirl presence. The swirl provides an addition of angular momentum and

tends to propel larger droplets or liquid fragments toward the periphery due to centrifugal

forces, and this effect persists along their trajectory due to the greater momentum of the

larger droplets [271, 290]. The breakup occurs when the surface tension is overcome by the

effect of atomizing air, resulting in the formation of smaller droplets, while its rim fragments

release liquid lumps or large droplets, as illustrated in Figure 5.18.

A similar dynamic is detected for Jet A-1, where a bag breakup is spotted. The physical prop-

erties of each fuel were reported, and the main difference was related to viscosity, which can

play a significant role in atomization. However, to comprehensively assess if there is a no-

table distinction between HVO and Jet A-1, a quantitative evaluation of the breakup length

and secondary breakup is essential, as will be discussed in the following results. In respect to

the characterization of the bag breakup, this phenomenon was spotted for low aerodynamic

Weber number as respected in Appendix E.1, which does not follow the morphology classifi-

cation defined by [244]. However, it should be pointed out that the physical properties of the

fuels are not similar to the works presented in the literature, as well as the nozzle geometry.

A relevant characteristic of this atomizer is the presence of a swirl, which significantly affects

the spray dynamics. A deviation to the transition regimes with respect to the Lasheras and

Hopfinger [244] was also reported by [290].

The addition of nanoparticles to the liquid fuel is presented in Figure 5.18 g) to i). For this
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.17: Sequence of images of HVO equally spaced 2.25 ms under the following conditions for 4th fuel
condition: a-c) ṁa = 0.11 g/s; d-f) ṁa = 0.22 g/s; g-i) ṁa = 0.33 g/s.

analysis, aluminum particles in a size of 40 nm and a particle concentration of 1.0 wt.% are

considered. The results reveal that liquid leaves the nozzle and disintegrates quickly. The

sequence of images shows that the liquid jet distorts into arcs, stretches, and forms long and

thin ligaments with instabilities. Analogous to the other fuels, thin filaments are spotted, and

disruption of membranes results in small droplets. Moreover, a phenomenon denominated

as flapping bag breakup was detected. This outcome is noticeable due to flapping instability

when the bag-like structure exhibits oscillations around the central axis, leading to improved

atomization due to the effective disruption of this structure, as previously reported by [426].

The authors attribute this event to the enhanced interaction between the bag structure and

swirling atomizing air under reduced surface tension conditions amplified by the local recir-

culation zones [426].
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.18: Sequence of images equally spaced 2.25 ms under the following conditions for 5th fuel condition
and ṁa = 0.22 g/s for: a-c) HVO; d-f) Jet A-1; g-i) HVO + 1% Al.

5.3.2 Breakup Length

For a deeper understanding and comparison between the primary atomization of an alter-

native and conventional jet fuel, detailed measurements dedicated to the breakup are per-

formed. The breakup length is defined as the continuous longitudinal extension of the liquid

jet from the nozzle until the rupture point. This rupture is triggered by the aerodynamic

forces from the high-speed gas flow act on the low-speed liquid jet, increasing the liquid ki-

netic energy and causing the fuel surface to stretch [425]. In this respect, the visualization

provides information regarding the breakup characteristics, allowing measurements of its

length through image data processing. The analysis of the primary atomization region is usu-

ally characterized by the jet breakup length being a signature of the atomization quality, as

previously stated by [296]. This region is mainly characterized by large, irregular, ligament-
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like elements [418]. An investigation focused on the primary breakup length is essential for

the performance of fuel injectors and for the development of computational models of the

atomization process, since it highlights where the fully developedmultiphase flow region be-

gins. Figure 5.19 shows the mean of instantaneous breakup length (L) in the axial direction

normalized by the liquid bore diameter of the atomizer (Dl). This analysis focuses on the

influence of increasing the fuel velocity on the breakup length while remaining constant in

the air velocity. The evaluation of the increase in fuel velocity is expressed in the horizontal

axis by the liquid Reynolds number for all the fuels tested in the present study. The liquid

Reynolds Number is defined by the following expression:

Rel =
U lDl

νl
, (5.3)

where U l is the fuel velocity,Dl liquid bore diameter and νl fuel kinematic viscosity. Regard-

less of the fuel employed, the results reveal that increasing the ReL results in an increase in

the breakup length. This means that longer breakup corresponds to higher fuel flowrates.

Similar findings were already reported by Roudini and G. Wozniak [427]. The error bars

presented in Figure 5.19 correspond to the standard deviation of the mean breakup length

normalized by the liquid diameter orifice. The results also reveal no significant difference

between pure HVO andHVOwith aluminum nanoparticles in terms of mean breakup length

normalized by the liquid bore diameter. Due to the viscosity value, the Reynolds number

differs mainly between the Jet A-1 and alternative fuels.

Figure 5.19: Influence of liquid Reynolds Number on the normalized mean breakup length, considering ṁa =
0.11 g/s.

Subsequent to analyzing the influence of fuel flowrate, the variation of the air velocity was

investigated. For this evaluation, themean breakup length was normalized by liquid bore di-

ameter, and the number of breakups was also explored. Since the present work employs an

air-assisted atomizer, the air provides the energy required to disintegrate the liquid jet. Con-

sequently, the aerodynamic Weber number is an essential dimensionless number to charac-
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terize the primary atomization, incorporating the relative velocity between fluids and their

physical properties. Figure 5.20 shows the influence ofWea in the normalizedmean breakup

length. The expression related to the aerodynamic Weber number (Wea) is displayed in

Equation 2.49. Additionally, the breakup numbers events are displayed in Figure 5.20 for

a) HVO and b) Jet A-1. The results reveal that an increase in the air velocity leads to lower

breakup lengths, indicating that the influence of aerodynamic force on liquid disintegration is

pronounced. As the aerodynamic Weber number increases, indicating that the aerodynamic

forces acting on the gas exceed the fuel surface tension, the fuel and air interface experiences

instabilities governed by capillarity, shear, acceleration, or a combination of these factors.

Consequently, considerably low aerodynamic Weber number values may be undesirable in

applications such as propulsion or additive manufacturing [281]. Identifying the primary

atomization is also essential to analyze the droplet diameter and velocity distribution in the

secondary atomization. In this context, detailed measurements of spherical droplets pre-

sented in the secondary atomization are required to fully compare spray characteristics of

conventional and alternative fuels. Thus, the length of the primary atomization is explored

to ease the PDI measurements. The results reveal that Jet A-1 presents a breakup length of

7.6, 4.56, and 3.6 mm from the lowest air velocity to the higher values, while HVO possesses

9.1, 5,8, and 4 mm. Consequently, the conditions with the lowestWea were discarded from

the PDImeasurements since the measurements begin at Z = 5mm, as presented in Table 5.4

and Table 5.5. A more detailed description of the results focused on the PDI measurements

will be further elaborated. Furthermore, the frequency of liquid jet breakups was quantified.

In this respect, it was observed that an increase in the aerodynamic effect produces a higher

number of breakup events, regardless of the fuel. The analysis was performed on a sample

of 4000 images for each fuel, and no notable distinctions were detected between the fuels.

(a) (b)

Figure 5.20: Influence ofWea in the normalized mean breakup length and breakup events for: a) HVO; b) Jet
A-1.

As already mentioned, the breakup length can indicate atomization quality and be related to

the droplet diameter on the secondary breakup. Due to this, in practical applications, such as

aviation gas turbines, the combustion performance and emissions are significantly related to

the atomization process. Figure 5.21 compares the breakup length of all the fuels employed

in the present study. According to Lasheras and Hopfinger [244], the momentum flux ratio
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(a) (b)

(c) (d)

Figure 5.21: Normalized mean breakup length as a function of momentum flux (M) for: a) HVO; b) Jet A-1; c)
HVO + 0.5 wt.% Al; d) HVO + 1.0 wt.%. Al.

(M) is the most relevant parameter for evaluating the breakup of an unbroken liquid core.

The expression related to themomentum flux ratio is presented in Equation (2.50). In accor-

dance with [244,283], if M≪ 1, the breakup is governed by the liquid jet. On the other hand,

ifM≥ 1, the breakup length is determined by the gas jet, whereas for considerably highM val-

ues, the length is very short. The breakup length corresponds to the maximum length from

the nozzle liquid jet rupture point in the axial direction. The results show that increasing the

momentum flux reduces the normalized mean breakup length regardless of the fuels used.

For considerably lower M values, the normalized mean breakup length decreases sharply.

As the momentum flux increases, it tends to converge at a constant rate. In practical ap-

plications, a shorter breakup length indicates a faster disintegration of the jet into smaller

droplets, promoting a faster combustion process and enhancing the overall efficiency of the

combustion systems. Additionally, the breakup length of the HVO and HVO with aluminum

nanoparticles is slightly higher than the Jet A-1, which may be attributed to the higher vis-

cosity of the alternative fuels. Moreover, an increase in the air flowrate leads to a shorter

breakup length, and an opposite tendency is noticed for the increase in the fuel flow rate.

This effect is pronounced by the aerodynamic force on liquid disintegration. Higher airflow

is related to higherWea, which can be explained by the increase in shear stress acting on the
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fuel-air interface. Similar findings were reported by [252,296].

Several authors provided correlations in literature to predict themeanbreakup length through

image analysis, as displayed in Table 2.9. Consequently, from the experimental results ob-

tained in the presentwork, an empirical equationwas formulated to predict themeanbreakup

length produced by an air-assisted atomizer with a swirl. Figure 5.22 shows the correlations

provided in the literature, as well as the empirical correlation obtained in this work, high-

lighted by the blue, dashed line using the normalized mean breakup length results for con-

ventional and alternative fuels.

Figure 5.22: Normalized mean breakup length correlations.

The correlation obtained through the present study is expressed by:

L

Dl
= 11.6M−0.3 (5.4)

This correlation indicates that the normalizedmeanbreakup length exhibits a power law rela-

tion with the momentum flux ratio. This observation is in good agreement with the previous

correlations [294–296]. In particular, the correlation proposed by [294] using shadowgraph

analysis is quite similar to the one proposed in this present study, where the constant power

law of the exponent is around−0.3with respect to themomentum flux ratio. On the contrary,

the correlationprovidedbyKumar andSahuunderpredicts the experimental data. According

to the authors, themethod employed in the analysis can be related to this difference [296]. To

summarize, the breakup length is a relevant parameter to address the primary atomization

of air-assisted atomization, depending on the fuel and relative velocity, the nozzle geometry,

and the physical properties of the air and liquid fuel.
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5.3.3 Spray Cone Angle

The results related to the spray cone angle are provided below. Firstly, the influence of the

AFR on the spray cone angle for HVO and Jet A-1 was analyzed individually. This evaluation

was conducted using 5000 frames and a threshold value of 0.18. Subsequently, half of the

spray cone angle was investigated concerning the central line. The purpose is to address the

spray symmetry and the potential impact of the swirl. As previously mentioned, an imaging

techniquewas used to determine the spray cone angle. Spray cone angle can be defined as the

angle formed between two lines drawn from the nozzle tip to the outer margins of the spray

on either side, measured at a specified distance downstream of the flow [428]. To capture

the complete cone angle of the spray, the image acquisition was carried out from a consid-

erable distance, and the image data processing was performed in MATLAB software. Figure

5.23 shows the influence of the AFR in the spray cone angle (SCA) for a) HVO and b) Jet A-1.

The results reveal that increasing the AFRwhile maintaining a constant fuel flowrate implies

an increase in the air flowrate, suggesting a reduction in the spray cone angle. Additional

higher AFR values were also evaluated. However, the results are not presented due to insuf-

ficient image contrast resulting from the finer atomization, which inhibited the possibility

of determining the spray boundaries accurately. Due to this, this observation must comply

with the results acquired in the Phase-Doppler Interferometer, as will be further discussed.

The SCA measurements indicate that Jet A-1 displays a wider spray for approximately equal

AFR compared to HVO.

(a) (b)

Figure 5.23: Influence of the AFR in the spray cone angle (SCA) for: a) HVO; b) Jet A-1.

This effect is due to HVO higher viscosity value compared to Jet A-1, which can reduce the

SCA due to a dampening process reducing the tangential velocity. Wang and Lefebvre [429]

reported that increasing fuel viscosity reduces the spray cone angle. The influence of viscosity

in the decrease of the spray is a result of the effects of viscous forces that diminish the swirling

motion of the liquid sheet and, hence, its initial emerging angle into the airflow [430]. An

empirical equation to determine the half of the spray cone angle (θ) was developed by Giffen

and Massey [255,431].
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tan(θ) = 0.169ν−0.131
L (5.5)

where νL is the fuel kinematic viscosity. The authors established this correlation for the cone

half-angle and considered the influence of viscosity using a swirl-plate atomizer. Employ-

ing the correlation established by Giffen and Massey indicates that Jet A-1 possesses a spray

cone angle of 113º whereas HVO presents an angle of 98º. This result follows the findings

presented in Figure 5.23, highlighting that HVO possesses a lower spray cone angle as a con-

sequence of its higher viscosity in comparison with Jet A-1. Measurements were taken from

half of the spray on each side to evaluate the symmetry relative to a vertical line concentric to

the atomizer nozzle. Figure 5.24 depicted the spray angle concerning the central line, iden-

tified as θ for a constant fuel flowrate, where θ1 and θ2 corresponds to the left and right side,

respectively. This analysis considered the 4th condition for HVO and Jet A-1. The findings

suggest a slight deviation of θ1 and θ2. In more detail, the spray symmetric will be addressed

in the following subsection, which is dedicated to the Phase Doppler Interferometer mea-

surements.

Figure 5.24: Half spray angle concerning the central line at the 4th condition for HVO and Jet A-1.

The spray cone angle measurements are also valuable for the detailed analysis of droplet

diameter and velocity distributions through the PDI technique. In this respect, primary at-

omization was visualized and identified, as previously stated. The spray cone anglemeasure-

ments were performed approximately 7 mm below the nozzle atomizer, indicating that the

spray possesses a width of 3.6 to 7 mm, depending on the air-fuel ratio. Due to this, the ax-

ial and radial positions employed in the experiments using a Phase Doppler Interferometer

and displayed in Table 5.4 are capable of suitable the spray dynamics of conventional and

alternative fuels.
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5.3.4 PDI Results

The present subsection is dedicated to the experimental results of Phase-Doppler Interfer-

ometry (PDI) for conventional and alternative jet fuel. The PDI technique is employed to

acquire the droplet size and velocity quantitative measurements in the radial and axial direc-

tion to better understand the spray dynamics. Moreover, different air-fuel ratios are consid-

ered for conventional and alternative fuels. Concerning the latter, nanofuels with a particle

size of 40 nm and two particle concentrations (0.5 and 1.0 wt%.) are also explored. Conse-

quently, the impact of adding nanoparticles to a liquid fuel is investigated in terms of spray

behavior. The results presented in the previous subsection were mainly concerned with the

different morphological changes of the spray, such as bag and ligament breakup acquired

by an imaging technique. However, in the near region nozzle, measurements using the PDI

system of the high droplet number density are challenging. They are unsuitable because of

the intense scattering of light that obscures the internal details. Concerning the far field, the

droplets are considerably small and cannot be acquired with precision with an image speed

camera; due to this, the PDI technique is commonly employed to evaluate the secondary

atomization through simultaneous local measurements. The results in this current subsec-

tion are only dedicated to the droplet diameter and velocity distribution of liquid fuels in the

spray dynamics, which will be further used in the laboratory combustion chamber. From a

combustion perspective, evaluating droplet diameter and velocity distributions is relevant to

understanding fuel distributionwithin the combustor, which is essential to fuel performance.

A summary of the operating conditions and the axial and radial positions are presented in

Table 5.5 and Table 5.4, respectively. For each position, a sample of 5000 is considered,

consistent with the literature, which ensures that this quantity is sufficient to stabilize the

results [331,423].

To gain an overall insight into the distribution of droplets in both axial and radial directions

and the reliability of the measurements, Figure 5.25 shows data rate and spherical valida-

tion for Jet A-1. This analysis is performed considering four axial distances. The black, red,

blue, and green lines correspond to Z = 5 mm, Z = 10 mm, Z = 15 mm, and Z = 20 mm from

the atomizer nozzle. The Y-Axis was kept constant equal to zero, whereas the X-Axis varies

from -10 to 10 mm, equally spaced 2 mm. Moreover, two AFR are considered, the results

for an AFR of 7.9 are displayed in Figure 5.25 a) and b) while the data for an AFR of 15.7

is displayed in Figure 5.25 c) and d). Regardless of the AFR, increasing the axial distance

(Z), it is observed that the data rate decreases and the spherical validation increases. As

noted previously, a high droplet number density is commonly presented in the near nozzle,

as shown in Figure 5.25. Concerning the spherical validation, the lowest values are presented

in Z = 5 mm. As previously mentioned, the breakup length is higher in a considerably low

air-fuel ratio. Due to this, to ensure that during the experiments, the measurements are

concerned, the secondary droplet axial distance < 5 mm, as discarded in the PDI analysis

since the spray is not completely developed. For axial locations of 10 mm ≤ Z ≤ 20 mm, the

spherical validation is approximately between 80 % to 100 %, as displayed in Figure 5.25 b)

and d). It is important to mention that a high validation rate in the spray indicates that the
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droplets are predominantly spherical. Regarding the radial distance, Figure 5.25 shows that

the droplets are highly concentrated in an annular region. The concentration reaches a peak

before gradually becomingmore uniform and spreading at higher location axial locations. In

other words, the central region provides a low data rate, subsequently increasing and reduc-

ing significantly in the spray external boundaries. This behavior indicates that the spray is

a hollow cone also influenced by the presence of the swirl where the tangential momentum

transports the droplets to an outer zone [249].

(a) (b)

(c) (d)

Figure 5.25: Jet A-1 calibration parameters at AFR = 7.9 for a) data rate; b) spherical validation. For an AFR =
15.7: c) data rate; d) spherical validation.

After a brief elucidation of the spray data rate and spherical validation, the influence on the

axial velocity and Sauter mean diameter in the axial distance is provided. Sauter mean di-

ameter, SMD or D32 is used as an indicator of spray atomization commonly evaluated in

applications where the surface area plays a significant role, such as combustion. Further-
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more, it is strongly influenced by the atomizer type and the flow characteristics, mainly the

AFR. The Sauter mean diameter is the ratio of the total droplet volume to their surface areas

as presented in the following expression:

D32 =

∑n
i=1 nid

3
i∑n

i=1 nid
2
i

(5.6)

The Sauter mean diameter will be employed in this analysis to avoid potential misinterpre-

tations associated with the use of the arithmetic mean. Figure 5.26 and Figure 5.27 show the

influence of the axial and Y-axis distance on the axial velocity and Sauter mean diameter for

HVO and Jet A-1 at an AFR≈ 8, respectively. Four axial distances are considered: Z = 5, 10,

15, and 20 mm. The results show that increasing the distance from the nozzle reduces the

axial velocity, and the SMD reduces, regardless of the fuel employed. Moreover, the highest

values for the axial velocity are present in the central region of the spray. In alignment, the

lowest values of SMD are also found in the core area. Conversely, at the spray boundary,

the droplets possess a higher diameter and lower axial velocity. As the radial distance in-

creases, the axial velocity decays, and the highest value for the axial velocity is closer to the

centerline of the atomizer. The lower velocity in the edges of the spray can be related to the

momentum transfer with the surrounding air as similar noticed for the increase in the axial

distance [299]. Concerning the axial velocity, as the axial distance increases, the axial veloc-

ity of the droplets commonly decreases, indicating a continuous deceleration as they move

farther from the atomizer nozzle. Additionally, the velocity profiles tend to flatten with in-

creasing axial distance, leading to a more uniform velocity distribution downstream due to

air resistance and drag effects [265, 318]. The spray is not perfectly symmetrical since dif-

ferent distributions are presented on both sides of the radial distance concerning the central

line (Y = 0 mm), as will be further discussed.

(a) (b)

Figure 5.26: Influence of the axial distance for HVO: a) axial velocity; b) Sauter mean diameter.

To evaluate the axial velocity distributions, Figure 5.28 shows the histograms at the central

and boundary regions for HVO at AFR of ≈ 8. In this respect, two axial distances are ex-
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(a) (b)

Figure 5.27: Influence of the axial distance (Z) for Jet A-1: a) axial velocity; b) Sauter mean diameter.

plored: Z = 5 mm and Z = 15 mm. The central region is defined for X = 0mm and Y = 0mm,

whereas the boundary corresponds to X = 6 mm, Y = 6 mm for Z = 5 mm and X = 10 mm,

Y = 10 mm for Z = 15 mm. As outlined earlier, in the inner region, the droplet possesses a

higher velocity even at higher axial distances than the boundary region. In addition, negative

values are also spotted in the histograms. This indicates an accelerating field in the direction

opposite to the main flow, induced by the swirl effect of the atomizer. The bimodal distri-

bution highlights the recirculation phenomenon, as displayed in Figure 5.28 b). Regarding

SMD, the largest diameter for both fuels is presented in Z = 5 mm, indicating that the liquid

fuel is being atomized as the axial distance increases. As the axial distance increases from Z

= 5 mm to Z = 15 mm, the SMD diminishes; from that point, no significant differences are

noticeable at Z = 15 and Z = 20 mm, and a more stable droplet size distribution at larger

distances is identified. Due to this, the following results are only related to Z = 15 mm. The

SMD increased to the spray outer edges as the radial distance increased from the centreline.

This behavior is characteristic of swirling injectors, where larger droplets formed by shear

forces are centrifuged outward relative to the smaller droplets [249]. This means that the

droplets with a higher diameter possess higher inertia remaining in the spray boundaries,

whereas the small droplets are easily transported to the central region [432]. Figure 5.29

shows the histograms regarding the droplet diameter in the a) central (Y = 0 mm) and b)

boundary (Y = 6 mm and Y = 10 mm) regions as the axial distances increase from Z = 5 mm

to Z = 20 mm. The bin width was determined based on Scott’s rule as discussed in Panão et

al. [327]. Moreover, the X-axis (X = 0mm)was kept constant, and onlyHVO at AFR of≈ 8 in

this analysis for simplification purposes. This visualization is provided to ease understand-

ing of the spray droplet diameter as a function of the axial and radial distance. The results

show that the smaller droplets are located in the central region, as previously discussed. For

the positions X = 0 mm, Y = 0 mm, Z = 10 mm and X = 0 mm, Y = 0 mm, Z = 15 mm, the

observations highlight a considerable number of droplets at a reduced size ranging from ap-

proximately 0 to 40 µm. However, taking into consideration the same axial positions at the

boundary regions, the results indicate that there are droplets with a wide range of diameter
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until approximately 100 µm.

(a) (b)

(c) (d)

Figure 5.28: Histogram of droplet axial velocity for HVO at AFR ≈ 8 in the following positions: a) X = 0 mm, Y
= 0 mm, Z = 5 mm; b) X = 6 mm, Y = 6 mm, Z = 5 mm; c) X = 0 mm, Y = 0 mm, Z = 15 mm; d) X = 10 mm, Y =

10 mm, Z = 15 mm.

Following the analysis regarding the influence of the axial and radial distance on the axial ve-

locity and SMD, a subsequent discussion concerns the impact of air-fuel ratio variations. The

purpose is to understand how the AFR affects the spray dynamics. Figure 5.30 and Figure

5.31 show the influence of the fuel and air mass flow on the axial velocity and Sauter mean

diameter for HVO and Jet A-1, respectively. Firstly, the air mass flowrate is maintained con-

stant, and an increase in the fuel mass flowrate is explored. Subsequently, the increase of

the air mass flowrate is evaluated for a constant fuel mass flowrate. Based on that, three

AFRs are explored for each fuel. Regardless of the fuel, an increase in fuel mass flow rate

while remaining constant in the air mass flowrate indicated that the Sauter mean diameter

increased. This finding is observed for all the Y-Axis being more perceptible for HVO, as

shown in Figure 5.30. Concerning the axial velocity, no significant variations are noticeable

when the fuel mass flowrate increases. This observation can be attributed to the constant

air mass flowrate. However, when the air flowrate increases, an increase in the axial veloc-

ity is notorious, which leads to a reduction in the Sauter mean diameter as a consequence
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(a)

(b)

Figure 5.29: Droplet diameter histograms for HVO considering several axial distances at an AFR≈ 8: a) central
region; b) boundary region.
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of the increase in the relative velocity, which promotes a more significant instability in the

liquid [299].

(a) (b)

Figure 5.30: Influence of the fuel and air mass flowrate for HVO: a) axial velocity; b) Sauter mean diameter.

(a) (b)

Figure 5.31: Influence of the fuel and air mass flowrate for Jet A-1: a) axial velocity; b) Sauter mean diameter.

Moreover, the spray pattern exhibits a more uniform Sauter mean diameter for a constant

fuel flowrate and a higher air velocity, leading to a high AFR. For a lower AFR, the kinetic

energy of the atomizing air is insufficient to overcome the viscous and surface tension forces

hindering the liquid atomization. Thus, as the AFR increases, the energy available to break

down the fuel jet into smaller droplets increases, resulting in a more effective disintegration

of the fuel jet into smaller droplets. In addition, a different behavior in the axial velocity is

perceptible for the highest AFR. For an airmass flowrate of 0.33 g/s, the results show that the

axial velocity evolution from the centreline to the spray edges (Y = 0mm to Y = 10mm and Y

= - 10 mm) is practically symmetrical. Nevertheless, when the AFR is increased to a value of

approximately 16 for both fuels, the positive values in the Y-axis show a high and pronounced

peak in the axial velocity. Due to this, further analysis comparing the spray patterns in the X

and Y axes will be performed to better understand this observation.
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Before evaluating the spray pattern considering the X and Y axes, a comparative analysis

focused on the Sauter mean diameter of the conventional and alternative jet fuel is provided

in Figure 5.32. The purpose is to understand better the impact of the AFR on the diameter

size distribution at Z = 15 mm. Due to this, a fuel mass flowrate is kept constant while the

air flowrate is increased. To ease the interpretation, the data points are connected by color

lines. The red color corresponds to Jet A-1, while the blue is referent to HVO. Figure 5.32 a)

and b) shows that the Jet A-1 possesses a slightly lower Sauter mean diameter, which can be

related to the high viscosity of HVO in comparison with Jet A-1. However, as the air flowrate

increases to approximately 0.55 g/s, the Sauter mean diameter for HVO and Jet A-1 shows

nearly identical values. The observation highlights the significant influence of aerodynamic

forces on the overall dynamics of spray formation. Overall, the findings suggest that Jet A-

1 and HVO behave quite similarly in the atomization process. This observation is achieved

for different air-fuel ratios. These results are significant in researching alternative energy

sources for aviation, reinforcing the idea that sustainable and green fuels can be further used

to address environmental concerns. Therefore, in terms of atomization analysis, HVO is a

suitable biofuel fuel to replace conventional aviation fuel.

(a) (b)

(c)

Figure 5.32: HVO and Jet A-1 comparison in terms of SMD for a constant fuel flowrate and different air flows:
a) ṁair ≈ 0.22 g/s; b) ṁair ≈ 0.33 g/s; c) ṁair ≈ 0.55 g/s.
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The proceeding analysis is dedicated to investigating axial velocity and Sautermean diameter

distribution considering the two radial axes (X andY). To attain this purpose, the atomization

of HVO and Jet A-1, a planar distribution at Z = 15 mm for SMD and axial velocity of the

droplets is depicted in Figure 5.33 and Figure 5.34, respectively. The purpose is to obtain

insights into the droplet distribution in both radial axes concerning different AFRs.

(a) (b)

(c) (d)

(e) (f)

Figure 5.33: Contour of the Sauter mean diameter for X and Y radial distances for HVO: a) AFR = 2.6; c) AFR =
3.9; e) AFR = 6.5. For Jet A-1: b) AFR = 2.6; d) AFR = 3.9; f) AFR = 6.4.

Similar AFRs considered in Figure 5.32 are employed in the contour analysis. As previously

noted, regardless of the fuel employed, an increase in the AFR promotes a reduction in the

SMD in both the X and Y axes, with the decrease being approximately equal in both direc-

tions. Despite the AFR, the larger droplet diameters are presented mainly on the periphery
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(a) (b)

(c) (d)

(e) (f)

Figure 5.34: Contour of the axial velocity for X and Y radial distances for HVO: a) AFR = 2.6; c) AFR = 3.9; e)
AFR = 6.5. For Jet A-1: b) AFR = 2.6; d) AFR = 3.9; f) AFR = 6.4.

of the spray. Therefore, the lowest values of SMD are located in the central region of the

spray, displaying a ”bowl” shape. At AFR of approximately 3.9 and 6.4, the reduction in the

SMD for Jet A-1 in the central region is more perceptible. In addition, the increase of the

AFR also results in a spray with a higher uniformity in the droplet size for conventional and

alternative jet fuel, as displayed in Figure 5.33 e) and f), as well in Figure 5.32. In terms

of axial velocity, the spray pattern along the X and Y axes is not entirely symmetrical. This

observation is more pronounced at the highest AFR which contrasts with the previously dis-

cussed SauterMean Diameter (SMD) distribution. A possible explanation is that an increase

in air flow rate enhances the swirl effect, which becomes more perceptible, as shown in the
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contour in Figure 5.34 e) and f). Kirar et al. [433] employed a PIV technique to evaluate the

flow field for different swirl strengths. The authors stated that for a fixed value of the swirl

number, the increase in the Weber number increases the magnitude of velocity, leading to

stronger annular flow with a recirculating zone in the centerline region. As a result, with an

increase in the Weber number, the aerodynamic force acting on the droplet becomes more

significant. Concerning the velocity distribution in the overall spray pattern, the results indi-

cate that regardless of the AFR, the highest axial velocity values are presented in the central

region. In contrast, the lowest values are spotted in the spray boundaries, being minimal

for the lowest AFR. Additionally, the results indicate that increasing the AFR of the spray is

wider than the results provided in the spray cone angle measurements. As previously men-

tioned, the imaging technique is unsuitable for acquiring detailedmeasurements concerning

small droplets, which, for quantitative analysis, can be subject to interpretation andmay not

achieve a high level of accuracy. Consequently, as the AFR increases, the droplet size dimin-

ishes, becomingmore challenging to capture using the high-speed camera, which can explain

the difference between the SCA and PDI results. PDI is a more robust technique that pro-

vides detailed, high-resolution, and quantitative droplet sizes and velocities measurements.

Based on that, for the present experiments, an increase in the AFR leads to a wider spray

pattern, as shown in Figure 5.34. Employing an air-assisted atomizer with external mixing

and swirl, the findings suggest an increase in the air velocity, enhancing the radial dispersion

of the fuel droplets, improving fuel dispersion, and resulting in a wider spray pattern [318].

Following an introductory overview of the overall spray dynamics involving pure liquid fu-

els at different air-fuel ratios and radial and axial distances, the addition of nanoparticles in

HVO is explored. Figure 5.35 shows the axial velocity and Sauter mean diameter for HVO

and a nanofuel composed of HVO and aluminum nanoparticles in a size of 40 nm and a par-

ticle concentration of 0.5 wt.%. Different axial distances are investigated, ranging from Z =

5mm to Z = 15 mm. Additionally, the fuel mass flowrate is kept constant (ṁfuel ≈ 0.08 g/s),

and two air mass flowrate are considered. The blue results correspond to the highest AFR,

whereas red marks the lowest AFR. As discussed, high AFR leads to higher axial velocity and

lower SMD for HVO and nanofuel. The results do not provide conclusive evidence that the

nanofuel displays significantly distinct behavior relative to pure HVO. In particular, the Y-

axis coordinates the Sauter mean diameter for nanofuel, which is slightly lower as displayed

in Figure 5.35 e). In contrast, Figure 5.35 a), the HVO reveals a minor reduction in SMD.

This observation can be correlated with the similar physical characteristics of the nanofuel

and HVO. As previously discussed, adding nanoparticles in a size of 40 nm and a particle

concentration of 0.5 wt.% does not significantly affect the surface tension and viscosity com-

pared to HVO, which does not affect the droplet diameter.

To understand the impact of the particle concentration in the spray dynamics of nanofuels,

two particle concentrations of 0.5 and 1.0 wt.% are considered, and a particle size of 40 nm.

Figure 5.36 shows the axial velocity and the Sauter mean diameter for nanofuels at two axial

distances a), b) Z = 10 mm and c), d) Z = 15 mm.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.35: Pure HVO and HVO + 0.5% Al comparison in terms of a, c, e) Sauter mean diameter and b, d, f)
axial velocity. In addition, a, b) corresponds to Z = 5 mm, c, d) corresponds to Z = 10 mm and e, f) corresponds

to Z = 15mm.

For this investigation, the fuel mass flowrate is≈ 0.04 g/s, and two air flowrate are analyzed.

The investigation reveals that HVO + 1.0 wt.% presented a higher axial velocity, regardless

of the AFR and axial distance. Moreover, the nanofuel with the higher particle concentration

possesses larger droplets at Z = 10mm and Z = 15mm. As the changes in physical properties

are not clearly evident, a potential explanation could be the role of the nanoparticles in the

fragmentation of the liquid that takes place during atomization. To better understand this

effect, an evaluation concerning higher particle concentration is required for future studies.

The influence in the atomization process of adding nanoparticles to a liquid fuel was already

investigated by Kannaiyan and Sadr [341]. The authors added alumina nanoparticles in a
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(a) (b)

(c) (d)

Figure 5.36: HVO + 0.5% Al and HVO + 1.0% Al comparison regarding a, c) Sauter mean diameter and b, d)
axial velocity. In addition, a, b) corresponds to Z = 10 mm and c, d) corresponds to Z = 15 mm.

size range of 27-43 nm and particle weight concentrations of 0.5%, 1%, and 2%. The results

show that the mean droplet diameters of the nanofuel spray were found to be lower than

those of the base fuel and at a higher velocity. However, the results provided in the present

study involving a spray of a nanofuel composed of HVO and aluminum nanoparticles using

an air-assisted atomizer show that using nanoparticles does not enhance the atomization

process.

For a detailed analysis of the influence of nanoparticles in liquid fuel, the probability density

function (PDF) is explored since it offers a more precise and comprehensive representation

of droplet size distributions compared to single-value metrics. Figure 5.37 and Figure 5.38

show the probability density function for an AFR ≈ 8 and AFR ≈ 16, respectively. The pur-

pose is to compare HVO and nanofuels at two particle concentrations. For each set of im-

ages, two axial distances and 3 radial distances are considered. For an AFR≈ 8, the analysis

is performed at Z = 10 mm (Y = -6, 0 and 6 mm) and Z = 15 mm (Y = -6, 0 and 6 mm). In

this context, the results provided in Figure 5.37 indicate that, in a general perspective, HVO

presents the smallest droplet sizes. On the contrary, HVO + 1.0% Al has a larger droplet

diameter. The analysis reveals that adding nanoparticles does not enhance the atomization

process. In alignment with this, increasing particle concentration leads to larger droplets.

To evaluate the aerodynamic influence on the HVO and nanofuels, Figure 5.38 shows the

226



probability density function for the fuels previously mentioned for an AFR ≈ 16.

(a) (b)

(c) (d)

(e) (f)

Figure 5.37: Probability density function of HVO, HVO + 0.5 wt.% and HVO + 1.0 wt.% at different radial and
axial distances for an AFR ≈ 8.

For this analysis, two axial distances and three radial distances are explored. As observed

in Figure 5.37, the behavior for Z = 10 mm and Z = 15 mm exhibit notable similarities. Due

to this, in Figure 5.38 considered a closer distance to the nozzle exit, Z = 5 mm (Y = -4,

0 and 4 mm) and Z = 10 mm (Y = -6, 0 and 6 mm). The results show that for the lowest

axial distance, contrary to the earlier discussion, HVO presents the larger droplet diameter,

regardless of the radial distance. However, when the axial distance increases to Z = 10 mm,

similar observations are obtained compared to Figure 5.37. For Z = 10 mm, at an AFR ≈ 16,
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regardless of the radial distance, HVO possesses the smaller droplet, whereas HVO + 1.0 %

Al presents the larger droplet diameter.

(a) (b)

(c) (d)

(e) (f)

Figure 5.38: Probability density function of HVO, HVO + 0.5 wt.% and HVO + 1.0 wt.% at different radial and
axial distances for an AFR ≈ 16.

A hypothesis for this observation is that an axial distance of Z = 5 mm is not fully developed,

and the nanoparticles can potentially possess a role in liquid fragmentation. Nonetheless, at

greater axial distances and regardless of AFR, the findings indicate that HVO yields a smaller

droplet diameter, and HVO with a higher particle concentration adversely affects the atom-

ization efficiency. The influence of the physical properties can be discussed to understand

this observation. As noted in chapter 3, for nanofuels composed of HVO and aluminum
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nanoparticles of 40 nm and a particle concentration of 0.5 wt.% and 1.0 wt.%, viscosity, sur-

face tension, and density remain largely unchanged compared to the base fuel. Consequently,

physical properties do not appear to contribute to an increase in droplet diameter in nanofu-

els. An analysis of the influence of the physical properties was also carried out for the pure

fuels involving HVO and Jet A-1, where a significant variation in the viscosity is reported.

However, the findings suggest that in the atomization strategy employed in this study, the

aerodynamics possess a more notable impact, leading to remarkably close droplet diameter

for HVO and Jet A-1. Based on that, it is concluded that the addition of nanoparticles affects

the atomization process, and amore detailed andmicroscopic analysis should be carried out.

The objective is to gain a deeper understanding of how nanoparticles influence atomization,

as physical properties do not explain the current findings. Additionally, exploring higher

particle concentrations (> 1.0 wt.%) is necessary to determine whether increasing particle

concentration consistently leads to larger droplets.

The displayed PDFs establish a baseline for using probability mathematical functions to elu-

cidate the underlying mechanisms of liquid atomization processes. In addition, using prob-

ability mathematical functions to describe the droplet size distribution is valuable for nu-

merical investigations. Consequently, an analysis comparing Jet A-1, HVO, and HVO + 1.0

wt.% employing a Log-normal and Gamma distributions fitting is shown in Figure 5.39. The

equation regarding each mathematical function can be found in Panão et al. [327]. The re-

sults regarding the mathematical function fitting correspond to an AFR ≈ 8 for a Y-axis = 0

and three axial distances, Z = 5, 10, and 15 mm. The findings indicate that the Log-normal

distribution provides a better fit to the experimental data than the Gamma distribution. This

observation is achieved for all the fuels and axial distance. In this respect, Gamma distribu-

tion overpredicts the results, indicating that the spray possesses larger droplets. According

to Zhao and Liu [245], the Gamma distribution is commonly used to represent the ligament

breakup. On the other hand, the Log-normal is capable of predicting the overall droplet size.

The use of Log-normal distribution to fit experimental data acquired from an air-assisted

provides satisfactory results, as already described by Wu et al. [326]. The findings of the

current study indicate that the Log-normal distribution is in good agreement with the PDFs

of HVO, Jet A-1, and nanofuel. Additionally, an analysis of the mathematical functions fit-

ting shows a similar behavior of nanofuel, HVO, and Jet A-1. However, investigation for a

nanofuel spray under non reacting should be conducted for higher particle concentration

(>1.0 wt.%)
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.39: Log-normal and Gamma distributions fitting for HVO, HVO + 0.5% Al and Jet A-1 for an AFR≈ 8.

5.3.5 Summary

The present chapter explored the spray under non reacting conditions. To accomplish this

purpose, experiments concerning primary and secondary atomization are discussed. This

analysis serves as the basis for the development of a combustion chamber for liquid fuels to

gain insight into the droplet distribution and characteristics. Due to this, Jet A-1, HVO, and

nanofuels composed of HVO with aluminum nanoparticles in a size of 40 nm and two par-

ticle concentrations (0.5 and 1.0 wt.%) are considered. Different air-fuel ratios are explored

to better understand the impact of the aerodynamic effect. The visualization provided the

identification of different morphological features in the spray, such as droplet formation,

ligament structures, and bag shapes, during spray breakup and being notably affected by the

AFR. In addition, the visualization provides findings regarding the breakup characteristics,

allowing measurements of its length through image data processing. Increasing the liquid

Reynolds number leads to an increase in the breakup length where there is no significant dif-

ference between pure HVO and HVO with aluminum nanoparticles. In contrast, increasing

the air velocity leads to lower breakup lengths, indicating that the influence of aerodynamic

force on liquid disintegration is pronounced. A correlation was developed based on the ex-
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perimental data concerning the breakup. The findings suggest that the normalized mean

breakup length exhibits a power law relation with the momentum flux ratio being in good

agreement with the previous correlations. An investigation dedicated to the spray droplet

size and velocity distribution indicates that the highest values of axial velocity and the lowest

Sautermean diameter (SMD) values are presented in the central region of the spray. This ob-

servation is noticeable for all the fuels and AFRs. In addition, as the axial distance increases,

the axial velocity of the droplets commonly decreases, indicating a continuous deceleration as

they move farther from the atomizer nozzle, leading to a more uniform velocity distribution

downstream. Concerning the radial distance, larger droplets display reduced axial velocity

and are predominantly found in the spray periphery. Increasing the AFR results in higher

axial velocities and reduced droplet diameter with a higher uniformity. The PDI technique

offers detailed and high-resolution measurements of droplet sizes and velocities, indicating

that an increase in the air-fuel ratio correlates with a wider spray pattern due to the radial

dispersion of the fuel droplets, improving its dispersion. In general, the spray dynamics of

HVO and Jet A-1 show considerable similarities. However, when an aluminum nanoparticle

in a size of 40 nmand a particle concentration of 1.0wt.% to liquidHVO, the results show that

the nanofuel possesses a larger droplet diameter. A further study concerning the influence

of particle concentration should be carried out since the physical properties do not answer

the difference concerning HVO and nanofuel spray behavior.

231



232



Chapter 6

Spray: Reacting Conditions

6.1 Introduction

Environmental concerns and the depletion of fossil fuels have prompted the scientific com-

munity to explore the atomization and combustion of alternative fuels in engines, rockets,

and aircraft gas turbines to reduce fuel consumption and emissions [264]. Laboratory burn-

ers are developed to serve as a basis for investigating potential alternatives. In real appli-

cations, burners are selected based on their ability to meet emission targets by promoting

uniform and complete combustion to provide a high combustion efficiency. Gas turbines de-

pend on a burner where the fuel combined with high-pressure air leads to the combustion.

Consequently, the resulting high-temperature exhaust gas turns the power turbine and pro-

duces thrust when passed through a nozzle. Laboratory burners are designed to replicate real

engine operations to investigate potential alternative fuels. Aeronautical gas turbine burners

are commonly confined with a high swirl level and composed of materials that can withstand

high combustion temperatures. The liquid fuel injection requires a high level of fuel atom-

ization, which can be obtained using an air-blast or air-assisted injector. Furthermore, it also

requires a coflow air admission with enough swirling motion to promote a central recircula-

tion zone that aids fuel and air mixing and flame stabilization. A compact and stable reaction

area is generated where the combustion rate increases since hot recirculation air keeps feed-

ing the flame root, reducing the required combustion chamber volume and improving the

aircraft power-to-weight ratio [264].

Considering the points discussed above, the present section focuses on developing a labo-

ratory combustion chamber for liquid fuels. The purpose is to compare conventional and

alternative jet fuel spray combustion. The latter involves pure biofuel and nanofuels. Thus,

a modular combustion testing facility was designed and built to be capable of temperature

distribution, flow field, and emissions measurements. The burner is placed vertically, where

the primary and secondary air and fuel flow upward, to avoid problems during the com-

bustion chamber operation. The overall structure of the project is first introduced, and the

most relevant components are elucidated. The operating conditions are also discussed for

the burner accuracy, safety, and flexibility. Relevant features concerning the dimensions of

the constituents, annular axial swirler design, and flammability limits are also addressed. At

last, the final laboratory combustion chamber is displayed, and preliminary experiments are

discussed to validate the development of this combustion system.
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6.2 Initial Design Considerations

After a careful review dedicated to developing a laboratory combustion chamber for liquid

fuels, an initial design of the concept is presented in Figure 6.1. The design of the combus-

tion chamber presented in this study was focused on an experimental setup previously devel-

oped by Chong and Hochgreb [247] involving the spray combustion of jet fuel and biodiesel.

A description of the current design of the laboratory combustion chamber is also provided

in [351]. The overall facility considered in this work comprises the exhaust system, combus-

tion chamber, swirl burner, and flow delivery system. The exhaust system is responsible for

extracting the combustion products for safety reasons. This system will play a crucial role

in evaluating nanofuels in spray combustion. Nanofuel combustion promotes emissions re-

garding particle combustion, which should be considered since their consequences on the

environment and human health are not fully understood. The exhaust system used is avail-

able at the laboratory and used in previous studies of gas combustion.

Figure 6.1: Spray combustion chamber and fuel and air delivery system.

Figure 6.2 shows the design of the combustion chamber component, where the spray com-

bustion is carried out. This component possesses two lateral windows placed on opposite

sides of the chamber wall for optical access and to provide access to induce ignition. The

windows are composed of quartz glass to support high temperatures. In addition, a steel
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structure to cover the glass windows is also added to address potential temperature losses

and allow the introduction of thermocouples in the reaction zone. It should be mentioned

that Solidworks software was used to develop all design components.

Figure 6.2: Combustion chamber design.

At the top and bottom extremities of the combustion chamber, two flanges are presented to

attach this element to the swirl burner and couple an exhaust system. At preliminary evalua-

tions, an exhaust attached to the combustion chamber was used. However, due to the exces-

sive suction, the flame was extinguished. Consequently, a larger exhaust system above the

combustion chamber already presented in the combustion laboratorywas used, as previously

mentioned. For future studies involving different operating conditions, the connection of an

exhausted system is possible due to this modular configuration of the combustion chamber.

The exterior of the combustion chamber is enveloped in fiberglass insulation and aluminum

tape to aid in maintaining high temperatures inside the combustion chamber. The specific

dimensions of the combustion chamber are discussed later. The materials required for the

combustion chamber should be carefully selected in light of the high temperature concerns.

The purpose is to select a material that provides resistance to heat and corrosion and can

operate at high temperatures. In this respect, are proper candidates AISI304 and AISI316,

where the former presents a melting point around 1450 ◦C and the latter around 1400◦C.

Based on that and considering the economic costs, AISI304 was selected to construct the

laboratory combustion chamber.

Regarding the swirl burner, an illustration of the interior section view is presented in Figure

6.3. As previously described in the chapter 5, an air-assisted atomizer with externalmixing is

employed, providing a full description of this equipment. The atomizer is placed in the cen-

tral zone of the swirl burner, and all the tubes that compose this system are concentric. The

secondary air in the swirl burner is introduced by two inlets that allow its flow into the ex-

ternal section. The secondary air was heated before its introduction to the swirl burner. The

purpose is to aid the vaporization of the fuel droplets. Consequently, inner insulation is re-

quired to prevent high fuel temperatures above the final boiling point and auto-ignition tem-

peratures, which results in the nucleation of the fuel inside the atomizer. This phenomenon
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will produce an irregular fuel delivery in the combustion chamber, consequently impacting

the dynamics and efficacy of the spray combustion process. Due to this, the inner insulation

is placed between two stainless steel tubes, avoiding direct contact with the atomizer and

secondary air. It is important to highlight that in this chapter, the primary air corresponds

to atomizing air, and the secondary air is the remaining air required for the overall combus-

tion process. Similar to the combustion chamber, the exterior of the swirl burner is covered

by fiberglass insulation and aluminum tape to reduce the heat losses of the secondary air to

the surrounding environment, ensuring a high temperature of the secondary air previously

heated before entering the swirl burner.

Figure 6.3: Swirl burner design.

As illustrated in Figure 6.1, the laboratory combustion chamber comprises a fuel and air

delivery system. In this respect, the delivery systems for the fuel and primary and secondary

air are independently controlled. The fuel supply system is composed of the atomizer, where

the fuel flow rate is controlled by a mass flow controller (MFC), model CODA KCO-Series

Mass Flow Controllers. In addition, a nitrogen bottle was used to pressurize the fuel tank at

1-2 bar. The black line represents the fuel delivery system presented in Figure 6.1. Regarding

the primary and secondary, the supply is provided by an Atlas Copco compressor, model

GF7FF, with a capacity of 15.7 L/s at 10 bar. To ease the interpretation of the primary and

secondary air delivery lines, the blue line represents the former, whereas the red represents

the latter. An MFC model MCR-100 SLPM controls the primary air. The secondary air is

controlled by a KDG rotameter, model 2000, with a capacity of 500 L/min. A summary

regarding the specific of each control device for the delivery system is presented in Table 6.1.

As noted, the secondary air is preheated before entering the swirl burner. To accomplish

this purpose, an Osram Sylvania heating system, model SureHeat, was used to supply the

required energy for droplet vaporization and ignition. For the heated air, a temperature of
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400 ◦C was initially selected to ensure that it is higher than the final boiling point of HVO to

mitigate the substantial thermal losses that preheated air will encounter until it reaches the

combustion chamber. The HVO was considered for this analysis since it is the less volatile

fuel, which will be discussed later.

Table 6.1: Delivery components specifications.

Liquid Fuel Primary Air Secondary Air

Equipment Mass flow controller Mass flow controller Rotameter

Model/Brand SLPM CODA KCO-Series
Mass Flow Controllers

MCR-100 KDG rotameter model
2000

Standard Accuracy ±0.6% of reading or
±0.2% of full scale

±0.8% of reading or
±0.2% of full scale

±2.5% of full scale

6.2.1 Operating Conditions

After a short overview of the most relevant equipment and systems in the laboratory com-

bustion chamber, the following analysis is dedicated to the operating conditions. For simpli-

fication, the operating conditions will be established for the pure fuels, concretely, HVO, and

Jet A-1. Concerning the operating conditions for nanofuels, the most promising results are

related to the nanofuel with lower particle concentration, where no significant difference in

the physical properties compared to the pure biofuel is reported. In this context, the required

fuel and air flowrates for primary and secondary air for Jet A-1 and HVO are discussed. Ad-

ditionally, the heating power required by the air heater is also examined. As presented in

chapter 3 the chemical composition of HVO relies on C15H32-C18H38. Consequently, for sim-

plification purposes, hexadecane C16H34 was considered a surrogate fuel for HVO since a

reasonable approximation was presented in chapter 4. Regarding Jet A-1, average chemi-

cal composition is C11H21. The stoichiometric combustion reaction of HVO and Jet A-1 are

presented in Equation (6.1) and Equation (6.2), respectively.

C16H34 + 24.5

(
O2 +

79

21
N2

)
→ 16CO2 + 17H2O +

553

6
N2 (6.1)

C11H21 + 16.25

(
O2 +

79

21
N2

)
→ 11CO2 + 10.5H2O + 61.13N2 (6.2)

Firstly, the laboratory combustion chamber power output should be established. Similar to

Chong andHochgreb [247], a power output of 2 to 6 kW is defined for safety and consumption

reasons. Based on that, the fuel flowrate for each power output can be determined by the

following expression:

ṁfuel =
PowerOutput

LHV
(6.3)
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where ṁfuel is the fuel flowrate andLHV is the lower heating value. The lower heating values

for HVO and Jet A-1 are LHVHV O= 43.9MJkg−1, LHVJetA−1= 43MJkg−1, respectively.

Following the estimation of the fuel flowrate for each power output defined for this investi-

gation, the flowrate of the primary air is examined. An air-fuel ratio (AFR) of 2 is considered

since it provides a reasonable approach for conducting the experiments. This AFR corre-

sponds to the fuel and primary air mass flowrates. Table 6.2 shows the fuel and primary air

flowrates for several power outputs considered for the design of the laboratory combustion

chamber.

Table 6.2: Fuel and primary air flowrate for several power outputs.

Power Output (kW)

2 4 6

HVO
ṁfuel (g/s) 0.046 0.091 0.137

ṁprimary (g/s) 0.091 0.182 0.273

Jet A-1
ṁfuel (g/s) 0.047 0.093 0.14

ṁprimary (g/s) 0.093 0.186 0.279

After acquiring the values for the fuel and primary air flowrates, the following analysis con-

cerns the total air required for the combustion process. Subsequently, the equivalence ratio

(ϕ) should be explored using the following expression:

ϕ =

ṁfuel

ṁtotalair(
ṁfuel

ṁtotalair

)
stio

(6.4)

where ṁtotalair is the mass flow rate of the total air for combustion (primary air and sec-

ondary air), and the subscript stio corresponds to stoichiometric. The values for each fuel

can be determined with the aid of the relations presented in Equation (6.1) and Equation

(6.2). Consequently, the total air for combustion for the different fuels derived from Equa-

tion (6.4). Figure 6.4 shows the mass flow rate of the total air for combustion for Jet A-1

and HVO at different power outputs. In addition, the total air required for the combustion is

displayed as a function of several equivalence ratios where no significant difference between

Jet A-1 and HVO is presented.

After defining the primary air flowrate and total air required for the design of the combus-

tion chamber, the secondary air corresponds to the subtraction of these two parameters. As

previously noted, the secondary air is preheated initially at a temperature of 400 ◦C. Subse-

quently, Figure 6.5 shows the volumetric flow rates of the secondary air for a) HVO and b)

Jet A-1 at T = 20 ◦C and T = 400 ◦C. The ambient temperature is assumed as T = 20 ◦C.

Furthermore, the influence of secondary air is represented by the equivalence ratio at differ-

ent power outputs. It is important to highlight that the volumetric flowrate can be obtained

by a relation between the mass flowrate and the air density at the specific temperature. Due
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Figure 6.4: Total air mass flow rate for HVO and Jet A-1, considering an AFR = 2.

to this, high temperatures lead to higher values for the secondary air. Increasing the equiv-

alence ratio results in lower secondary airflow rates regardless of the fuels employed.

(a) (b)

Figure 6.5: Volumetric flow rates of the secondary air: a) HVO; b) Jet A-1.

Considering the required secondary air flowrate, an analysis of the required heating power

to increase the secondary air temperature from room temperature to 400 ◦C provided by

the heater is essential. The purpose is to ensure that the heater is capable of achieving the

requirements of the design. TheOsramSylvania heating system,model SureHeat, has amax-

imum power of 30 kW and is connected to a control panel. The temperatures are monitored

by two type K thermocouples located at the inlet and outlet of the system. This examination

is conducted by an energy balance where heating power can be given by:

Heating Power = ṁsecondary × (cp,air(Th)Th − cp,air(T0)T0) (6.5)
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which Th = 400 ◦C, T0 = 20 ◦C and cp,air is the specific heat of air at a given temperature. In

this respect, cp,air(20◦C) = 1.007 kJkg−1K−1 and cp,air(400◦C) = 1.055 kJkg−1K−1 [407].

Figure 6.6 shows the operating condition regarding the heating power of the secondary air

for HVO and Jet A-1. The highest value corresponds to HVO for a power output of 6 kW

and ϕ = 0.3. Consequently, it is confirmed that the heater is suitable to achieve the desired

temperature for the secondary air.

Figure 6.6: Heating power requirements for secondary air for HVO and Jet A-1, considering an AFR = 2.

The current section describes the initial design considerations involving the most relevant

components and the operating conditions. To ease the further understanding of the devel-

opment of the laboratory combustion chamber, Table 6.3 shows an overview of the specifi-

cations.

Table 6.3: Summary of the design specifications.

Specifications

Power output (kW) 6

ṁfuel (g/s) ≈ 0.14

ṁprimary (g/s) ≈ 0.27

ṁsecondary(g/s) ≈ 4.06

Equivalence Ratio (ϕ) 0.47

T0 of room (◦C) 20

Th of secondary air (◦C) 400

6.3 Preliminary Setup Challenges

A brief description of the combustion chamber component and swirl burner was previously

presented. However, the specific dimensions of each constituent system should be carefully
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evaluated tomeet the requisites of this laboratory combustion chamber. Challenges concern-

ing insulation, fuel delivery, and flammability limits are also addressed.

6.3.1 Target Temperature for Liquid Fuel Operation

In spray combustion, liquid fuel injection is a relevant subject. As previously mentioned,

an air-assisted atomizer is employed and placed in the central region of the swirl burner

component. Therefore, rigorous analysis of the fuel heating during the combustion chamber

operation is essential. This evaluation is driven by the potential overheating of the fuel line

caused by the preheated secondary air, resulting in preferential fuel evaporation affecting the

spray combustion performance. Fuel volatility is fundamental to providing proper fuel and

air mixing to promote combustion. However, inside the atomizer, the fuel volatility must

be minimized. Based on this, the volatility limits of the fuels should be investigated. Fig-

ure 6.7 shows the most relevant properties of Jet A-1 and HVO for the design. Conventional

and alternative jet fuels are multi-component fuels. As mentioned in chapter 3, the distil-

lation curve gives essential information on how each fuel vaporizes. Figure 6.7 shows that

Jet A-1 has a reduced 10 vol% distillation temperature compared to HVO due to its chemical

composition as noted in chapter 3. Furthermore, a similar observation is achieved for the

final boiling point, indicating that HVO presents a higher final boiling point than HVO. It is

confirmed that Jet A-1 is a more volatile fuel than HVO. In addition, the auto-ignition tem-

perature was also considered for safety reasons. This temperature corresponds to the lowest

temperature when a fuel spontaneously ignites in the air without an external ignition source.

For Jet A-1, the auto-ignition temperature is well defined (210 ◦C). However, for HVO, this

information is scarce, and an approximate value of 204 ◦C was considered [434].

Figure 6.7: Auto-ignition, final boiling point, and 10 vol% distillation temperatures for Jet A-1 and HVO.

Concerning the influence of temperature on the properties that affect the fuel droplet diam-

eter, it has been widely argued that an increase in the fuel temperature leads to a reduction

in viscosity and surface tension, resulting in a decrease in the droplet diameter, as discussed
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in the chapter 2. Nevertheless, the beneficial effect on the droplet diameter caused by the

temperature increasemust be considered to avoid preferential fuel volatility, an intermittent

fuel delivered inside the combustion chamber. The design aims to balance the insights men-

tioned above, and to accomplish this purpose, a target temperature of 190 ◦C is defined. This

temperature was selected, considering the fuel with the most volatility. It is also important

to highlight that the target temperature is attributed to the primary air instead of the fuel line

for precautionary reasons.

6.3.2 Swirl Burner Design

Careful attention to the swirl burner design must be considered to address the concern re-

garding fuel overheating. In this respect, the dimensions of the swirl burner, insulation thick-

ness, and annular axial swirler dimensions should be defined. Concerning the annular axial

swirler, as noted in Figure 6.3, this component is presented at the top of the swirl burner,

being responsible for the induction of the swirling flow of the secondary air. According to

Beer and Chigier [356], swirl number (SN ) is a dimensionless parameter usually employed

to describe the amount of rotation imparted to the axial flow and can be defined by:

SN =
2Gθ
DsGx

(6.6)

where Gθ is the axial flux of angular momentum, Ds is the swirler outer diameter, and Gx
is the axial flux of axial momentum. Additionally, the authors provide formulations for the

calculation of swirl numbers for a range of swirl generator types where the swirl number for

an annular axial swirler with constant vane angle (θ) is given

SN =
2

3

(
1− (Dh/Ds)

3

1− (Dh/Ds)2

)
tanθ (6.7)

where Dh and Ds represent the swirler hub diameter and the swirler outer diameter, re-

spectively, and θ, is the angle of the blade from the centreline. Figure 6.8 highlights each

characteristic to ease understanding of these parameters.

Considering the values for the swirl number (SN ), numerous studies have been presented

in the literature. A preliminary investigation on this subject was conducted by Tangirala

et al. [435]. The authors stated that the swirl number (SN ) ranges from 0 to 0.6, and no

recirculation zone will be generated. However, a toroidal recirculation zone is formed for

a swirl number higher than 0.6, allowing the hot gases from combustion to return to the

flame reaction zone and increasing the flame stability. Nevertheless, there is a limit for the

swirl number (SN ) values. In this respect, swirl numbers ranging from 1 to 4 show a notable

reduction in flame stability and turbulence levels. Due to this, excessive swirl can result in

the flame approaching the enclosure walls, creating regions of localized hot spots [247,435].
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(a) (b)

Figure 6.8: Swirl parameters: a) Hub and outer diameter; b) Angle (θ).

The definition of the swirl number is an initial step to determine the characteristics of the

annular axial swirler. Considering Equation (6.7), the values ofDh/Ds and θ should be eval-

uated. Figure 6.9 shows the Dh/Ds as a function of the vane angle (θ), considering several

swirl numbers from 0.6 to 0.78, broadening the perspective for the design. ForDh/Ds, only

values higher than 1 are considered since Ds cannot be less than Dh. This scenario is high-

lighted by the red line (Dh = Ds), representing the lower limit of the (Dh/Ds) value. Regard-

ing the vane angle, results from 30◦ to 60◦ are provided.

Figure 6.9: Swirl vane angle (θ) for 0.6 < SN < 0.78.

The results show that for a swirl number between 0.6 and 0.78, θ varies between 31◦ and 49◦.

Consequently, based on the literature findings, a fixed value of 0.78 was defined for the swirl

number, where θ is 45◦ andDh/Ds ≈ 2 are selected.

To guarantee optimal Jet A-1 and HVO performance, a thermal insulation coating is uti-
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lized between the atomizer and the secondary air channel to minimize heat transfer from

the preheated air (secondary air) to the fuel. Concerning the thermal insulation coating, it is

essential to consider two important factors: the material and its thickness. The material se-

lected for the thermal insulation coatingmust exhibit excellent thermal insulating properties,

specifically low thermal conductivity, to ensure themaintenance of optimal fuel temperature.

For the present work, fiberglass was chosen as a thermal insulator, capable of operating until

temperatures of 750 ◦C. Moreover, it has excellent thermal insulation capabilities and is an

economically advantageous selection.

A heat exchanger problem will be considered to determine the thermal insulation coating

thickness and length of the swirl burner. This analysis will be complemented by a prior de-

scription provided in [351,407]. To better understand, the real heat transfer problem is dis-

played in Figure 6.10 highlighting the most relevant inlet and outlet flows and the insulation

localization with respect to the atomizer.

(a)

(b)

Figure 6.10: General heat transfer problem of the swirl burner: a) Illustration; b) Thermal circuit.
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As previously mentioned, secondary air is the heat source for the problem. It is responsible

for the inner heat rate expressed as qin in the atomizer direction, and the outer heat rate ex-

pressed as qout is responsible for the heat release to the ambient air. The inner and outer heat

rates are represented by two red arrows in Figure 6.10 a). The direction of the fuel and air

flows aligns with the z-axis, traveling from the lower section to the upper section of the swirl

burner. The subscription ”h” and ”c” correspond to the hot and cold fluids, whereas ”i” and

”o” correspond to the inlet and outlet, respectively. Following this, Th,i and Th,o represent

the hot fluid inlet and outlet temperature of the secondary air, and Tc,i and Tc,o represents

the cold fluid inlet and outlet temperature of the liquid fuel. To avoid fuel overheating, insu-

lation 1 is placed adjacent to the atomizer, while insulation 2 prevents temperature losses for

the ambient. The swirl burner length is represented by L. Figure 6.10 b) displays the thermal

circuit of the real heat transfer problem where thermal contact resistance between different

materials, potential free convection existing in an air gap between a steel tube and an insu-

lation coating as well as potential free convection in an air gap between the atomizer and the

steel tube are discarded. Thus, Rconv,fuel, Rconv,prim, Rconv,sec and Rconv,amb corresponds to

the thermal resistance associated with internal forced convection created by the fuel flow,

primary air, secondary air and the thermal resistance associated with free convection heat

transfer from the ambient air, respectively. The remaining resistances are conduction resis-

tances. In this respect, Ratom,steel corresponds to the conduction resistance of stainless steel

of the atomizer presented between the fuel and the primary air. The three Rsteel stainless

steel tubes divide the different components. Taking into consideration the target tempera-

ture of 190 ◦C, the temperature of the fuel (Tfuel) must not exceed this value, indicating that

Tc,o should be less or equal to 190 ◦C.

To solve the actual heat transfer problem, an analysis is performed within the context of a

heat exchange model. This is a suitable approach previously presented in Incropera [407],

where hot and cold fluids flow concentrically, separated by a solidwall. Moreover, heat trans-

fer between the heat exchanger and its surroundings, as well as the potential and kinetic en-

ergy changes, are negligible [407]. For simplification and safety reasons, the cold fluid in

the heat exchanger approach is the primary air. Therefore, if the higher limit for the primary

air temperature is 190 ◦C, the fuel temperature will not exceed this value, preventing partial

volatility of the fuel. In summary, the cold and hot fluids are the primary and secondary air

for the heat exchanger approach, respectively. As indicated in 6.10 a) primary and secondary

airflow in a similar direction (z-axis) from the bottom to the top of the swirl burner. There-

fore, the real heat transfer problem is considered a parallel flow heat exchanger, where axial

conduction along the tubes is neglected, meaning heat transfer is dominated by the radial

direction (r-axis) [407]. An illustration of a parallel flow heat exchanger is displayed in Fig-

ure 6.11. The variables presented in Figure 6.11 possess a similar meaning to those described

in the real heat transfer problem. This illustration shows the temperature distributions for a

parallel-flow heat exchanger as a function of the axial distance (x), where the subscripts 1 and

2 correspond to the start and end of the heat exchanger, respectively. The temperature dif-

ference, ∆T, is initially significant and reduces progressively with axial distance, x. As axial

distance increases, the temperature of the hot fluid gradually reduces. In contrast, the tem-
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perature of the cold fluid increases, and the Tc,o never surpasses Th,o [407]. In this approach,

the qout is equal to zero, and only qin will be considered, which results in an overestimation

of cold and hot fluid temperature compared to the real heat transfer problem.

Figure 6.11: Temperature distributions for a parallel-flow heat exchanger, adapted from [407].

Based on that, an initial step is to evaluate the total thermal resistance (Rtot) between the hot

and cold fluids. The total thermal resistance (Rtot) can be given by

Rtot =
1

UA
(6.8)

where A is the area of the wall normal to the direction of heat transfer, and U is the overall

heat transfer coefficient, a relevant parameter of a heat exchanger study.

To improve comprehension, Figure 6.12 shows an illustration and the thermal circuit of the

approach of the heat transfer problem for the swirl burner. This image is provided for illus-

trative purposes only, and the radius of the individual components is not accurately depicted.

The inner and the outer radius of the primary air flow are defined by rpri,i and rpri,o, respec-

tively, whereas ratom represents the atomizer radius. As previously mentioned, three steel

tubes composed the swirl burner. Due to this, rtube1,o is the outer radius of the steel tube

1, rrtube2,i and rrtube2,i corresponds designate the inner and outer radius of the steel tube 2.

Tube 1 has a thickness of 1 mm, and tube 2 has a thickness of 2 mm. The remaining steel

tube corresponds to the external part of the swirl burner. Regarding the insulation coating,

rins reflects the radius of the fiberglass coating inside the swirl burner. The variables hc and

hh are the cold and hot fluids convection coefficients, respectively. In contrast, the katom is

the thermal conductivity of the steel that constitutes the atomizer, as shown in Figure 6.12

b). The central black zone corresponds to the inner area of the atomizer where the liquid fuel

flows. The external black regions of the swirl burner represent the boundaries of the heat

exchanger analysis indicated in Figure 6.10 as the insulation 2.
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(a)

(b)

Figure 6.12: An approach of the heat transfer problem for the swirl burner: a) Illustration; b) thermal circuit.

To determine the conduction (Rcond) and convection (Rconv) resistances, the following Equa-

tion should be considered [407]:

Rconv =
1

hA
(6.9)
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Rcond =
ln(r2/r1)

2πLk
(6.10)

where h is the convection coefficient, r1 and r2 is the inner and outer radius of the cylin-

drical wall, respectively. L is the length of the system, while k corresponds to the thermal

conductivity. Consequently, Rtot is given by the following equation:

Rtot =
1

hc2πrpri,oL
+
ln(ratom/rpri,o)

2πkatomL
+
ln(rtube1,o/ratom)

2πksteelL
+
ln(rins/rtube1,o)

2πkfiberglassL
+

ln(rtube2,o/rtube2,i)

2πksteelL
+

1

hh2πrtube2,oL

(6.11)

It is important to highlight that the resolution of this problem is developed by the operating

conditions established in Table 6.3. Following Incropera [407], for the heat exchanger anal-

ysis effectiveness-NTU (or NTU) method is employed since Tc,o and Th,o are known as will

be discussed in the experiments concerning the temperature measurements inside the swirl

burner. However, a prerequisite in this design is that the value Tc,o should not exceed 190
◦C. After the heat exchanger analysis through the NTU method, a value of Tc,o ≤ 190 ◦C is

expected. As indicated by Incropera [407] in the NTUmethod requires the initial calculation

of the maximum possible heat transfer rate (qmax) given by the following equation:

qmax = Cmin(Th,i − Tc,i) (6.12)

where Cmin is equal to Cc or Ch, whichever is smaller. Cc and Ch is cold and hot capacity

rates, respectively, that can be achieved by the following Equation:

Cc = ṁccp,c (6.13)

Ch = ṁhcp,h (6.14)

where cp,c and cp,h are the specific heat of cold and hot fluid and, ṁc and ṁh the mass flow

rates of cold and hot fluid respectively. An additional critical variable of the NTU method is

the effectiveness ε, a dimensionless parameter defined as the ratio between the actual heat

transfer rate (q) and the maximum possible heat transfer rate (qmax) and its value range of

0 ≤ ε ≤ 1. The following Equation represents the effectiveness (ε):

ε =
q

qmax
(6.15)
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In this respect, q is the total heat transfer rate between the hot and cold fluids, and there is

negligible heat transfer between the heat exchanger and the ambient. Under the assumption

of steady-state conditions andwith awareness of q, Tc,i andTh,i, the temperature for the outlet

conditions for the hot and cold fluids can be obtained by [407]:

q = ṁccp,c(Tc,o − Tc,i) = Cc(Tc,o − Tc,i) (6.16)

q = ṁhcp,h(Th,i − Th,o) = Ch(Th,i − Th,o) (6.17)

Moreover, the effectiveness ε shows dependence onCr andNTU: ε = f(NTU,Cr) [407]. The

Cr is the heat capacity ratio and can be defined as Cr = Cmin/Cmax. The number of transfer

numbers (NTU) is a dimensionless parameter that is widely used for heat exchanger analysis

and is defined as

NTU =
UA

Cmin
(6.18)

For a parallel flow heat exchanger, the effectiveness - NTU relation is presented by:

ε =
1− exp[−NTU(1 + Cr)]

1 + Cr
(6.19)

Several unknown variables related to the swirl burner/heat exchanger dimensions must be

addressed to solve the heat exchanger problem. However, a few variables have already been

defined. The thickness of tube 1 and tube 2 are 1 and 2 mm. In addition, the atomizer di-

mensions are provided in chapter 5. Due to this, the dimension from 0 to rtube1,o is known.

As previously mentioned, the main objective of this approach is to determine the thickness

of the fiberglass insulation (ranging from rins to rsec,0) and the length of the swirl burner (L).

Consequently, employing the NTU method is it possible to determine rins, rsec,0 and L, en-

suring a temperature Tc,o close to 190 ◦C through an iterative process. In this respect, fixing

a value for L, the remaining unknown variables rins, rtube2,i, rtube2,o, rsec,o depend on the coat-

ing thickness. In other words, for a constant L, the coating thickness is incremented until Tc,o
achieves convergence at 190 ◦C. This iterative process to solve the heat exchangermodel was

conducted using Matlab Software. To address the problem, a more conservative assumption

is adopted where the secondary air reaches the swirl burner inlet at Th,i = 400 ◦C, discarding

any losses for the ambient. The primary air is assumed to enter at room temperature (Tc,i =

20 ◦C). For the iterative process, the previous value selected for the axial swirl component

was considered (Dh/Ds ≈ 2) to ease the calculation of the remaining unknown variables. An

initial L value is chosen and set, following an arbitrary insulation thickness selection that

allows the calculation of Rtot. From there, UA, NTU, and ε are determined, ultimately de-
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termining q and leading to the final calculation of Tc,o. Based on that, 3 values for L were

considered L1 = 0.2 m, L2 = 0.35 m and L3 = 0.6 m, providing the results displayed in Table

6.4. As previously mentioned, tins is initially considered with 0 mm and increases until the

problem converges for Tc,o ≤ 190 ◦C.

Table 6.4: Heat exchanger results for L1 = 0.2 m, L2 = 0.35 m and L3 = 0.6 m.

L1=0.2m L2=0.35m L3=0.6m

tins (mm) 0 5 24

Tc,o (◦C) 159.3 185.8 189.7

Dpri,i (mm) 11.3 11.3 11.3

Dpri,o (mm) 15.8 15.8 15.8

Datom (mm) 25.1 25.1 25.1

Dtube1,o (mm) N/A 27.1 27.1

Dins (mm) N/A 37.1 75.1

Dtube2,i (mm) 25.1 39.1 77.1

Dtube2,o (mm) 29.1 43.1 81.1

Dsec,o (mm) 57.1 85.2 160.3

Due to this, the condition for L1 = 0.2 m is not applicable and possesses a shorter length.

Thus, only L2 and L3 will be considered for further analysis. However, a variation of the

length of the swirl burner will have an impact on the axial swirl dimensions, as noted in Table

6.4 for the values of Dtube2,o and Dsec,o being affected by insulation thickness tins. In this

context, as the insulation thickness increases, the dimensions of the swirler become larger,

having a direct impact on the Reynolds number of the secondary air flow exiting the swirler

and entering the chamber. Consequently, increasing the Reynolds number enhances the

recirculation zone, leading tomore turbulence on the swirl burner, inducingmore air and fuel

mixing [436]. Based on that, the influence of swirl burner length on the Reynolds Number

of the secondary air is explored. The Reynolds Number is evaluated for two swirlers having a

tins ranging from 5 mm to 30 mm, to be further compared with the length provided in Table

6.4. The ReynoldsNumber in this analysis is focused on the flow dynamics at the combustion

chamber inlet, where the length of the swirl burner corresponding to the highest Reynolds

number is utilized as the basis for design selection. Figure 6.13 shows the most relevant

characteristics of the swirler exit for the analysis of the Reynolds Number.

To guarantee uniform size characteristics among the swirlers, the angle (α) between the

blades and the swirler hub is considered 50.5◦ for all the swirlers evaluated. Regarding the

length of the blades, the design ensures that the blade lengths are sufficient to ensure all the

flow experiences deflection by the blades. The Equation 2.43 determines the Reynolds Num-

ber displayed in chapter 2, where the characteristic dimension corresponds to the DH , the

hydraulic diameter of the exit channel. Thus, the hydraulic diameter of the exit channel can

be obtained by the following expression:
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(a) (b)

Figure 6.13: Swirl blade: a) Angle (α); b) Dimensions.

DH =
4Ac
P

(6.20)

whereAc andP are the cross-sectional area and the wetted perimeter, respectively presented

in Figure 6.13. For an initial approach, the number of vanes is 8, leading to a total cross-

sectional area of 8Ac and a total wetted perimeter of 8P . The values ofAc and P are extracted

fromSolidworks software. For a better understanding of the velocity dynamics in the swirler,

Figure 6.14 illustrates the axial swirler velocity where V1 represents the inlet flow velocity,

V2 the exit flow velocity, and V2a the axial component of the exit velocity.

Figure 6.14: Axial swirler velocity representation.
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In addition, absolute velocity V2 follows the blade angle θ = 45◦ as previously discussed in

the initial swirl design specifications. Considering the conservation of mass, V2a can be ex-

pressed as:

ṁ = ṁ1 = ṁ2 (=) ṁ = ρ2.8Ac.V2a (=) V2a =
ṁ

ρ2.8Ac
(6.21)

where ṁ1 and ṁ2 is the mass flow rate at the inlet and exit of the swirler, respectively. ρ2
is the mass density of the air at the exit, and assuming that the mass density of the air re-

mains constant at the swirler: ρ = ρ1 = ρ2. Simplifying the Reynold number for the swirl is

expressed by:

Re2 =
ρ2V2aDH

µ2
=
ρ2

ṁ
ρ2.8Ac

4Ac
P

µ2
=

4ṁ

8P.µ2
(6.22)

For evaluating the Reynolds Number, the operating conditions provided in Table 6.3 are

considered, and for conservative approaches, two temperatures are established. The purpose

is to take into account that temperature losses can occur. In this context, Re2 is also evaluated

for a minimum temperature of 210 ◦C and a maximum temperature of 400 ◦C. The results

for this analysis are provided in Figure 6.15, showing the influence of the insulation thickness

variation for the two temperatures and its relation in percentage.

(a) (b)

Figure 6.15: Reynolds number at the swirler exit: a) Function of insulation thickness for two temperatures; b)
Insulation thickness influence in percentage.

As a result, a significant variation in the Reynolds number is observed between a burner of

length L2 (tins = 5 mm) and L3 (tins = 24 mm). Considering the results of Figure 6.15 b), the

Reynolds number at the swirler exit for length L3 is 52.66% of the value for length L2. Due to

this, the length swirl burner selected for the design is L2 = 0.35m. For clearer interpretation,

Table 6.5 shows the final specifications for the swirl burner dimensions.
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Table 6.5: Summary of the swirl burner dimensions.

Specifications

L (m) 0.35

tins (mm) 5

Datom (mm) 25.1

Dtube1,o (mm) 27.1

Dins (mm) 37.1

Dtube2,i (mm) 39.1

Dh=Dtube2,o (mm) 43.1

Ds=Dsec,o,o (mm) 85.2

The previous analysis was carried out considering an annular swirled with 8 blades. To ex-

tend the design of the laboratory combustion chamber, an evaluation of a swirler with 8, 10,

12, 14, and 16 blades is considered. Firstly, it is important to highlight that similar operating

conditions are addressed: SN = 0.78, AFR = 2, θ = 45◦, α = 50.5◦, Dh = 43.1 mm and Ds =

85.2 mm. Consequently, Equation (6.22) is adapted from a general form:

Re2(N) =
4ṁ

NP.µ2
(6.23)

where N is the number of blades and µ2 corresponds to the fluid at T = 400 ◦C. The corre-

spondent wetted perimeter (P ) for each swirler was extracted from the Solidworks software.

Figure 6.16 shows the Reynolds Number for HVO and Jet A-1 considering several number of

blades as a function of the equivalence ratio (ϕ).

(a) (b)

Figure 6.16: Reynolds Number considering several blades number: a) HVO; b) Jet A-1.

The analysis indicates that the number of blades significantly affects the Reynolds number,

where a lower number of blades leads to an increase in the Reynolds number. Consequently,

the axial swirler utilized in this project is designed with 8 blades, and an alternative configu-

ration using 12 blades was also fabricated to understand its impact on the spray combustion
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process. Consequently, the most relevant features concerning the swirl burner design were

presented in this subsection. Following that, the design of the combustion chamber is ad-

dressed.

6.3.3 Combustion Chamber Design

The dimensions of the combustion chamber play a key role in ensuring the availability of

enough air volume to provide adequate fuel combustion. As noted above, the specifications

provided in Table 6.3 act as a starting point to facilitate the design process. Besides that,

particular attention is given to the combustion chamber volume to guarantee that it is ca-

pable of operating under different operating conditions (richer and lean conditions). Thus,

evaluating the reaction volume is fundamental to establishing the appropriate dimensions

for the combustion chamber. The following expression provides a simplified representation

of the reaction volume:

Reaction V olume = Q̇× residence time (6.24)

Equation (6.24) states the relation between the fuel and air volumetric flowrate and the resi-

dence time. An understanding of the residence time can be derived from the droplet lifetime.

An analysis of the droplet lifetime was deeply explored in chapter 4. The droplet lifetime and

burning rate were analyzed, and an initial droplet diameter of 250 µm was considered. The

droplet lifetime is highly related to the burning rate, as noted in Equation (2.40). The burn-

ing rate for Jet A-1 and HVO at T∞ = 800 ◦C and T∞ = 1000 ◦C are provided in chapter 4,

where the conventional jet fuel possesses a slight higher burning rate for the lowest furnace

temperature. A spray contains various droplets with diameters on the order of micrometers

that exhibit a wide range of velocities. To evaluate its droplet diameter distribution and ve-

locity under non reacting, a Phase-Doppler Interferometry is commonly employed, as shown

in chapter 5. The results regarding this subject indicate no significant difference in terms of

the droplet diameter for Jet A-1 and HVO to affect the reaction volumes notably. Thus, the

results provided in the single droplet combustion and spray under non reacting conditions

serve as a plausible basis for designing the laboratory combustion chamber. Finally, the eval-

uation of the volumetric flowrates is addressed. The values fuel and air volumetric flowrates

corresponds to the Q̇fuel, Q̇primary, Q̇secondary were previously discussed. Table 6.3 displays

themass flowrate for each parameter. Themass flow rate is divided by the fluid density at the

specified operating temperature to determine the volumetric flow rate. In this context, the

fuel and primary air are delivered at room temperature (20 ◦C), whereas the secondary air

is at 400 ◦C. Since the lower heating values of Jet A-1 and HVO are quite similar, for a spe-

cific power output, the Q̇fuel for each fuel are essentially identical. Moreover, the Q̇primary,

Q̇secondary for both fuels are roughly similar. Due to this, the reaction volumes of conventional

and alternative jet fuel are considered similar for simplification purposes.

The work developed by Chong and Hochgreb [247] plays a pivotal characteristic in obtain-
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ing the dimensions of the combustion chamber since similar operating conditions with the

present study were established. The combustion chamber designed by Chong and Hochgreb

[247] is a circular quartz tube with a volume of approximately 1.414 dm3. In contrast with

the work of Chong and Hochgreb [247], the laboratory combustion chamber in this study

comprises AISI304 instead of a quartz tube. The main reason is the effect of the radia-

tion absorption of nanofuels that play a relevant role in the combustion process of these

fuels, as previously discussed in chapter 4. Focus on determining the volume of the com-

bustion chamber, a relation of the maximum Sauter mean diameter between the present

and Chong and Hochgreb [247] works are essential to acquire a proper combustion chamber

volume. Simplifying and based on the finding provided by the spray under non reacting con-

ditions, a maximum Sauter mean diameter of 150 and 45 µm for the present and Chong and

Hochgreb [247] works was established to have a tolerance range. In light of this, a minimum

volume of approximately 16 dm3 is required. For a safer design approach, the final volume

of the combustion chamber is oversized to 20 dm3 to satisfy the prior conditions defined.

After defining the volume of the combustion chamber, the corresponding specific dimen-

sions are determined. According to the literature [437,438], a relation can be established in

confined systems exhibiting swirl. Thus, the confinement ratio (CR) can be defined as the

ratio of the inner diameter of the combustion chamber (Dchamber) and to the swirl burner exit

diameter (Ds) using the following equation:

CR =
Dchamber

Ds
(6.25)

The confinement ratio (CR) influence was analyzed in detail by [437, 439]. According to

Syred et al. [439], a CR > 2.82 is recommended for small combustion systems to obtain less

interaction between the swirling flow and the chamber confinement and a more stable in-

ner recirculation zone (IRZ), enhancing flame stabilization. Concerning the findings of Ji et

al. [437], three confinement ratios were considered: CR= 2, 2.5, and 3. The results show that

the size of the inner and outer recirculation zone (IRZ and ORZ) increased with an increase

in CR, which means that the surface area to recirculate the hot burned products to ignite the

reactants became larger. Moreover, increased CR postponed the transition from stable to

unstable. Therefore, for the design of the combustion chamber, a confinement ratio (CR) of

3 was selected, leading to Dchamber of 255.6mm following Equation (6.25) where the swirling

outer diameter value (Ds) is defined as 85.2mm. Given that the Dchamber and Vchamber are al-

ready defined, the Hchamber is 389.8 mm, taking into account the established formula for the

volume of a cylinder. Table 6.6 summarizes the combustion chamber design specifications.

After providing the most relevant dimensions and operating conditions for the design of the

laboratory combustion chamber, the flammability limits are analyzed for safety reasons. The

boundaries of the equivalence ratio range under which flame propagation can occur are re-

ferred to as the flammability limits. In other words, it specifies the range of concentrations
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Table 6.6: Summary of the combustion chamber design specifications.

Combustion Chamber Design Specifications

Volume (dm3) 20

Diameter (mm) 255.6

Height (mm) 389.8

at which gases or vapors can ignite. The lower flammability limit (LFL) corresponds to a lean

mixture, whereas the upper flammability limit (UFL) corresponds to a rich mixture. More-

over, the temperature significantly affects the flammability limits in contrast to pressure. The

flammability limits are commonly expressed for a temperature of 25◦C and pressure of 1 atm.

For Jet A-1, the flammability is widely discussed and related to the kerosene indicating that

LFL25 = 0.7 vol%; UFL25 = 5 vol% [440–442]. For HVO, this information is relatively lim-

ited. According to Xing et al. [443] the flammability limits for HVO are LFL25 = 0.6 vol%;

UFL25 = 7.5 vol%. It is important to mention that the flammability limits are commonly

expressed as vol% fuel in air.

To estimate the upper and lower flammability limit, two methods are considered previously

provided in [444,445]. The adapted Burgess-Wheeler Law proposed by Zabetakis et al. [444]

is given by:

LFLT = LFL25 −
0.75

∆Hc
(T − 25) (6.26)

UFLT = UFL25 +
0.75

∆Hc
(T − 25) (6.27)

For Zabetakis [445], the limits were estimated for paraffin hydrocarbons and are expressed

as:

LFLT = LFL25 −
LFL25

(1300− 25)
(T − 25) (6.28)

UFLT = UFL25 + 0.0000721(T − 25) (6.29)

where∆Hc is the net heat of combustion, the subscript T is the temperature of themeasured

flammability limit, and the subscript 25 is the flammability limit given for 25◦C.

Since the present design is focused on an equivalence ratio of ϕ = 0.47, the LFL is evaluated,

providing the safest design scenario for both methods. Moreover, flammability limits are

evaluated ranging temperature from the temperature axis ranges from25 ◦C to 450 ◦C, since
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400 ◦C is the inlet temperature for the secondary air. To apply the method of Zabetakis et

al. [444], it is necessary to determine the net energy release from fuel combustion, ∆Hc,

which can be provided by the following equation:

∆Hc = LHV.Mfuel (6.30)

whereMfuel is the molar mass of the fuel. The results for ∆Hc regarding HVO and Jet A-1

are provided in Table 6.7.

Table 6.7: Values of LHV,Mfuel and∆Hc for HVO and Jet A-1.

LHV (MJ/kg) Mfuel (kg/kmol) ∆Hc (kcal/mol)

HVO 43.9 226 2371

Jet A-1 43.0 153 1572

Based on that, the LFL for each method is evaluated for HVO and Jet A-1, and the results

are displayed in Figure 6.17 as a function of the temperature. The analysis indicates that

Zabetakis et al. [444] provide the most conservative prediction of the LFL, as its higher LFL

values create a safer design scenario.

Figure 6.17: Evaluation of LFL for Zabetakis et al. and Zabetakis [444] [445].

Considering this analysis, the graphical representation of the flammability limits of Jet A-1

and HVO will be provided concerning the method developed by Zabetakis et al. [444]. The

results for the LFL were already presented, and the UFL can be determined using the Equa-

tion (6.27). Contrasting with the previous analysis, the influence of the equivalence ratio (ϕ)

is addressed. To accomplish this purpose, combustion reactions of the fuels are expressed in

terms of ϕ. According to the stoichiometric reaction of HVO and Jet A-1 outlined in Equation
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(6.1) and Equation (6.2), the equivalence ratio can be simplified for each fuel in the following

expressions:

ϕ =
24.5

(
1 + 79

21

)
100

vol% HV O − 1
(6.31)

ϕ =
16.25

(
1 + 79

21

)
100

vol% A−1 − 1
(6.32)

Figure 6.18 shows the flammability limits for a) HVO and b) Jet A-1 in logarithmic scale. In

addition, the auto-ignition temperature for each fuel is presented.

(a) (b)

Figure 6.18: Flammability limits for: a) HVO; b) Jet A-1.

This graphical representation supports the design of the laboratory combustion chamber for

further operating conditions. Also, it elucidates the flammability limits for HVO and Jet A-1

to aid in the execution of the experiments.

6.4 Final Design of Combustion Chamber

The current section is dedicated to the final design and assembly of the laboratory combus-

tion chamber. In addition, experiments concerning the temperature profile inside the swirl

burner are also addressed. The preliminary results involving the fuel spray combustion are

presented in the summary section of the current chapter. Firstly, it is important to men-

tion that the final design possesses slight dimensional discrepancies due to the commercial

materials that present restrictive dimensions. However, the variation in dimensions is min-

imal and does not influence the overall outcome of the project. Figure 6.19 shows the most

relevant components of the combustion system and its general dimensions. The combus-

tion chamber and swirl burner are placed in a steel structure to support all the equipment

and ease the operation. The bottom part of the system corresponds to the swirl burner with
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a height of 370 mm, where the atomizer support length is also included. The combustion

chamber is at the top of the combustion system, where the spray combustion occurs, pos-

sessing a diameter of 254 mm and a height of 412.5 mm, considering the two flanges. These

two flanges are placed at the top and bottom of the combustion chamber to connect an ex-

haust system and the steel structure. All of these elements are attached with several screws.

As shown in Figure 6.19, the combustion chamber possesses optical access to visualize the

spray, perform measurements, and to have an entry to force the ignition. The combustion

chamber and swirl burner are both covered with fiberglass insulation and aluminum tape to

prevent heat losses for the ambient.

Figure 6.19: Overall dimensions of the combustion system.

For a better visualization of the combustion chamber, Figure 6.20 shows a technical drawing

including the most relevant dimension and a top view of the manufactured chamber. In Fig-

ure 6.20 b) is it possible to identify the flange for the connection and axial swirler alignedwith

the chamber face. Regarding the axial swirler, Figure 6.21 shows the technical drawing of this

component. An air swirler with 8 blades is employed for the preliminary experiments, simi-

lar to Figure 6.21. The dimensions of design for the axial swirler are presentedwith aminimal

difference due to constraints in the manufacturing process that do not compromise the swirl

number established as 0.78. This component is placed inside the swirl burner, as previously

mentioned. A side and a front view of the swirler burner is displayed in Figure 6.22. In

the front view, no insulation is presented to ease the visualization. In contrast, for the side

view, is it possible to notice the swirl burner already covered by the fiberglass and aluminum

tape. Figure 6.22 shows the atomizer and air-preheated inlet, as well as the connection with

the steel structure. The air heater equipment is also displayed and perpendicularly placed

concerning the swirl burner.
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(a) (b)

Figure 6.20: Combustion chamber: a) Technical drawing (units in mm); b) Top view.

Figure 6.21: A technical schematic of the air swirler with 8 blades (units in mm).
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(a) (b)

Figure 6.22: Swirl burner: a) Side view; b) Front view.

Based on this, a brief overview of all the components placement, assembly, and dimensions

was provided. To ensure that the design accomplished the prerequisites, an evaluation of

the temperature inside the swirl burner is conducted. In addition, the purpose is to ensure

proper spray combustion, avoid excessive vaporization, and evaluate the temperature of the

secondary air entering the chamber to determine if the air and fuel mixture reaches a suf-

ficient temperature for ignition. This analysis only involves the preheated secondary and

primary air without liquid fuel in the atomizer. The temperature measurements were car-

ried out using K thermocouples capable of evaluating temperatures from −270◦C to 1260◦C

and present a standard accuracy of 2.2◦C or ±0.75% of reading, whichever is greater. Fig-

ure 6.23 shows the thermocouple arrangement for the swirl burner temperature evaluation.

Thermocouple 1 was placed above the swirler blades to measure the outlet temperature of

the secondary air. This placement aims to confirm that the maximum possible temperature

is achieved to enhance complete fuel vaporization, promote a more flammable mixture, and

expand its range. Thermocouple 2 is placed at the outlet of the liquid fuel line, ensuring that

the liquid fuel temperature does not exceed 190 ◦C. The thermocouple 3 is placed in the inlet

of the secondary air.

Figure 6.24 shows the results of the temperature measurements inside the swirl burner for

two input temperatures for the air heated. Initially, Th = 400 ◦C is imposed to understand

its influence in the outlet of the liquid line and secondary air. This temperature was selected

based on the final boiling point of HVO. The measurements in thermocouple 1 indicated a

temperature of 220 ◦C, whereas, in thermocouple 2, the temperatures reach 136 ◦C. This

analysis reveals that a significant thermal loss between the air heater and the inlet is pre-

sented as already expected. Regarding thermocouple 2, a satisfactory result is noticed since

the measurements are considerably lower than 190 ◦C, ensuring no liquid overheating is ob-
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Figure 6.23: Thermocouple arrangement for temperature evaluation.

tained. As previously mentioned, Jet A-1 is the most volatile fuel, so a consideration regard-

ing the distillation temperature of 10 vol.% is provided. This temperature is presented in

Figure 6.24 marked by a dashed red line, highlighting 170 ◦C. As thermocouple 2 indicated

satisfactory results for fuel operation, the temperature of the secondary air supplied by the air

heater was increased to 500 ◦C. The purpose is to increase the temperature of the secondary

air entering the chamber, leading to a higher temperature for the fuel and air mixture. The

temperatures of thermocouples 1 and 2 increase with the increase of the input temperature of

the air heater. As noted in the experiments with a Th = 400 ◦C, significant thermal losses are

evident in the air heater and the chamber inlet. As shown in Figure 6.24, the thermocouple 1

displays a temperature of 237 ◦C. Regarding thermocouple 2, the temperature obtained was

156 ◦C lower than the distillation temperature of Jet A-1 for 10 vol.%. Consequently, operat-

ing with a preheated air secondary air input of 500 ◦C, it remains within the safety limits for

the fuel inside the atomizer.

Consequently, for further experiments, the input of the air heater is 500 ◦C. To gain deeper

insights into the heat losses associated with the secondary air, an evaluation using thermo-

couple 3 is performed. This analysis allows an understanding of the heat losses experienced

by the secondary air between the air heater and the swirl burner. Figure 6.25 shows the re-

sults for an input temperature of the air heater of 500 ◦C. The thermocouple 3 indicates a

temperature of 289 ◦C, confirming that most heat losses for the secondary air occur between

the air heater and the swirl burner inlet.
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Figure 6.24: Temperature measurements of thermocouples 1 and 2 considering preheating of secondary air at
400 ◦C and 500 ◦C.

Overall, the results indicate that the secondary air temperature entering the combustion

chamber, measured by thermocouple 1, corresponds approximately to the final boiling point

of Jet A-1 (237 ◦C). However, the final boiling point of HVO is higher than Jet A-1, as dis-

played in Figure 6.7. Consequently, the ignition of HVO is more challenging. To force the

ignition, a blowtorch is used as the ignition source to aid the vaporization process. It is also

important to mention that for further experiments, due to the reduced temperature of the

secondary air at the chamber inlet, increasing the equivalence ratio could be required to pro-

duce flammable mixtures, considering that the temperature measurements were carried out

using the operating condition indicated in Table 6.3.

Figure 6.25: Temperature measurements of thermocouples 1, 2, and 3 considering preheating of secondary air
at 500 ◦C.
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6.5 Summary

The present chapter was dedicated to the development of a laboratory combustion cham-

ber. In this context, the most relevant components were built, considering a combustion

chamber, an annular axial swirl, and a swirl burner. In addition, the experimental setup was

developed while considering the fuel and air supply system. To accomplish this purpose, the

most pertinent findings already discussed in this document involving single droplet com-

bustion and spray dynamics played a relevant role. An air heater was employed to enhance

the fuel droplet vaporization. Due to this, careful attention was initially given to the fuel

volatility to guarantee that the operating conditions were adequate for this project. For the

development of this design, a power output of 6 kW,AFR=2, and an equivalence ratio of 0.47

was defined. The design was developed considering the liquid fuel temperature, a relevant

aspect of the liquid fuel burner since excessive heating can promote partial fuel volatility,

intermittent fuel delivery inside the combustion chamber, and safety concerns. Due to this,

a conservative approach was considered, and the established dimensions were taken into ac-

count that the primary air and fuel temperature should not exceed 190 ◦C. This goal was

successfully achieved, ensuring a proper and safe operation of the laboratory combustion.

An iterative process was carried out to find the optimal inner insulation thickness and swirl

burner length. In addition, flow dynamics were considered, and an annular axial swirler was

developed. The most relevant characteristics of an annular axial swirler were also analyzed

and determined, considering the swirl burner dimensions. In the design specifications, the

swirler possesses a swirl number (SN ) of 0.78, θ = 45◦, α = 50.5◦, Dh = 43.1 mm and Ds =

85.2 mm. The number of blades was also explored, and the most satisfactory results were

provided for a swirler with 8 blades. Concerning the pre-heated secondary air, significant

temperature losses were evident, mainly identified from the outlet of the air heater to the

inlet of the swirl burner. A reduction of approximately 250 ◦C was noticed, requiring further

experimental setupmodifications to improve this aspect. The dimensions of the combustion

chamber were defined, ensuring the availability of enough air volume to provide adequate

fuel combustion for a wide range of operating conditions. To facilitate the experiments, two

quartz windows are presented in the combustion chamber to assist the measurements and

ignition. Regarding operability, the flammability limits of HVO and Jet A-1 were explored,

and a graphical representationwas provided for further studies. This experimental setupwas

constructed using AISI304, considering the economic aspects and for safety reasons due to

the high temperatures during the combustion process. For the thermal insulation, fiberglass

and aluminum tape covered the combustion chamber and swirl burner to prevent significant

temperature losses.

Preliminary experiments involving spray combustion were performed with Jet A-1. Due to

time constraints, HVO and nanofuel were not evaluated in the laboratory combustion cham-

ber developed in the present studies. The Jet A-1 experiments were conducted following

this specific methodology. First, primary and secondary air are inserted in the swirl burner,

considering the temperatures established in the design. When the temperature reaches a

stable temperature of approximately 240 ◦ C, the liquid fuel line is verified to ensure no bub-
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bles are presented. To avoid issues concerning bubble formation before the fuel enters the

swirl burner, the fuel line is straight and shortened between the mass flow controller and

the atomizer. Before forcing the ignition, the fuel spray inside the combustion chamber is

verified to be operating properly, and it is also verified if any considerable residues of liq-

uid are placed inside the combustion chamber for precautionary purposes. Subsequently,

ignition was achieved by using a blowtorch, which was directed at the fuel and air mixture

through one of the lateral openings of the chamber. The operating conditions and the pre-

liminary results are provided in Table 6.8 and Figure 6.26. The observation indicates that the

spray combustion occurred in a continuous, uninterrupted spray, with the flames remaining

stabilized for at least twenty minutes. Unfortunately, further assessments regarding flame

temperature and emissions for the fuel were not performed due to the time limitation. How-

ever, the primary objective was successfully achieved by developing a modular laboratory

combustion chamber for liquid fuels, ensuring safe and effective operation. In this respect,

an experimental setup was developed from the conceptual design to the completed construc-

tion, capable of operating at a wide range of conditions, contributing to the investigation of

sustainable and alternative fuels.

Table 6.8: Operating conditions of preliminary tests.

Secondary Air Condition AFR ϕ

204 L/min
2 0.47
2.5 0.46

172 L/min
1.4 0.56
2.3 0.55

159 L/min 2 0.59

(a) (b)

Figure 6.26: Flame images for 6 kW power output: a) ϕ = 0.47 and AFR = 2; b) ϕ = 0.47 and AFR = 2.5.
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Chapter 7

Closure

7.1 Work Summary and Main Conclusions

The addition of nanoparticles to enhance biofuel performance is a novel research subject in

the atomization and combustion fields. This topic focuses on investigating alternative fuels

to find additional solutions to reduce fossil fuel dependency while addressing environmen-

tal concerns. The addition of metallic nanoparticles in conventional fuel has been reported

as an energy enhancement approach, providing increased energy, reducing liquid fuel con-

sumption, and enhancing fuel efficiency. Nanofuels comprise nanoparticles ranging from

1 to 100 nm, stably suspended in a conventional liquid fuel. The evaporation and combus-

tion of these fuels is a highly complex, multi-phase phenomenon in which several processes

occur simultaneously. Thus, this subject requires further investigation to understand its im-

pact on practical applications. Based on that, the present work fundamentally evaluates the

addition of aluminum nanoparticles to a liquid biofuel using an experimental and numerical

approach. Aluminum was selected due to its energy content, abundance, and relatively low

production costs. In addition, pureHVOand Jet A-1 are also tested for comparison purposes.

This investigation is conducted following several specific objectives.

Firstly, the preparation and stability of the nanofuel is addressed. Physical and chemical ap-

proaches to stabilize the nanoparticles in the liquid fuel are discussed, giving special focus to

high particle concentrations. In this context, evaluations concerning low and high particle

concentrations are addressed, guaranteeing experimental accuracy and proper evaluation of

the physical properties. Afterwards, single droplet combustion investigations are performed

in a drop tube furnace, which is a prerequisite for understanding spray combustion. Exper-

iments in a drop tube furnace at different temperatures are carried out for HVO, Jet A-1,

and several nanofuels. This experimental setup provides a satisfactory compromise between

experimental work and practical conditions due to the use of relatively high furnace temper-

ature, reduced droplet diameter, and no supportive fiber, which can offer a new perspective

in this field. This analysis provided a basis for understanding the nanofuel droplet combus-

tion in terms of droplet size evolution and disruptive burning phenomena. Following this,

the results evidence a distinct combustion behavior of pure HVO and nanofuel. Due to this,

a simplified macroscopic model is developed to address relevant factors that can contribute

to this outcome. Subsequently, an experimental facility is developed using a commercial air-

assisted atomizer to evaluate the spray behavior. The primary and secondary atomization

evaluations address breakup length, spray cone angle, droplet size, and velocity, highlighting

overall distributions in a combustion chamber. Conventional and alternative fuels are exam-
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ined, considering the influence of their physical properties. The final objective is to develop

a laboratory combustion chamber for liquid fuels from the design concept until its construc-

tion. The purpose is to investigate the spray combustion of nanofuels to perceive its potential

impact, addressing its efficiency and emissions. Unfortunately, due to time constraints, the

combustion chamber operability was only tested for Jet A-1, evidencing its possible use for

alternative and sustainable liquid fuels research. The main conclusions of the present work

focus on stability, single droplet combustion, and spray are provided.

Concerning the stability of the nanofuel, several particle sizes (40 nm, 70nm, and 5 µm) and

concentrations (0.2, 0.5, 1.0, 2.0, and 4.0 wt.%) are explored. The results reveal that the fuel

preparation significantly contributes to the nanofuel stability. Due to this, several prepa-

ration methods were evaluated to guarantee that the nanofuels would remain stable during

single droplet combustion and spray experiments. A sonication process is highly essential to

enhance the stability of nanofuel. The optimal parameters for power and time were defined,

and an ice bath was added during this process. The findings reveal that substantially increas-

ing the sonication power and time reduces the nanofuel stability, significantly increasing the

nanofuel temperature during its process. Additionally, using an ice bath in the sonication is

essential to maintain constant and low temperatures that enhance stability. Nevertheless, a

nanofuel preparation process involving a magnetic stirrer and sonication does not guaran-

tee a stable particle concentration up to 2.0 wt.%. An increment of aluminum particle con-

centration leads to an increase in the energy content of the fuel, a desired outcome for the

mobility industry where a stable fuel is essential for its implementation in real applications.

Therefore, a chemical process was added to enhance the stability of nanofuels, particularly

for high particle concentration (>1.0 wt.%). Oleic acid, a surfactant, was added in the prepa-

ration process and displayed a significant enhancement in the stability of nanofuel with high

particle concentration. A surfactant-to-nanoparticle mass ratio of 1:1 and the nanofuel with

a particle concentration up to 4.0 wt.% provides stabilization for at least four hours. Over-

all, increasing the particle size and concentration reduces the stability. Adding aluminum

nanoparticles and oleic acid leads to negligible variations in the density and surface tension

of HVO. However, adding 4.0 wt.% aluminum nanoparticles and 4.0 wt.% oleic acid leads to

an increase in viscosity of approximately 20%.

Single droplet combustion for conventional and alternative fuels was evaluated for 600, 800,

1000, and 1100 ◦C. For this analysis, Jet A-1, HVO, andHVOwith aluminumparticles in sizes

of 40 nm, 70nm, and 5 µm, and particle concentration of 0.2, 0.5, 1.0, 2.0, and 4.0 wt.% are

explored. For a furnace temperature of 600 ◦C, the analysis of the droplet combustion was

discarded since the visualization and identification of auto-ignition were not possible in the

majority of the droplets, not providing an accurate comparison for the remaining operating

conditions. The results reveal that HVO and Jet A-1 present a similar combustion behavior,

following the D2-law without the occurrence of disruptive burning phenomena. Regardless

of the particle size and concentration added to HVO, a deviation from the D2-law is notice-

able. In addition, a dry-out phase is spotted, followed by the occurrence of a disruptive burn-

ing phenomenon that determines the end of the droplet lifetime. For all the fuels involving
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the addition of aluminum particles, a micro-explosion is detected. The results suggest that

a higher particle concentration and furnace temperature promote a higher micro-explosion

intensity. Regardless of the fuel employed, increasing the furnace temperature leads to an in-

crease in the burning rate. A higher particle size leads to a longer lifetime in comparison with

HVO. An enhancement of the burning rate is particularly noticed for nanofuels using a parti-

cle size of 40nm. However, the overall droplet burning rate did not exhibit particular reliance

on particle concentration where an optimal concentration is approximately 1.0 wt.%. Based

on this, two mechanisms for these observations rely on radiation absorption and particle ac-

cumulation. The former provides an additional energy budget, accelerating the heating and

enhancing the evaporation/burning rate of the droplet, thus allowing a greater heat release

rate. On the other hand, particle aggregation at the droplet surface creates a resistance to

the evaporation of liquid fuel, suppressing the evaporation/burning rate. Due to this, a clar-

ification regarding the relation between particle concentration and particle agglomeration

during the combustion process is provided by developing a simplified macroscopic model

for nanofuels. Additionally, a simplified analysis of radiation absorption is provided. The

model predicts the final droplet diameter before disruptive burning phenomena occur, indi-

cating an increase in its diameter as the particle concentration increases.

Regarding the spray behavior under non reacting conditions, the visualization reveals differ-

ent morphological features in the spray, such as droplet formation, where the air-fuel ratio

notably affects ligament structures andbag shapes during spray breakup. The breakup length

increases with the liquid Reynolds number and decreases with AFR, indicating that the in-

fluence of aerodynamic force on liquid disintegration is pronounced. The findings suggest

that the normalized mean breakup length exhibits a power law relation with the momen-

tum flux ratio, which agrees with the correlations presented in the literature. The addition

of nanoparticles possesses a minimal influence on the breakup length compared with HVO.

However, an analysis of the secondary atomization indicates that an increase in the particle

concentration leads to an increase in the droplet diameter. In addition, the spray dynamics

of HVO and Jet A-1 show considerable similarities, highlighting the potential use of biofuel

to address the environmental concerns in the aviation sector. Regarding the overall spray

dynamics, the results indicate that an increase in the AFR leads to a wider spray since us-

ing an air-assisted atomizer with external mixing and swirl enhances the radial dispersion

of the fuel droplets, improving fuel dispersion. In addition, it results in a spray with re-

duced droplet diameter with a higher uniformity and higher axial velocities. At the spray

edges, larger droplets with reduced axial velocity are detected, whereas the central region is

characterized by considerable droplets with reduced size. The droplet size distribution was

evaluated considering probability mathematical functions where the Log-normal produces

the most satisfactory results.

A laboratory combustion chamber was designed and built to understand the influence of

nanofuels on spray combustion. A design involving a combustion chamber, an annular axial

swirl, and a swirl burner was developed, where special attention was given to the excessive

fuel heating inside the atomizer, flammability limits, flow dynamics, and exhaust system.
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The development of the spray combustion facility was successfully carried out, ensuring safe

and effective operation. In this respect, no fuel overheating was reported during the prelim-

inary experiments, and the Jet A-1 stable flame was observed, allowing further experiments

using liquid fuels.

In summary, the stability of fuels with aluminum particles was enhanced, even at high par-

ticle concentrations. Adding nanoparticles presents a distinct droplet combustion behavior

compared to the base fuel. In addition, it enhances the droplet burning rate (≈ 15% for a fur-

nace temperature of 800 ◦C) and promotes the occurrence of disruptive burning phenomena.

Regarding this subject, attention to the nanoparticle combustion emissions and the impact of

micro-explosion in real engines should be further addressed. Increasing the particle concen-

tration leads to a spray with larger droplet diameters, negatively affecting the atomization of

the fuels. It is concluded that the nanoparticles can be relevant in the combustion field. How-

ever, a more detailed study of the spray dynamics and the atomization strategy is required.

These observations influence nanofuel spray combustion, an essential subject for further im-

plementation in practical applications. Due to this, a combustion chamber was developed.

The purpose is to analyze all of these findings from a broader point of view, addressing the

viability of using such alternative fuels in aero-engines.

7.2 Suggestions for Future Work

The present work evaluated conventional and alternative fuels in experimental and numer-

ical analyses, exploring pertinent topics. However, this thesis did not address several chal-

lenging issues that need further examination, particularly to understand the potential bene-

fits of nanofuels. In light of this, suggestions for potential future research are provided. An

investigation of the aluminum life cycle is recommended, and particular attention should be

given to the emissions released from its combustion that can cause health and environmen-

tal issues. A qualitative analysis concerning nanofuel stability was conducted in the present

study. For detailed precision and further implementation of nanofuel in practical applica-

tions, quantitative stability analysis of the nanofuel involving examining repulsive forces be-

tween the nanoparticles, e.g., zeta potential measurements, is recommended. An analysis

dedicated to the thermal conductivity of nanofuels should be addressed since the findings

presented in the literature on the enhancement of this property are contradictory. For the

experimental setup dedicated to single droplet combustion, an exhaustion system capable

of acquiring the residues released from the nanofuel should be implemented. In addition, a

modification in the optical access of the drop tube furnace is suggested to capture the droplet

heating phase. The disruptive burning phenomena in a real combustion chamber should be

addressed since it can negatively impact engines. Concerning the spray behavior, a more de-

tailed analysis of the addition of nanoparticles should be emphasized since the droplet size

increment findings are not related to the physical properties, and an additional effect, e.g.,

particle aggregation, may be responsible for this observation. To address the applicability of

nanofuels, experimental studies on the laboratory combustion chamber forHVOandnanofu-
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els are recommended. Temperature and emissions profile measurements are suggested to

compare conventional and alternative jet fuels.
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Appendix A

Biofuels - Conversion Process
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Figure A.1: Biofuels approved conversion processes [86].
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Appendix B

Drop Tube Furnace - Injector

Figure B.1: Injector technical draw (units in mm).
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Appendix C

Air Properties
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Figure C.1: Air density as a function of temperature.
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Figure C.2: Air kinematic viscosity as a function of temperature.
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Appendix D

SCA - Calibration

(a) (b)

(c) (d)

(e) (f)

Figure D.1: The influence of frame number on the SCA for Jet A-1 under different AFR conditions: a) 1000
images; b) 2000 images; c) 3000 images; d) 4000 images; e) 5000 images; f) 6000 images.
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(a) (b)

(c)

Figure D.2: Comparsion of SCA for Jet A-1, a) AFR = 2.6, b) AFR = 3.9, c) AFR = 7.8.
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Appendix E

Spray: Operating Conditions
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