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Abstract 

In this thesis ‘‘Flame spray pyrolysis for synthesizing functional nanoparticles: Fundamental 

investigations on single and double droplet combustion’’, experimental studies on droplet 

combustion and explosions to fundamentally understand the particle formation from liquid droplets 

and droplet interactions in the nanofabrication process of flame spray pyrolysis (FSP) are shown. 

FSP is one promising and versatile flame aerosol technique for fast synthesis of functional and 

engineering nanomaterials. This gas-phase synthesis nanomaterial process is famous and 

attractive for its reproducibility and scalability, and thus has potential applications for commercial 

scale-up production in industry. Gas-to-particle conversion and droplet-to-particle conversion are 

two particle formation routes in FSP, which decide the quality of produced particles. The particle 

formation mechanism is associated with the mass transfer of the precursor from liquid droplet to 

gas phase. Therefore, it is necessary and important to investigate droplet combustion behavior of 

precursor solutions, for providing fundamental insights into the mechanisms of droplet combustion 

and particle formation in FSP. The focus of this work is divided into three parts. 

Single droplet combustion and FSP synthesis of iron oxide nanoparticles using low- and high-

volatility precursors were done, aiming to investigate the mechanism and occurrence condition of 

droplet micro-explosions, nanoparticle formations in single droplet combustion and FSP, as well 

as the promotion of homogeneous nanoparticle synthesis from low-volatility precursors. The 

influences of precursor choices, precursor concentrations and solvent compositions on droplet 

combustion behaviors, rainbow signals and the synthesis of iron oxide particles were 

experimentally investigated. The mechanism and occurrence conditions of droplet micro-

explosions were discussed and summarized, which could be used to trigger explosions of droplets 

containing metal nitrates. The synthesized particles were characterized using Brunauer-Emmett-

Teller (BET), X-ray diffraction (XRD), as well as low- and high-resolution transmission electron 

microscopy (TEM and HRTEM) techniques. The similarity of nanoparticles prepared from single 
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droplet combustion and FSP was explained. It is found that the secondary-atomization of droplets 

induced by micro-explosions efficiently promotes the production of homogeneous nanoparticles.  

Three-dimensional measurements of double droplet combustion of the pure solvent and the 

precursor solution were conducted, targeting to study the influence of a neighboring droplet on 

combustion behaviors (droplet interactions), and the occurrence of double droplet explosions. The 

developed three-dimensional measurement technique using two highly time-synchronized high-

speed cameras could provide highly time-resolved information including droplet diameters, flame 

diameters, droplet 3D trajectories, droplet 3D velocities, and the center distances between the 

two burning droplets. Droplet interactions in the pure oxygen atmosphere as well as in the mixture 

of oxygen and nitrogen atmosphere were investigated. Droplet micro-explosions were first 

observed during double droplet combustion experiments of precursor solutions. The occurrence 

of double droplet explosions is affected by droplet interactions.  

Digital in-line holography measurements of single droplet combustion were performed, and the 

focus is to detect the size of non-burning droplets and to estimate the refractive index gradient 

surrounding the burning droplet. The constructed experimental setup and the developed imaging 

processing method are able to obtain clear hologram signals. The developed methods for 

hologram formation and numerical reconstruction have shown their abilities to detect droplet size. 

The influence of the surrounding flame on hologram signals are experimentally identified, which 

is proposed to estimate the refractive index gradient surrounding burning droplets. 

This thesis shows the capability of using droplet combustion experiments to provide fundamental 

information of droplet combustion, explosion and interaction for FSP. These investigations could 

be used to explore low-cost precursor-solvent systems for producing homogeneous nanoparticles, 

to figure out the interaction between burning droplets, as well as to understand the droplet flame.
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Zusammenfassung 

In dieser Arbeit „Flame spray pyrolysis for synthesizing functional nanoparticles: Fundamental 

investigations on single and double droplet combustion'' werden die experimentellen 

Untersuchungen zur Tropfenverbrennung und -explosionen zum grundlegenden Verständnis der 

Partikelbildung aus brennenden Flüssigkeitstropfen samt der Tropfenwechselwirkungen in der 

Flammensprühpyrolyse (FSP) dargestellt. 

Flammensprühpyrolyse ist eine vielversprechende und vielseitige Flammen-Aerosol-Technik für 

die schnelle Synthese von funktionalen Nanomaterialien. Dieses Gasphasensyntheseverfahren 

für Nanomaterialien ist besonders attraktiv wegen seiner Reproduzierbarkeit und Skalierbarkeit 

und bietet daher großes Anwendungspotential für die kommerzielle Produktion in der Industrie. 

Gas-zu-Partikel-Umwandlung und Tröpfchen-zu-Partikel-Umwandlung sind zwei 

Partikelbildungswege in der FSP, die über die Qualität der produzierten Partikeln entscheiden. 

Der Mechanismus der Partikelbildung ist mit dem Massentransfer des Precursors von der 

flüssigen Tröpfchen- in die Gasphase verbunden. Daher ist es notwendig und wichtig, das 

Tropfenverbrennungsverhalten von Precursorlösungen zu untersuchen, um grundlegende 

Einblicke in die Mechanismen der Tropfenverbrennung und Partikelbildung in der FSP zu erhalten. 

Der Schwerpunkt dieser Arbeit gliedert sich in drei Teile. 

Es wurden Untersuchungen an der Einzeltropfenverbrennung und der FSP-Synthese von 

Eisenoxid-Nanopartikeln unter Verwendung von niedrig- und hochflüchtigen Precursoren 

durchgeführt. Ziel war es, die Mechanismen und die Bedingungen für das Auftreten von 

Tröpfchen-Mikroexplosionen, die Bildung von Nanopartikeln bei Einzeltropfenverbrennung und 

FSP sowie die Förderung der homogenen Nanopartikelsynthese aus niedrigflüchtigen 

Precursoren zu ermitteln. Die Einflüsse der Wahl des Precursors, der Precursorkonzentration und 

der Lösungsmittelzusammensetzung auf das Verhalten der Tröpfchenverbrennung sowie die 

Regenbogensignale und die Synthese von Eisenoxidpartikeln wurden experimentell untersucht. 
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Der Mechanismus und die Bedingungen für das Auftreten von Tröpfchen-Mikroexplosionen 

werden diskutiert und zusammengefasst, was zu einem besseren Verständnis der Auslösung von 

Explosionen von Tröpfchen, die Metallnitrate enthalten, führt. Die synthetisierten Partikel wurden 

mittels Brunauer-Emmett-Teller (BET), Röntgenbeugung (XRD) sowie niedrig- und 

hochauflösender Transmissionselektronenmikroskopie (TEM und HRTEM) charakterisiert, womit 

die Ähnlichkeit von Nanopartikeln, die einerseits durch Einzeltropfenverbrennung und 

andererseits mittels der FSP hergestellt wurden, gezeigt wird. Damit lässt sich feststellen, dass 

die durch Mikroexplosionen induzierte Sekundär-Atomisierung von Tröpfchen die Entstehung von 

homogenen Nanopartikeln wesentlich fördert.  

Anhand dreidimensionaler Messungen zur Doppeltropfenverbrennung des reinen Lösungsmittels 

und der Vorläuferlösung wird der Einfluss eines benachbarten Tropfens auf das 

Verbrennungsverhalten (Tropfeninteraktionen) und das Auftreten von Doppeltropfenexplosionen 

untersucht. Die dazu entwickelte dreidimensionale Messtechnik mit zwei zeitsynchronisierten 

Hochgeschwindigkeitskameras liefert zeitlich hochaufgelöste Informationen, womit der lokale 

Tropfendurchmesser, Flammendurchmesser sowie Tropfen-3D-Trajektorien, Tropfen-3D-

Geschwindigkeiten und die mittleren Abstände zwischen den beiden brennenden Tropfen 

ermittelt wird. Damit lassen sich Tröpfcheninteraktionen in der reinen Sauerstoffatmosphäre 

sowie in einer Mischung aus Sauerstoff- und Stickstoffatmosphäre quantifizieren. Tröpfchen-

Mikroexplosionen konnten so erstmalig bei Doppeltropfen-Verbrennungsexperimenten von 

Precursor-Lösungen beobachtet werden. Dabei zeigt sich, dass Doppeltropfenexplosionen durch 

Tropfenwechselwirkungen stark beeinflusst werden. 

Mittels digitaler Inline-Hologramm-Messungen wird die Verbrennung von Einzeltropfen untersucht. 

Der Schwerpunkt liegt auf der Erkennung der Größe von nicht brennenden Tropfen und der 

Abschätzung des Brechungsindexgradienten, der den brennenden Tropfen umgibt. Der 

konstruierte Versuchsaufbau und die entwickelte Bildverarbeitungsmethode liefern klare 
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Hologrammsignale, und mit den entwickelten Methoden zur Hologrammbildung und numerische 

Rekonstruktion lässt sich die Tropfengröße bestimmen. Der Einfluss der umgebenden Flamme 

auf die Hologrammsignale wird experimentell nachgewiesen, was zur Abschätzung des 

Brechungsindexgradienten in der Umgebung brennender Tröpfchen eingesetzt werden kann. 

Diese Arbeit weist damit nach, dass mit Hilfe von Tropfenverbrennungsexperimenten 

grundlegende Informationen über Tropfenverbrennung, Explosion und Wechselwirkung für FSP 

gewonnen werden können. Weiterhin lassen sich diese Untersuchungen dazu nutzen, 

kostengünstige Precursor-Lösungsmittel-Systeme zur Herstellung homogener Nanopartikel zu 

erforschen, die Wechselwirkung zwischen brennenden Tröpfchen herauszufinden sowie die 

Tröpfchenflamme zu verstehen. 
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1 Introduction 

The history of flame aerosol synthesis of particles can date back to prehistoric period where the 

soot from fires was used to paint scenes on cave walls, and also to ancient China where carbon 

black was manufactured from flame generated aerosol for the application of pigment [1].  Today, 

flame aerosol synthesis has been widely used in industry to synthesize nanostructured materials 

at a production rate of millions of tons, valued at more than 15 billion $ per year [2].  

1.1 Flame spray pyrolysis for synthesizing nanoparticles 

Depending on the precursor state fed to the flame and the combustion energy source, flame 

aerosol synthesis (also called flame aerosol technology) is classified into three general categories 

(Figure 1.1): vapor-fed aerosol flame synthesis (VAFS), flame spray pyrolysis (FSP), and flame-

assisted spray pyrolysis (FASP) [3-5]. As the youngest one, FSP has important technological 

elements including self-sustaining flame, usage of liquid feeds and less volatile precursors, 

proven scalability, high temperature flames, and large temperature gradients [6-8]. This versatile 

and promising technique has proved its ability to do fast and scalable synthesis of a wide variety 

of single- and multi-component nanoparticles in one-step. The synthesis of composite materials 

can be fulfilled by mixing different precursor solutions [5], and the synthesis of pure-phase and 

homogeneous particles can be achieved through controlling the precursor-solvent composition [6, 

8]. Until now, the FSP synthesized particles have been widely used in the functional applications 

including, such as but not limited, catalysis, sensors, phosphors, electroceramics, membranes, 

super-hydrophilic coatings, biomaterials, electrode fabrication, nanoparticle film fabrication, and 

batteries. More details about the history, development, application, challenge, and perspective of 

FSP technology were described in the reviews of Refs. [3-5, 9, 10]. 
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Figure 1.1: Three classes of flame aerosol synthesis: vapor-fed aerosol flame synthesis (VAFS), 

flame spray pyrolysis (FSP), and flame-assisted spray pyrolysis (FASP). The classification is 

based on the precursor state fed to the flame and the combustion energy source. 

FSP experiments were conducted by different kinds of nozzles. Here, the spray process using 

the classical two-fluid nozzle designed by Mädler et al. [11, 12] will be briefly introduced.  Figure 

1.2 shows the sketch of the experimental setup for FSP. During FSP synthesis, the liquid-phase 

and/or solid-phase precursors are totally dissolved in combustible organic solvents with the help 

of an ultrasonic vibrator or under reflex at a high temperature [13, 14]. The solution is fed to a 

two-fluid nozzle with a syringe pump at a liquid flow rate, and then atomized into small droplets 

by the dispersed oxygen to accelerate vaporization and subsequently reaction. A concentric 

supporting flamelet ring (6 mm in radius) of premixed methane/oxygen is implemented to ignite 

the atomized droplets in order to maintain the spray flame. A glass microfiber filter is fixed above 

the downstream of the nozzle, where particles are deposited with the aid of a vacuum pump. 

Figure 1.3 shows the photographs of the spray flames in FSP experiments to synthesize different 

kinds of nanoparticles. Two types of nanoparticles were mixed at nanoscale using double-flame 

spray (Figure 1.3 right photo) in order to improve the functional performance [15]. 



1 Introduction 

 

3 
 

 

Figure 1.2: Sketch of the experimental setup for flame spray pyrolysis (FSP). 

 

Figure 1.3: Photographs of the spray flames in FSP experiments to synthesize various 

nanoparticles: from left to right, Tin oxide (SnO2), Copper oxide (CuO), Iron oxide (Fe2O3+Fe3O4), 

the mixture of Silicon dioxide (SiO2) and Aluminum oxide (Al2O3), Lithium manganese oxide 

(LiMn2O4), and the mixture of Aluminum phosphate (AlPO4) and LiMn2O4. These photographs 

were taken with reduced light intensity in the background. 
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FSP synthesis of nanomaterials is famous and attractive for its reproducibility and scalability, and 

therefore this technique has great potential applications in industry for commercial scale-up 

production. The transfer of FSP nanoparticle synthesis from gram-level lab-scale to pilot reactors 

has been successfully demonstrated by several examples, e.g., bismuth oxide (Bi2O3) and 

zirconium oxide (ZrO2) nanoparticles, with production rates of up to a few kilograms per hour [16]. 

A prototype industrial FSP production line has been designed and constructed to produce ZrO2 

nanoparticles to 5 kg/h, and prices found in competitors demonstrate that FSP technology can 

reduce at least 50 % of commercial prices (Advance-FSP, 

http://cordis.europa.eu/result/rcn/141570_en.html). FSP pilot plants have been installed and used 

at ETH Zurich, ARCI (Hyderabad, India), Tecan (Los Arco, Spain), and Johnson Matthey 

Technology Center (UK) [16]. For the purpose of widening industrial applications of FSP 

synthesized nanomaterials, fundamental understanding of the flame chemistry and the liquid-

vapor-flame-particle process chain is a prerequisite and essential [9, 17]. 

Since 2017, with the support of the German Research Foundation (DFG) within the priority 

program SPP1980 (“Nanoparticle Synthesis in Spray Flames”), one standardized spray-flame 

burner (SpraySyn) was developed at University of Duisburg-Essen and subsequently installed in 

more than twelve laboratories in Germany for the purpose of fundamental investigations of spray-

flame synthesis [9, 17, 18]. The usages of the standardized spray-flame burner, the common 

experimental configuration, and the predefined materials systems guarantee the reproducible 

standardized experiments in each laboratory. The investigation of the standardized spray flames 

with different kinds of complementary techniques aims to provide comprehensive data to develop 

and compare various theoretical calculations and simulation approaches [9]. More detailed 

information about the priority program SPP1980 including in-situ diagnostics, theory and 

simulation, and process can be found at www.spraysyn.org. 

http://www.spraysyn.org/
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1.2 Droplet evaporation and combustion during FSP 

During FSP synthesis, pure oxygen disperses precursor solutions into small droplets. These 

sprayed droplets are ignited by a pilot flame to form a large spray flame, where particle formation 

takes place via precursor evaporation/decomposition, particle nucleation, growth by coalescence 

and sintering, aggregation, as well as agglomeration [5]. Two particle formation routes are 

proposed to explain the particle formation mechanism during FSP [4, 8, 19], as shown in Figure 

1.4. One is gas-to-particle conversion (green marked in Figure 1.4 b and d), which is 

characterized by the entire transfer of the liquid-phase precursor into gas-phase, and the 

synthesis of homogeneous particles with well-controlled properties [8, 19, 20]. This route is similar 

to reactions that happen in vapor-fed aerosol flame synthesis (VAFS) and soot formation [21]. 

The other is droplet-to-particle conversion (red marked in Figure 1.4 a and c), where the 

incomplete vaporization of the precursor resulting in precipitation and conversion within spray 

droplets. As a result, large, dense and/or hollow particles are formed [8, 22]. While the latter route 

is suitable for the production of ceramic powders and films [22], the former route has attracted 

more attentions of laboratory studies and industrial scale-up productions due to the wide 

applicability of homogeneous nanoparticles. The mass transfer of the precursor from liquid-droplet 

to gas-phase decides the particle quality, and thus fundamental investigations on droplet 

evaporation and combustion of the FSP precursor solutions are required. While various optical 

diagnostics have been used to in-situ analyze the gas-phase flame and nanoparticle synthesis 

[23], the measurements on droplet evaporation and combustion in the spray flame are still 

challenging. It is because of the interactions between the spray droplets [24], the high flame 

temperature (could be more than 2000 K [11]), the steep temperature gradients around flame axis 

[25], the turbulence caused by the high-speed dispersion [26], and the short time scales (around 

a few milliseconds [27]). As an alternative, single droplet combustion have shown to be helpful to 

provide fundamental insights into the mechanisms of droplet combustion in spray flames [6, 28-

34]. 
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Figure 1.4: Schematic diagram of two particle formation mechanisms during FSP (a) and (b), and 

represented TEM images of iron oxide particles (c) and (d). Schematic diagram is adapted and 

reprinted with the permission from Ref. [4]. The TEM images shows the inhomogeneous (c) and 

homogeneous (d) iron oxide particles synthesized from droplet-to-particle conversion (a) and gas-

to-particle conversion (b), respectively. 

1.3 Single droplet combustion 

The liquid spray flames are composed of groups of individual droplets. Understanding single 

droplet combustion is expected to promote a better understanding of spray flame combustion [35]. 

Furthermore, spray combustion in practical applications is significantly controlled by the 

combustion of each of the droplets, and thus the understanding of droplet combustion behaviors 
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is of great significance [36]. Single droplet combustion experiments have been proved to be able 

to provide fundamental information for FSP, including understanding of the formation process 

from droplet to particle [6, 28, 31, 33], comparing the nanoparticles produced from single droplet 

combustion and FSP [6, 31, 33], exploring low-volatility and low-cost precursors [6, 33], 

investigating the influence of ambience [37], and providing experimental data for FSP simulation 

[21, 34]. Rosebrock et al. first used the FSP precursor solutions in single droplet combustion 

experiments, and observed the micro-explosion behaviors (disruptive combustion) of these 

droplets via the high-speed camera imaging technique [31]. Similarly, µ-explosion behaviors were 

observed by Li et al. during the single droplet combustion of highly reactive precursor solutions, 

where titanium tetraisopropoxide (TTIP) was selected as the precursor [28]. The droplet µ-

explosion mechanism based on shell formation and subsequent heterogeneous vapor nucleation 

was proposed by Rosebrock et al. [31, 33]. The thermal decomposition of the metal-organic 

precursor occurs within the burning droplets, which leads to a viscous shell that inhibits 

vaporization, initiating internal vapor phase nucleation that finally causes droplet micro-explosions 

[28, 31]. One example to show droplet µ-explosion is the single droplet combustion of 0.25 mol/L 

Iron(II) napthenate dissolved in p-Xylene (Figure 1.5 b, photograph was taken by a normal CCD 

camera). To the best of my knowledge, µ-explosions have been observed via high-speed camera 

imaging technique during single droplet combustion experiments of many FSP precursor solutions. 

Detailed descriptions are shown in Appendix A.1. 
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Figure 1.5: Photographs of the spray flame (a) and the single droplet flame (b). The length of the 

spray flame and the single droplet flame are around 116 mm and 3 mm, respectively. The 

precursor solution is 0.25 mol/L Iron(II) napthenate dissolved in p-Xylene. 

To study single droplet combustion of precursor solutions, various optical techniques (Figure 1.6) 

have been used including:  

(1) Shadowgraphy (high-speed camera imaging and backlight) to detect droplet size and 

velocity, flame size, and droplet micro-explosion behaviors [6, 28, 31, 33, 37-39].  

(2) Rainbow refractometry to measure droplet temperature changes and composition 

changes [29, 30, 32].  

(3) Interferometric particle imaging to determine droplet size changes [29, 30, 32].  

(4) Digital in-line holography to detect droplet size, 3D location, velocity, and the refractive 

index surrounding the burning droplet.  

In addition, transmission electron microscopy (TEM) measurements were performed to 

characterize size distribution and morphology of particles prepared by single droplet combustion 

[6, 28, 33, 38]. 
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Figure 1.6: Optical techniques applied on single droplet combustion: shadowgraphy (high-speed 

camera imaging and backlight), rainbow refractometry, interferometric particle imaging, and digital 

in-line holography. Transmission electron microscopy (TEM) was used to characterize particles 

prepared by single droplet combustion. 

1.4 Thesis objective and outline 

The main objective of this thesis is to provide fundamental information for droplet combustion and 

particle formation in the FSP technique, using single and double droplet combustion experiments. 

To achieve this objective, the following three hypotheses will be experimentally investigated 

(Figure 1.7): 

I. Single droplet combustion experiments are able to predict nanoparticle quality for FSP, 

and droplet micro-explosions promote the production of homogeneous nanoparticles.  
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II. Droplet micro-explosions occur not only in single droplet combustion experiments but 

also in double droplet combustion experiments. Droplet interactions affect the 

occurrence of micro-explosions. 

III. The heat and mass transfer between the burning droplet and its surrounding flame 

contribute to the occurrence of droplet micro-explosions. 

 

Figure 1.7: Hypotheses of this thesis: I. Single droplet combustion experiments to predict 

nanoparticle quality for FSP, and droplet micro-explosions to promote the production of 

homogeneous nanoparticles. II. Double droplet combustion experiments to study the occurrence 

of micro-explosions of two burning droplets, as well as to investigate the influence of droplet 

interactions on droplet combustion and explosions. III. Digital in-line holography measurements 

of single droplet combustion experiments to investigate the influence of the sourrounding flame.  

To study these three hypotheses, the following research methods are proposed: 

(1) Single droplet combustion experiments using low- and high-volatility precursors aim to 

investigate the mechanism and occurrence conditions of droplet micro-explosions, 

nanoparticle formations in single droplet combustion and FSP, and the promotion of 

the production of homogeneous nanoparticles using low-volatility precursors.  
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(2) Double droplet combustion experiments using the pure solvent and the precursor 

solution target to study the influence of neighboring droplet on combustion behaviors, 

especially the occurrence of double droplet explosions.  

(3) Digital in-line holography technique is developed and further performed to detect the 

sizes of non-burning droplets, and to estimate the influence of the surrounding flame 

on the burning droplet. 

According to the proposed hypotheses and the proposed research methods, the outline of this 

thesis is divided into three parts:  

I. Single droplet combustion and FSP synthesis of iron oxide nanoparticles (Chapter 2).  

II. Three-dimensional measurements of double droplet combustion (Chapter 3). 

III. Digital in-line holography measurements of single droplet combustion (Chapter 4). 

The outlook for these investigated topics are listed in Chapter 5, and the supporting information 

are shown in Appendix. 
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2 Single droplet combustion and FSP synthesis of iron oxide nanoparticlesI 

2.1 State of art  

Iron oxide nanoparticles have attracted significant attentions due to their unique properties at 

nanoscale and their potential functional applications, such as ferrofluids, catalysts, and 

biotechnology [40-42]. According to the Fe oxidation state (Fe2+ or Fe3+), iron oxide particles 

normally exhibit in one of the four main crystal structures including: wustite (FeO), magnetite 

(Fe3O4), maghemite (ɣ-Fe2O3), and hematite (α-Fe2O3) [43, 44]. While hematite possesses 

promising catalytic properties, maghemite and magnetite show exceptional magnetic properties 

[45]. Compared to bulk, particles at nanoscale could have distinctively different properties. For 

example, iron oxide nanoparticles (maghemite and magnetite) tends to be superparamagnetic 

when its size is below 20 nm [46]. 

The fast synthesis of iron oxide nanoparticles in one-step via FSP has been successfully 

demonstrated by many researchers [5]. Li et al. first applied FSP to produce superparamagnetic 

bare and silica-coated maghemite nanoparticles, and demonstrated the feasibility of the prepared 

particles for protein adsorption and desorption [47, 48]. For the first time, Strobel and Pratsinis  

utilized FSP to directly prepare magnetic iron oxide nanoparticles in the form of magnetite and 

wustite under controlled atmosphere [49]. Li et al. controlled particle residence time in the flame 

and flame atmosphere in FSP to synthesize core-shell structured nanoparticles, consisting of 

metallic iron core (30-80 nm in diameter) and magnetite shell (4-6 nm in thickness) [50]. Harra et 

al. used FSP-synthesized maghemite nanoparticles to generate encapsulated iron oxide-tatanium 

dioxide (ɣ-Fe2O3-TiO2) composite nanoparticles, which can be used as magnetically separable 

photocatalyst for water treatment applications [51]. Tepluchin et al. utilized double FSP to prepare 

 
I The results presented in this chapter are partially published in the following manuscripts: 

H. Li, S. Pokhrel, M. Schowalter, A. Rosenauer, J. Kiefer, L. Mädler. The gas-phase formation of tin dioxide 
nanoparticles in single droplet combustion and flame spray pyrolysis. Combustion and flame. 2020, 215, 389-400.  
H. Li, C.D. Rosebrock, Y. Wu, T. Wriedt, L. Mädler. Single droplet combustion of precursor/solvent solutions for 
nanoparticle production: Optical diagnostics on single isolated burning droplets with microexplosions. Proceedings of 
the Combustion Institute. 2019, 37, 1203-1211.  
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FeOx/Al2O3 samples to minimize the formation of composite phases [52]. Improvements of the 

catalytic performance can be gained especially for low Fe-based samples. Rajput et al. used FSP 

to prepare superparamagnetic maghemite nanoparticles, which can successfully remediate Pb2+ 

and Cu2+ from water [53].  

In the previous studies, organic iron precursors with high combustion enthalpies were used 

because homogeneous nanoparticles were formed via the gas-to-particle conversion. However, 

organic precursors are expensive, which is a large cost factor for industrial scale-up [16]. 

Therefore, exploring low-cost inorganic precursors are more attractive to diminish the production 

cost in industry. However, inorganic precursors, i.g., nitrates, have lower combustion enthalpies 

than organic precursors, reducing the whole combustion enthalpy of precursor solutions. As a 

result, inhomogeneous particles are synthesized via the droplet-to-particle conversion, which 

contain hollow and shell-like particles even at micro-size. Thus, a lot of work has been conducted 

to investigate the nanoparticle formation process in spray flames, aiming to promote the formation 

of homogeneous particles via the gas-to-particle conversion using low-cost metal nitrate 

precursors. Strobel and Pratsinis studied the effect of solvent composition on nanoparticle 

formation during FSP synthesis using different metal nitrates [Al(NO3)3*9H2O, Co(NO3)2*6H2O, 

Fe(NO3)3*9H2O, Mg(NO3)2*6H2O, and Mn(NO3)2*6H2O]. They indicated that the usage of 2-

ethylhexanoic acid (2-EHA) promotes the conversion of metal nitrates to volatile metal 

carboxylates, enhancing the formation of homogeneous nanoparticles via gas-to-particle route [8]. 

Rudin et al. decoupled the flame enthalpy content from the precursor solution chemistry with a 

second assisted flame, and prepared homogeneous bismuth nanoparticles using Bi(NO3)3·5H2O 

as the precursor [54].  Harra et al. studied the effect of the EHA concentration on particle formation 

in liquid flame spray (LFS) using aluminum nitrate precursor dissolved in ethanol and EHA. They 

found that the residual particles dominate the mass size distribution when using pure ethanol as 

solvent [19]. However, adding only 5% (volume) of EHA can shift the mass practically entirely to 
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the nanoparticle mode. Wei et al. investigated the role of solvent formulations in temperature-

controlled liquid-fed aerosol flame synthesis of YAG-based nanoparticles. They demonstrated that 

adding EHA into ethanol in a volume ratio of 1:1 dramatically converts hollow inhomogeneous 

particles to homogeneous nanoparticles, which is caused by the formation of 2-ethyhexanates 

due to the ligand exchange of metal nitrates [55]. Angel et al. synthesized La(Fe, Co)O3 nano-

perovskites in a spray flame using metal nitrates. They indicated that experiments with ethanol as 

the solvent lead to a broad particle-size distribution and the formation of undesired phases, but 

the addition of EHA gives the formation of single-phase and high surface area nanoparticles with 

a narrow size distribution [56].  Abram et al. have done flame synthesis of nanophosphors using 

a novel micro-jet atomization technique, and found that reducing the spray droplet size and 

increasing the flame temperature promote the gas-to-particle route for metal nitrate precursors 

[57]. Sorvali et al. studied the effect of solvent composition and gas flow rates on the 

crystallographic phase composition and the quality of the synthesized iron oxide nanoparticles in 

a liquid flame spray process from iron nitrate [45]. Zhang et al. employed flame aerosol synthesis 

method and the precursor solution of dissolving iron(III) nitrate nonahydrate in water to prepare 

iron oxide nanoparticles, which were further converted into ultra-fine iron powders combining with 

a post-reduction heat treatment process [58]. Carvajal investigated the effect of spray parameters 

in a spray flame reactor during iron oxide nanoparticle synthesis. Their results showed that using 

propionic acid as solvent results in the formation of homogeneous nanoparticles from iron nitrate 

precursor [59]. Reviewing the previous work, synthesis of homogeneous nanoparticle from metal 

nitrate precursors using FSP or other liquid spray flame ways are achieved through four paths: 

(1) converting metal nitrates to volatile metal carboxylates using organic acids, (2) reducing size 

of dispersed droplets, (3) increasing temperature (enthalpy content) of the spray flame, and (4) 

applying post-treatment. Considering the cost-effectiveness and operational requirements, the 

first path is the most promising.  
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Single droplet combustion has been used to study the synthesis of homogeneous nanoparticles 

from metal nitrate precursors. Rosebrock et al. have done single droplet combustion and FSP 

experiments using metal nitrate precursors [Al(NO3)3*9H2O and Fe(NO3)3*9H2O]. They found that 

adjusting the solvents could induce droplet explosions of low-volatile precursors during single 

droplet combustion, promoting the synthesis of homogeneous nanoparticles from both single 

droplet combustion and FSP [33]. Similar phenomena were found by Meierhofer et al. during 

screening various precursor solutions for Li4Ti5O12 energy storage materials using FSP. They 

indicated that using 2-ethylhexanoic acid (EHA) instead of ethanol as the solvent induces droplet 

explosions and promoted the complete droplet combustion, resulting in homogenous nanoparticle 

synthesis [6]. While promising conclusions are obtained from these previous works, related in-

depth investigations are still lacking, e.g., the mechanism and occurrence conditions of droplet 

micro-explosion, triggering explosions of droplets containing metal nitrates, and explaining the 

similarity of nanoparticles prepared from single droplet combustion and FSP. Therefore, the 

detailed knowledge is yet to be acquired. In this chapter, the effects of precursor choice, precursor 

concentration and solvent composition on the synthesis of iron particles are experimentally 

investigated using single droplet combustion and FSP.  

2.2 Investigation methods 

2.2.1 Precursor solution preparation and analysis 

Iron (II) naphthenate (80% in mineral spirits, Alfa-Aesar) and Iron (III) nitrate nonahydrate (>98%, 

Alfa-Aesar) were used as iron precursors. P-Xylene (analysis EMSURE® ISO, Sigma-Aldrich), 

ethanol (assay 100%, VWR), and 2-ethylhexanoic acid (99%, Sigma-Aldrich) were selected as 

solvents. Table 2.1 lists properties of these precursors and solvents. The organic iron precursor 

of Iron (II) naphthenate has a price (€/mol) of three times higher than the inorganic precursor of 

Iron (III) nitrate nonahydrate. 
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Table 2.1: Properties of precursors and solvent used in the present work. 

Precursor/solvent Iron (III) nitrate 
nonahydrate 

Iron (II) 
naphthenate 

p-Xylene Ethanol 2-ethylhexanoic 
acid 

Water 

Abbreviation FeNT FeNAP / EtOH EHA H2O 

Linear formula Fe(NO3)3*9H2O Fe(C11H7O2)2 C6H4(CH3)2 CH3CH2

OH 
CH3(CH2)3CH(C2

H5)CO2H 
H2O 

Physical form Solid Liquid Liquid Liquid Liquid Liquid 

Density, g/mL 1.684 1.050 0.860 0.790 0.903 0.997 

Viscosity, mPa*s at 

25°C 
/ / 1.197 1.074 7.5 at 20°C 0.890 

Flash point, °C / > 38 24 12 > 63 / 

Melting point, °C 47 / 13.3 -117.0 -59.0 0.0 

Boiling point (Tb), °C Thermally 
decompose 

Thermally 
decompose 

138.4 78.3 228.1 100.0 

Adiabatic flame 

temperature[60], °C 
/ / 2865 2716 2867 / 

Heat of 
evaporation[61], 
kJ/mol, at 25°C 
 

/ / 42.4 42.32 75.6 43.98 

Heat of 
evaporation[61], 
kJ/mol, at Tb 
 

/ / 35.7 38.56 ~ 67[62] 40.65 

Heat of formation[63], 
kJ/mol, at 25°C 
 

/ / - 25.4 -277.6 - 635.1 - 57.8 

Heat of combustion, 
kJ/mol, at 25°C 
 

/ / - 4551.8 -1366.9 - 4799.6[64] / 

Price, €/mol 9.2 30.3 10.8 2.3 13.7 / 

Heat of combustion is calculated as the differences between the heat of formation of the products and reactants 

according to the Ref. [63]. The values are taken at one atmosphere pressure. The symbol / represents no available 

information. 

The dissolution tests were first conducted for different precursor-solvent combinations to identify 

their chemical stabilities at room temperature (Table 2.2). The precursor-solvent combinations of 
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0.1, 0.25 and 0.5 mol/L FeNAP/p-Xylene, 0.1 mol/L FeNT/EtOH, and 0.1 mol/L FeNT/EtOH+EHA 

were selected for both single droplet combustion and FSP experiments. 

Table 2.2: Dissolution tests of precursor-solvent combinations. 

Precursor-solvent 
combination 

Molar concentration, 
mol/L 

Just after 
mixture 

After 1 hour sonic 
wave vibration 

Store at room temperature 
after 19 hours 

FeNAP/p-Xylene 

0.10 ++ ++ ++ 

0.25 ++ ++ ++ 

0.50 ++ ++ ++ 

FeNT/EtOH 

0.10 -- ++ ++ 

0.25 -- -- -- 

0.50 -- -- -- 

FeNT/EtOH+EHA 0.10 ++ ++ ++ 

--: Not dissolved totally, solids exist. ++: Dissolved totally. EtOH+EHA means the mixture of ethanol and 2-ethylhexanoic 

acid with a volume ratio of 1:1. 

Thermogravimetric analysis and differential thermal analysis (TGA-DTA, Netzsch STA 449 Jupiter) 

were employed to measure vaporization behaviors of the investigated precursors, solvents and 

precursor-solvent combinations. The liquid solution with a mass of ~50 mg was placed in an Al2O3 

crucible (OD=6 mm, Height=7.5 mm, Waters GmbH, 864305.003). The measurements were 

carried out from 25 °C to 575 °C at an increased temperature rate of 7.5 °C/min as well as under 

the synthetic air at a flow rate of 50 mL/min. 

2.2.2 Particle synthesis 

Iron oxide particles were synthesized via FSP using the classical two-fluid nozzle [11], which was 

described in detail in Chapter 1. Therefore, only a brief introduction is given here. The precursor 

solution was fed to the nozzle at a liquid flow rate of 5 mL/min, and then dispersed into groups of 

small droplets by the pure oxygen at a gas flow rate of 5 L/min and a constant pressure droplet 

of 1.5 bar. The premixed methane and oxygen were at a gas flow rate of 1.5 L/min and 3.2 L/min, 
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respectively. Three mass flow controllers (Bronkhorst, El-Flow) were used to control the gas flow 

rates. Figure 2.1 shows photographs of the spray flames of the investigated solvents and 

precursor solutions in FSP experiments. 

 

Figure 2.1: Photographs of the spray flames in FSP experiments of FeNAP/p-Xylene solutions 

with molar concentrations of 0, 0.1, 0.25, and 0.5 mol/L, EtOH, EtOH+EHA, 0.1 mol/L FeNT/EtOH, 

and 0.1 mol/L FeNT/EtOH+EHA. EtOH+EHA means the mixture of ethanol and 2-ethylhexanoic 

acid with a volume ratio of 1:1. These photographs were taken with reduced light intensity in the 

background. The lengths of these flames are in the range from 100 mm to 120 mm. The flame 

color of p-Xylene is white because of soot emissions. The flame color of ethanol is blue because 

no or less soot is produced. The flame color of the mixture of ethanol and EHA is orange owing 

to the low flame temperature, which is caused by the high heat of evaporation of EHA. The flame 

color of precursor solutions is yellow, indicating the presence of iron ions. 

Figure 2.2 shows the sketch of the experimental setup for single droplet combustion experiments. 

The experiments were done under conditions of normal gravity, normal pressure and room 

temperature. Detailed descriptions of the experimental setup and procedure, and imaging 

processing will be shown in Chapter 3. Hereby only a brief introduction is given. After generation, 

the single isolate droplet moved upwards in the co-flowing oxygen atmosphere and was ignited 
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using the spark. The droplet combustion process was in-focus recorded via a high-speed camera 

with the help of a three-dimensional stage. The high-speed camera was in-line installed with a 

microscopy objective (Olympus SZ1145) in order to increase the lateral magnification, giving the 

recorded image a pixel size of 6.25 µm/pixel. The particles synthesized via single droplet 

combustion were deposited on a carbon-coated copper grid (Plano GmbH-S162), which was 

placed above the flame top at a distance of 10 mm with a collection time of 30 minutes. 

 

Figure 2.2: Sketch of the experimental setup for single droplet combustion. 

2.2.3 Particle characterizations 

Brunauer-Emmett-Teller (BET) measurements were conducted using a Quantachrome NOVA 

4000e gas sorption system. The particles with a mass of ~100 mg were placed in a glass test cell. 

The prepared sample was pre-heated at 200 °C with degassing for ~2 hours in the flowing 

nitrogen atmosphere for cleaning the particle surface. In the following BET isotherm 

measurements, liquid nitrogen was adopted as the adsorbent at 77 K and at the relative pressure 

range (P/P0) from 0.01 to 0.90, in order to quantify specific surface area (SSA) of iron oxide 
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nanoparticles prepared by FSP. Here, P and P0 are the equilibrium and the saturation pressure 

of adsorbates at the temperature of adsorption, respectively. 

X-ray diffraction (XRD) measurements were carried out using a PANalytical X'Pert MPD Pro 

system with Ni-filtered CuKα1-α2 radiation. The diffraction patterns of iron oxide nanoparticles 

prepared by FSP were recorded by a PANalytical X'Celerator detector with 127 channels in the 

continuous scanning mode in the 2𝜃 range from 10° to 100° with a step size of 0.0167° and a 

measurement time step of 200 s. A fixed divergence of 1/4° was applied together with primary 

and secondary Soller slits of 0.04 rad and 0.0175 rad, in order to reduce the effects of over 

irradiation and asymmetry, respectively.  

Low- and high-resolution transmission electron microscopy (TEM and HRTEM) images were 

obtained via a Titan 80-300 ST microscope (FEITM), which was equipped with a 300 keV electron 

beam. Carbon-coated copper grids (Plano GmbH, S162) were used as the support for particles 

synthesized by single droplet combustion and FSP. The FSP prepared particles were dispersed 

into ethanol. Two or three drops of the solution were placed on the grid, and dried at ambient 

conditions.  

2.2.4 Rainbow refractometry 

Rainbow refractometry was applied to record rainbow scattering patterns from single droplet 

combustion. Figure 2.3 shows sketch of the experimental setup for rainbow refractometry. One 

laser beam (Opus 3W-532 nm, 2 mm in diameter) was expanded by the lens system into a light 

sheet with a shape of an elongated ellipse (20 mm in length and 2 mm in width), which illuminated 

on the burning droplet. The rainbow scattering patterns were recorded using one compact 

monochrome line scan CCD camera (DALSA Spyder3) at a frequency of 67 kHz. The camera 

utilized a single line of sensor pixels to build up a out-of-focus image. One Fourier-transforming 

lens was mounted in the front of the camera to focus objects from infinity with a focal length of 
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6.56 ± 0.25 mm. The recorded images have a pixel resolution of 1024 Χ 1024 with a spatial 

resolution of 96 pixels/inch. 

 

Figure 2.3: Sketch of the experimental setup for rainbow refractometry. 

2.3 Results and discussion  

This section presents the results and discussion into four subsections.  

(1) Single droplet combustion behaviors of metal organic precursor (Subchapter 2.3.1).  

(2) Single droplet combustion behaviors of metal inorganic precursor (Subchapter 2.3.2).  

The first two subsections aim to determine the mechanism and occurrence conditions of 

droplet micro-explosions, as well as to trigger explosions of droplets containing metal 

nitrates.  

(3) Rainbow refractometry measurements of single droplet combustion (Subchapter 2.3.3). 

The rainbow signals of single droplet combustion with/without explosions are compared 

and analyzed in order to provide evidences for supporting the proposed droplet micro-

explosion mechanism.  

(4) TEM measurements and particle size comparison between single droplet combustion and 

FSP (Subchapter 2.3.4). The feasibility of using single droplet combustion experiments 

to predict nanoparticle quality for FSP is assessed.  
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2.3.1 Metal organic precursor: Iron (II) naphthenate 

2.3.1.1 Single droplet combustion 

Figure 2.4 shows the high-speed camera recorded frames of single droplet combustion of 

FeNAP/p-Xylene solutions with molar concentrations of 0, 0.1, 0.25 and 0.5 mol/L in the pure 

oxygen atmosphere. The initial droplet diameters and initial droplet velocities are ~80 µm and 

~0.7 m/s, respectively. Single isolated p-Xylene droplet combusts steadily and its droplet diameter 

decreases with time until the end of combustion (Figure 2.4 a). The droplet combustion time of 

p-Xylene is ~4.1 ms. Micro-explosions were observed after a short period of steady combustion 

for FeNAP/p-Xylene droplets (Figure 2.4 b-d). The time from ignition to the first micro-explosion 

decrease from 2.6, 2.0, to 1.1 ms with increasing precursor concentration from 0.1, 0.25 to 0.5 

mol/L, respectively. The micro-explosions are continuous and multiple for the precursor solution 

droplet. For example, six continuous micro-explosions were detected during single droplet 

combustion of 0.25 mol/L FeNAP/p-Xylene (Figure 2.5). The first micro-explosion occurs at the 

relative time (the time after ignition) of 2.01 ms (milliseconds), and then the droplet surface 

explodes away, leaving the inner part of the parent droplet forming a new child droplet. The 

surface of the child droplet ejected away after a period of steady combustion (from 2.13 ms to 

2.33 ms), indicating the occurrence of the second micro-explosion. In order to describe this kind 

of exploding combustion behaviors of droplet outer-layer, surface micro-explosion is proposed. 
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Figure 2.4: Merged image sequences of isolated burning droplets of FeNAP/p-Xylene solutions 

with molar concentrations of 0, 0.1, 0.25 and 0.5 mol/L. From left to right the droplets move in the 

upwards direction in the experiment. The initial droplet image is obtained from the high-speed 

camera recorded frame at the moment of ignition. In each merged image sequence, the time 

intervals between two continuous droplet positions are 0.581, 0.651, 0.674, and 0.616 ms. Here, 

d0 represents the initial droplet diameter at the moment of ignition. 
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Figure 2.5: The high-speed camera recording image sequences of single droplet combustion of 

0.25 mol/L FeNAP/p-Xylene. The time interval is measured from the moment of the droplet ignition. 

From left to right the droplet moves in the upward direction in the experiment. 

The single droplet combustion experiments are highly reproducible, which is supported by the 

well-fitting of droplet diameter changes from ten groups of experiments (Figure 2.6). This is due 

to the stability of droplet generation and burning process. In order to avoid the influence of the 

differences of initial droplet diameters, the averaged value of droplet diameter changes of the ten 

reproducible droplets is squared and then normalized by the squared droplet initial diameter 

(Figure 2.7, top). A polynomial function of degree eight was applied to the normalized squared 

droplet diameter and then differentiated with respect to the normalized time, in order to calculate 

the droplet burning constant (Figure 2.7, bottom). This calculation is based on the classical 

spherical-symmetric diffusion-controlled combustion model, which is normally used to evaluate 
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the combustion behaviors of droplet in an oxidizing atmosphere [65, 66]. This droplet combustion 

model is also referred as the d2-law, i.e. the squared droplet diameter decreases linearly with time: 

𝑑𝑝
2 = 𝑑0

2 − 𝑘𝑡                                                                    (1) 

where 𝑑𝑝 , 𝑑0, 𝑘, and 𝑡 represent the instant droplet diameter, initial droplet diameter, burning 

constant and time, respectively. The equation is then normalized by the initial droplet squared 

diameter: 

𝑑𝑝
2

𝑑0
2 = 1 − 𝑘

𝑡

𝑑0
2                                                                    (2) 

where 
𝑑𝑝

2

𝑑0
2 , and 

𝑡

𝑑0
2  mean the normalized squared droplet diameter and the normalized time, 

respectively. Hereby, a constant value of burning constant is obtained when the normalized 

squared droplet diameter decreases linearly with the normalized time. 

Depending on the burning constant, the single droplet combustion process can be classified into 

three consecutive periods: (1) The droplet heating and vapor accumulation. (2) The quasi-steady 

burning. (3) The burnout or explosion [37]. The instant of spark appearance is considered as the 

ignition moment in this work. The oxygen molecules in the spark channel are dissociated and 

ionized with a high plasma-electrical temperature. The energies of ionization and dissociation 

energy are transformed into thermal energy, rising up the gas temperature (could be around 6000 

K) near the spark [67]. After ignition, the droplet needs time to absorb heat from the ambient as 

well as to evaporate the fuel from droplet surface to flame front. Thus, this kind of droplet heating 

and vapor accumulation results in one short period, where the burning constant increases, the 

droplet diameter barely decreases, and flame diameter increases. Then the droplet burns in a 

quasi-steady state, where the burning constant changes slightly and the droplet squared diameter 

decreases almost linearly with time (d2-law). In the burnout or explosion, the burning constant 

starts to drop dramatically and droplet diameter ceases to decline. Finally, the droplet stops 

burning or explodes. These three period characteristics are observed in the single droplet 
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combustion of of FeNAP/p-Xylene solutions with molar concentrations of 0, 0.1, 0.25 and 0.5 

mol/L (Figure 2.7). 

 

Figure 2.6: Droplet diameter changes of ten burning droplets for single droplet combustion of 

FeNAP/p-Xylene solutions with molar concentrations of 0, 0.1, 0.25 and 0.5 mol/L (from bottom 

to top). For each FeNAP/p-Xylene solution, all these ten droplets explode at the nearly same time. 
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Figure 2.7: Changes of the normalized squared droplet diameter (top) and burning constant 

(bottom) for FeNAP/p-Xylene droplets. The ignition of the droplet corresponds to a normalized 

time equal to zero with a droplet diameter to d0. A polynomial function of degree eight was applied 

to the normalized squared droplet diameter and then differentiated with respect to the normalized 

time to calculate the droplet burning constant. 

2.3.1.2 Micro-explosions during single droplet combustion 

Disruptive droplet combustion (micro-explosions) is caused by the superheating and internal 

boiling of the high-volatility component trapped in the droplet, whose surface temperature is 

dominated by the low-volatility component [31]. Depending on the thermal decomposition of 

precursors, disruptive droplet combustion behaviors of precursor solutions are classified into 

puffing and droplet surface micro-explosion. The phenomenon of puffing is similar as that of 

water-in-oil emulsion droplet combustion, where water vapor is blown out from the droplet surface. 

Puffing takes place in droplet combustion of high-volatility precursors, which evaporate fast and 
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directly into gas phase. Thermal decompositions of precursors in liquid droplet are absent. One 

representative example is hexamethyldisiloxane (HMDSO) dissolved into xylene. Multiple droplet 

surface micro-explosions are observed during single droplet combustion of metal-organic 

precursors, which thermally decompose into multiple steps over a wide temperature range 

exceeding the limit of superheat of high-volatility solvents. Hereby the thermal decomposition 

temperature range (90 - 515 °C) of FeNAP exceeds the limit of superheat (306 °C) of p-xylene, 

which is supported by the thermogravimetric analysis and differential thermal analysis (TGA-DTA) 

in Figure 2.8. Consequently, multiple droplet surface micro-explosions occur during single droplet 

combustion of 0.25 mol/L FeNAP/p-Xylene (Figure 2.5). The outer layer of the parent droplet 

ejects away and combust strongly to form a large flame, leaving the inner part of the droplet to 

form a new child droplet, which continues to burn and explode. This experimental observation 

leads to the conceptual mechanism of shell formation and subsequent explosion.  

 

Figure 2.8: Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) in the 

temperature range from 25 to 575°C for p-Xylene (black), FeNAP (red), and 0.1 mol/L FeNAP/p-

Xylene. The measurements were performed at an increased temperature rate of 7.5 °C/min under 

a flow of 50 mL/min synthetic air. 
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Figure 2.9 shows the mechanism of droplet surface micro-explosions, which follows three steps: 

(1) diffusion-controlled combustion of the high-volatility component (d2-law, i.e., the squared 

droplet diameter decreases linearly with time), and accumulation of the low-volatility component 

at the droplet surface, (2) thermal decomposition of the low-volatility precursor at the droplet 

surface and subsequent viscous shell formation, and (3) surface micro-explosion owing to the 

pressure build-up caused by the heterogeneous vapor nucleation of the high-volatility component 

beneath the shell [6, 28, 33]. Intermediates from precursor thermal decomposition, the 

undecomposed precursor and part of solvent at the droplet surface, are considered to participate 

in the formation of shell. The inner surface of the shell is assumed to supply sites for subsequent 

heterogeneous vapor nucleation [38]. Hereby heterogeneous instead of homogeneous vapor 

nucleation is proposed, which is based on the same occurring time of micro-explosions of 

precursor solutions (i.g., ten 0.5 mol/L FeNAP/p-Xylene droplets in Figure 2.6). This reproducible 

explosive phenomenon is inconsistent with the stochastic nature of micro-explosions induced by 

homogeneous vapor nucleation, which follows random bubble nucleation and bubble expansion 

inside the superheated liquid due to density fluctuation [68].  

 

Figure 2.9: Surface micro-explosion mechanism of burning precursor/solvent droplet (top row), 

and the recorded images of the combustion process of 0.1 mol/L FeNAP/p-Xylene droplet via the 
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high-speed camera recording (bottom row). The time interval is measured from the moment of 

ignition. This figure is adapted and reprinted with the permission from Ref. [38]. 

The single droplet combustion of precursor solutions is considered as diffusion controlled or 

diffusion limited transport [32]. While the vapor is withdrawn from the droplet surface, the liquid 

phase mass diffusion rate is one to two orders slower than the droplet surface regression and the 

liquid phase thermal diffusion rate during combustion. Thus, the liquid element in the core of the 

burning droplet can be assumed to be trapped during most of the droplet lifetime [69]. Based on 

this assumption, the new formed child-droplet is considered to have the same composition as the 

initial droplet, and it continues to burn and explode with time. Increasing the precursor 

concentration accelerates the shell formation and droplet explosion (Figure 2.4, 2.6 and 2.7). 

Thus, the occurrence times of droplet surface micro-explosions are expected to become longer 

for the high precursor concentration solutions.  

2.3.2 Metal inorganic precursor: Iron (III) nitrate nonahydrate 

Figure 2.10 and Figure 2.11 shows the high-speed camera recorded frames and the normalized 

squared droplet diameters, respectively, of single droplet combustion of EtOH, EtOH+EHA, 0.1 

mol/L FeNT/EtOH, and 0.1 mol/L FeNT/EtOH+EHA in the pure oxygen atmosphere. After a period 

of steady combustion, single droplets of ethanol and 0.1 mol/L FeNT/EtOH cease to burn, leading 

to flame extinction and non-burning residuals (Figure 2.10 a and c). The transfer of water vapor 

from flame to droplet causes this incomplete combustion. Ethanol has a lower boiling point than 

water, and both liquids could completely mix with each other. The water vapor produced from 

flame could diffuse back to the ethanol droplet and condense into droplet, which result in flame 

extinction and residual formation of alcohol-based precursor-solvent droplets. 
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Figure 2.10: Merged image sequences of isolated burning droplets of (a) EtOH, (b) EtOH+EHA, 

(c) 0.1 mol/L FeNT/EtOH, and (d) 0.1 mol/L FeNT/EtOH+EHA. From left to right the droplets move 

in the upwards direction in the experiment. The initial droplet image is obtained from the high-

speed camera recorded frame at the moment of ignition. In each merged image sequence, the 

time intervals between two continuous droplet positions are 1.350, 0.640, 0.663, and 0.663 ms. 

Here, d0 represents the initial droplet diameter at the moment of ignition. 

Mixing ethanol with EHA promotes the complete combustion of droplets (Figure 2.10 b and 

Figure 2.11). Pure ethanol and pure EHA evaporate completely up to their boiling points of 78 °C 

and 228 °C, respectively (Black and violet curves in Figure 2.12). The TG measurement of the 

mixture of ethanol and EHA shows a two-step process from 25 °C to 228 °C, where ethanol 

dominates the first step and EHA dominates the second step (Magenta curve in Figure 2.12). 

This two-step process occurs in ~26 minutes during the TG measurement. However, single 

droplet combustion of EtOH+EHA has a short life time of ~4.5 ms. Therefore, the evaporation of 

the mixture of ethanol and EHA at the droplet surface is fast dominated by the high boiling point 

EHA. As a result, the droplet surface temperature is enhanced above the boiling point of water, 
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which hinders the condensation of water vapor onto the droplet surface. However, the addition of 

EHA slows down the droplet burning constant compared to pure ethanol droplet (Green and black 

curves in Figure 2.11), which is caused by the larger heat of evaporation and the higher boiling 

point of EHA than ethanol (Table 2.1).  

 

Figure 2.11: Changes of the normalized squared droplet diameter of EtOH (black square), 

EtOH+EHA (green triangle), 0.1 mol/L FeNT/EtOH (blue diamond) and 0.1 mol/L 

FeNT/EtOH+EHA (red circle). The ignition of the droplet corresponds to a normalized time equal 

to zero with a droplet diameter to d0. The normalized squared droplet diameters of ethanol and 

0.1 mol/L FeNT/EtOH+EHA keep unchanging above 0.58 µs/µm2, which is caused by non-burning 

residuals (Figure 2.10 a and c). 

Surface micro-explosion was observed during single droplet combustion of 0.1 mol/L 

FeNT/EtOH+EHA (Figure 2.10 c) but was absent during single droplet combustion of 0.1 mol/L 

FeNT/EtOH (Figure 2.10 d). The thermal decomposition temperature range of FeNT (Red curve 

in Figure 2.12) is below the limit of superheat (214 °C) of ethanol (Vertical dashed line in Figure 
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2.12). In addition, the evaporation process of 0.1 mol/L FeNT/EtOH is almost finished before 

reaching 100°C. Thus, micro-explosion is absent for burning droplets of 0.1 mol/L FeNT/EtOH. 

Different with FeNT and 0.1 mol/L FeNT/EtOH, the thermal decomposition of 0.1 mol/L 

FeNT/EtOH+EHA shows multiple steps over a wide temperature range exceeding the limit of 

superheat of ethanol. In addition, it is known that Fe(III) 2-ethylhexanoate has a thermal 

decomposition temperature range from 118.6 to 459.3°C [70]. Thus, the chemical reaction of EHA 

and iron nitrate to form iron carboxylate structure is proposed. This assumption is further 

supported by the presence of COO¯ stretching bands of carboxylates using Fourier transform 

infrared spectroscopy (FTIR) measurements when EHA is added into iron nitrate based solutions 

[6, 8, 71]. 

 

Figure 2.12: Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) in the 

temperature range from 25 to 575°C for EtOH (black), FeNT (red), EHA (violet), EtOH+EHA 

(magenta), 0.1 mol/L FeNT/EtOH (olive), and 0.1 mol/L FeNT/EtOH+EHA (blue). The 

measurements were performed at an increased temperature rate of 7.5 °C/min under a flow of 50 

mL/min synthetic air. 
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2.3.3 Rainbow refractometry measurements of single droplet combustion 

The proposed shell formation mechanism in Subchapter 2.3.1 can be supported by rainbow 

refractometry measurements. After ignition, the rainbow scattering patterns (rainbow scattering 

angles) of p-Xylene first increase and then decrease with time, which lasts for 3.2 ms (Figure 

2.13 a). Rainbow scattering patterns of single component droplets are highly sensitive to refractive 

index inside the droplet, which is a function of temperature [29]. After ignition, while the surface 

temperature increases rapidly due to the fast heat transfer from the flame, the core temperature 

increases gradually because of the slow liquid-phase thermal diffusion (Figure 2.14 e). Thus, the 

temperature gradient causes an increasing refractive index gradient from the droplet surface to 

core, which changes the refraction paths of rainbow rays inside the droplet and results in the 

increase of rainbow scattering patterns (Figure 2.14 c and Figure 2.15 a). As droplets combust, 

the temperature gradient becomes weak because of the increase of the core temperature (Figure 

2.14 e). As a result, the changed refraction paths resume to be straight, leading to the decrease 

of rainbow scattering patterns [29, 32] (Figure 2.14 a and Figure 2.15 a). 

Different from single component droplets, the rainbow scattering patterns of precursor solution 

droplets exhibit two periods of increase and decrease (Figure 2.13 b, c, and d). The first period 

is caused by the temperature gradient after droplet ignition, which is similar to the single 

component droplet (Figure 2.15 a). The second period of increase and decrease of the rainbow 

angle was induced by the temperature gradient between the droplet surface and core, which is 

caused by the shell formation [30] (Figure 2.14 d and f, and Figure 2.15 c). The recoding time 

of this characteristic decease from 2.3, 1.7, to 1.4 ms with the increasing iron precursor 

concentration from 0.1, 0.25, to 0.5 mol/L, respectively (Figure 2.13 b, c, and d). It indicates the 

early occurrence of droplet surface micro-explosions with increasing precursor concentrations. 
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Figure 2.13: The recorded rainbow scattering patterns of single droplet combustion of p-Xylene 

(a), 0.1 (b), 0.25 (c) and 0.5 (d) mol/L FeNAP/p-Xylene. The vertical axis and the horizontal axis 

represent the scattering angle (totally 10.2°) and the time (totally 15.2 ms), respectively. The 

representative photograph of each single droplet flame is shown in each figure. These 

photographs are taken via a CCD camera with a low frame rate of 30 fps (frame per second). The 

recording time from droplet ignition to the 1st micro-explosion (marked with yellow arrows) 

reduces with the increasing precursor concentration. Here, d0 and T represent the initial droplet 

diameter at the moment of ignition and the room temperature in the laboratory, respectively. 
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Figure 2.14: Rainbow signals of burning droplets of xylene (a) and 0.5 mol/L Tin (II) 2-

ethylhexanoate dissolved in xylene (b). Simulated temperature gradients from the droplet core to 

surface (c) and (d). Simulated temperature changes of the droplet surface and core (e) and (f). 

The simulation is based on experimental rainbow signals of (a) and (b), and detailed modelling 
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can be found in the Ref. [30]. Figure (b) is adapted and reprinted with the permission from the 

Ref. [30]. 

 

Figure 2.15: Rainbow signals of 0.1 mol/L FeNAP/p-Xylene droplet (b). The schematic of light 

rays to explain (a) the first period and (c) the second period of increase and decrease. The 

comparison of the optical light rays in (c) suggests that the second increase and decrease part of 

the rainbow signal is caused by the temperature gradient, which is triggered by the shell formation. 

This figure is adapted and reprinted with the permission from the Ref. [30]. 

For single droplet combustion of ethanol and 0.1 mol/L FeNT/EtOH, the rainbow scattering 

patterns increase after ignition, then decrease with time, and finally increase again. The second 

period of increase is caused by the absorption of water into the alcohol-based precursor-solvent 

droplets. The absorbed water mainly exists at the droplet surface, and part of it would diffuse into 

the droplet center, forming a composite gradient from the droplet surface to core. Water has a 

lower refractive index than ethanol (water and ethanol have refractive indexes of 1.33252 and 

1.35912 at 25°C, respectively), and the refractive index of ethanol-water  mixture decreases with 

the amount of water [72]. Thus, an increasing refractive index gradient is formed from the droplet 

surface to core, resulting in the increase of rainbow scattering patterns. It is challenging to record 
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the droplet flames of ethanol and 0.1 mol/L FeNT/EtOH even without any background light (the 

representative photographs in Figure 2.16 a and c), because ethanol is considered as a non-

sooting fuel at normal conditions [73]. On the contrary, droplet flames of EtOH+EHA and 0.1 mol/L 

FeNT/EtOH+EHA are bright, owning to the high mole ratio of carbon to hydrogen of EHA. Rainbow 

scattering patterns of EtOH+EHA droplet show one period of increase and decrease, and 0.1 

mol/L FeNT/EtOH+EHA droplet express two periods of increase and decrease.  

 

Figure 2.16: The recorded rainbow scattering patterns of single droplet combustion of (a) EtOH, 

(b) EtOH+EHA, (c) 0.1 mol/L FeNT/EtOH, and (d) 0.1 mol/L FeNT/EtOH+EHA.  The vertical axis 

and the horizontal axis represent the scattering angle (totally 10.2°) and the time (totally 15.2 ms), 

respectively. The representative photograph of each single droplet flame is shown in each figure 

(The contrast of the photograph is improved in order to make the droplet flame more clearly in the 
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printed version.). The recording time from droplet ignition to the first micro-explosion (marked with 

yellow arrows) reduces with increasing precursor concentration. 

2.3.4 TEM measurements and nanoparticle comparison 

Agglomerated, spherical, and crystallite iron oxide nanoparticles were synthesized from single 

droplet combustion and FSP using the precursor solvent system of FeNAP/p-Xylene (Figure 

2.17). The nanoparticles prepared from single droplet combustion and FSP have almost the same 

morphology (Figure 2.17, first row) and size distributions (Figure 2.18), when the same metal 

concentration is used. The mean particle size of flame-made particles increases from to 7.0, 9.4 

to 13.7 nm with increasing of the iron precursor concentration from 0.1, 0.25 to 0.5 mol/L, 

respectively. Similarly, the mean particle size of droplet-made particles also increases from to 7.1, 

10.1 to 12.8 nm with increasing of the iron precursor concentration. For the same precursor 

concentration, the mean particle size is almost the same for flame-made particles and droplet-

made particles (Figure 2.18). 
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Figure 2.17: TEM images (first row), high resolution TEM (HRTEM) images (second row), and 

selected area electron diffractions (third row) of iron oxide particles obtained from FSP and single 

droplet combustion. The precursor solvent system is FeNAP/p-Xylene with a metal concentration 

of 0.1 (a), 0.25 (b), and 0.5 (c) mol/L. Selected area electron diffraction patterns showing ring 

structure.  
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Figure 2.18: Particle size distributions of iron oxide particles obtained from FSP and single droplet 

combustion. The precursor solvent system is FeNAP/p-Xylene with a metal concentration of 0.1 

(a), 0.25 (b), and 0.5 (c) mol/L. The mean particle size is almost the same for flame-made particles 

and droplet-made particles. 

From single droplet combustion of 0.1 mol/L FeNT/EtOH, micro-size particles (Figure 2.19 a, the 

third column) are synthesized because of droplet-to-particle conversion, which is supported by 

the residuals at the end of droplet combustion (Figure 2.10 c). Moreover, small and homogeneous 

particles (Figure 2.19 a, the fourth column) are obtained as well, which are synthesized via the 

gas-to-particle conversion during the steadily droplet combustion. Using the mixture of 2-

ethylhexanoic acid and ethanol (volume ratio as 1:1) as the solvent results in the formation of 

homogenous particles (Figure 2.19 b, the second column). Compared to pure ethanol, the 

addition of EHA slows down droplet combustion (Figure 2.11) because of its higher boiling point 
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and larger heat of evaporation while it has a larger heat of combustion (Table 2.1). However, the 

usage of 2-ethylhexanoic acid converts Iron nitrate into carboxylate complex, which induces 

droplet micro-explosions to achieve secondary atomization and to promote the homogeneous 

nanoparticle synthesis via gas-to-particle conversion [6, 33]. Therefore, three possible locations 

of particle formation during single droplet combustion of precursor-solvent combinations are 

summarized: (1) The steadily combustion periods, including the period from ignition to the first 

micro-explosion as well as the periods between two continuous micro-explosions. Here, the liquid 

precursor and its thermal decomposed intermediates absorb heat from flame, evaporate into 

vapors, and diffuse to the flame front. At the flame front, the fuel vapors undergo gas-phase 

thermal decomposition, and react with oxygen in the gas phase forming metal oxide vapors. Metal 

oxide vapors start nucleating in the colder flame regions owning to supersaturation, followed by 

particle growth (via coagulation and sintering), aggregation and agglomeration. Homogeneous 

particles are expected due to gas-to-particle conversion. (2) Residuals after flame extinction: 

inhomogeneous particles containing micro-size particles are expected from the droplet-to-particle 

conversion, where the low volatility precursors precipitate and decompose in the liquid phase. (3) 

Droplet micro-explosions: the secondary atomization of the solution and subsequent fast heat 

release from strong combustion result in the synthesis of homogeneous particles via gas-to-

particle conversion. BET and XRD measurements of FSP synthesized iron oxide particles are 

shown in Appendix A.2. 
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Figure 2.19: TEM images (first row), high resolution TEM (HRTEM) images (second row), and 

selected area electron diffractions (third row) of iron oxide particles obtained from FSP and single 

droplet combustion. The precursor solvent system is (a) 0.1 mol/L FeNT/EtOH, and (b) 0.1 mol/L 

FeNT/EtOH+EHA.   
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Figure 2.20: Particle size distributions of iron oxide particles obtained from FSP and single droplet 

combustion. The precursor solvent system is (a) 0.1 mol/L FeNT/EtOH, and (b) 0.1 mol/L 

FeNT/EtOH+EHA.  

Iron oxide particles synthesized from single droplet combustion and FSP have shown similarity in 

size and morphology (Figure 2.17, 2.18, 2.19 and 2.20). In order to provide theoretical 

explanations, hereby simple monodisperse coagulation is used to estimate the changes in particle 

number concentration and particle size [74]: 

𝑑(𝑡) = 𝑑0 ∗ (1 + 𝑁0 ∗ 𝐾0 ∗ 𝑡)
1

3                                               (3) 

where 𝑑(𝑡), 𝑑0 , 𝑁0 , 𝐾0 , and 𝑡 are primary particle size, initial monomer size, original particle 

number concentration at time zero, coagulation coefficient, and particle residence time, 

respectively. The particle size ratio of FSP to single droplet combustion is expressed as:  
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𝑑(𝑡)𝐹𝑆𝑃

𝑑(𝑡)𝑆𝐷
= (

1+𝑁0_𝐹𝑆𝑃∗𝐾0∗𝑡𝐹𝑆𝑃

1+𝑁0_𝑆𝐷∗𝐾0∗𝑡𝑆𝐷
)
1

3                                                (4) 

Here, 𝐾0 is assumed to be a constant of 3.0*10-16 m3/s at standard conditions.  

According to the investigation from FSP, the highest temperature of 2460 K was obtained at the 

height of 35 mm above the nozzle (Figure 2.21 a), where the residence time and primary particle 

size are 0.27 ms and 1.9 nm, respectively [75]. Nucleation and the onset of the particle growth 

take place right after the highest temperature. The increase in the primary particle size ceases at 

the height of 190 mm above the nozzle, indicating the completion of coagulation and sintering. At 

this distance, the related flame temperature and residence time are 1370 K and 8.4 ms, 

respectively. Therefore, the particle residence time in FSP is considered as ~ 8 ms. Even though 

the profiles of fuel, product, oxidizer and temperature from the droplet surface to the oxidizing 

atmosphere can be simulated (Figure 2.21 b) [21], the nanoparticle formation from the flame front 

is still a “black box”. Therefore, the particle residence time in single droplet combustion is assumed 

based on the first surface micro-explosion. During droplet surface micro-explosion, the particle 

residence time is considered as ~ 0.1 ms, which is determined by evaluating the combustion time 

of the ejected fragments during the first surface micro-explosion in the single droplet combustion 

of 0.25 mol/L FeNAP/p-Xylene (Figure 2.5 and Figure 2.21 c). The original particle number in 

the ejected fragment flame is assumed as the iron atom number difference between the droplet 

at spark ignition and the droplet after the first surface micro-explosion. The volume of the fragment 

flame is considered as the volume difference between fragment flame and the droplet after the 

1st micro-explosion. Therefore, the original particle number concentration during droplet 

combustion is estimated. The original particle number concentration of FSP is around eighty times 

of that in single droplet combustion [75]. Thus, the particle size ratio of FSP to single droplet 

combustion is assessed as: 
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𝑑(𝑡)𝐹𝑆𝑃

𝑑(𝑡)𝑆𝐷
= ~1                                                             (5) 

 

Figure 2.21: (a) Simulated temperature (black line), residence time (blue line) and primary particle 

diameter (red line) profiles along the centerline of the spray flame. One simulated flame image is 

shown in the left top to indicate the height above the nozzle in the flame. This figure is adopted 

with permission from the Ref. [75]. (b) Simulated temperature profile (black dashed line), mass 

fraction profiles of fuel (red line), product (pink line), and oxidizer (blue line) from the droplet 

surface to the surrounding during single droplet combustion of xylene with air. This figure is 

reprinted with permission from the Ref. [21]. Copyright (2021) American Chemical Society. (c) 

The high-speed camera recording image sequences of ignition and the first micro-explosion 

process in the single droplet combustion of 0.25 mol/L FeNAP/p-Xylene. 
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2.4 Summary and conclusions 

2.4.1 Summary 

(1) The synthesis of iron oxide nanoparticles was experimentally performed using single 

droplet combustion and FSP techniques. Seven precursor-solvent combinations were 

tested to identify their chemical stabilities at room temperature. The single droplet 

combustion behaviors of five precursor-solvent combinations containing iron organic 

precursor and iron nitrate precursor were investigated using high-speed camera imaging 

technique and rainbow refractometry technique. Micro-explosions occur during single 

droplet combustion of precursor solutions using iron organic precursor instead of iron 

nitrate precursor. The conceptual mechanism was proposed to explain droplet micro-

explosions, which can be supported by rainbow refractormetry measurements.  

(2) The disruptive burning behavior (droplet micro-explosions) induces secondary-

atomization of droplets, resulting in the acceleration of droplet evaporation and precursor 

release into the gas phase. As a result, the formation of homogeneous nanoparticles is 

promoted via the gas-to-particle conversion route. The usage of 2-ethyhexanoate acid 

converts low-volatility iron nitrate into high-volatility iron carboxylate, inducing droplet 

micro-explosions to promote the synthesis of homogeneous nanoparticles. The 

synthesized iron oxide particles from single droplet combustion and FSP were 

characterized using TEM, BET, and XRD measurements. The morphology and primary 

size of iron oxide particles from single droplet combustion and FSP were compared. 

2.4.2 Conclusions 

(1) Droplet surface micro-explosions occur during single droplet combustion experiments of 

many FSP precursor solutions. The occurrence of multiple droplet surface micro-

explosions depends on the following conditions: (i) Volatility/boiling point difference 

between the precursor and the solvent, which promotes the concentration of the low-
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volatility precursor at droplet surface. (ii) Thermal decomposition of the precursor, which 

enhances the viscous shell formation. (iii) Limit of superheating of the high-volatility 

solvent, which is in the temperature range of thermal decomposition of the precursor. 

(2) Flame extinction and residual formation of alcohol-based precursor-solvent droplets result 

in the formation of inhomogeneous particles containing large and hollow powders at micro-

scale. Adjusting the precursor-solvent system could induce disruptive droplet combustion 

of low-volatility metal nitrate precursors, enhancing the synthesis of homogeneous 

particles via FSP. It will be an economic alternative in industrial nanomaterial production 

by FSP, where the usage of organic precursors is estimated the largest cost factor. 

(3) Particles obtained from single droplet combustion and FSP were similar in size and 

crystalline state. It indicates that single droplet combustion experiments are able to predict 

the product quality, to interpret the cause of particle formation, and to seek solutions to 

improve the production of homogeneous nanoparticles in FSP. 
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3 Three-dimensional measurements of double droplet combustionII 

3.1 State of art 

To understand the precursor mass transfer from liquid droplet to gas phase, it is important and 

necessary to study droplet evaporation and combustion in flame spray pyrolysis (FSP). While the 

gas-phase flame and nanoparticle synthesis have been in-situ analyzed with various optical 

diagnostics, the in-situ characterization of liquid droplets during FSP is mainly conducted by laser-

sheet based Mie scattering and phase Doppler anemometry (PDA, also called phase Doppler 

interferometry) [3, 9]. Kilian et al. utilized laser-sheet based Mie scattering to gather the spatial 

droplet distribution in FSP synthesis of silica nanoparticles. They studied the spatial spreading of 

the nucleation zone as a function of precursor concentration [76]. Heine and Pratsinis applied 

PDA to in-situ measurements of the velocity profiles and size distributions of droplets during FSP 

synthesis of nanoparticles, and analyzed the effect of the initial droplet size on the evolution of 

the product particle size and polydispersity [77]. Gröhn et al. validated their computational model 

for zirconia nanoparticle synthesis with the PDA measured droplet velocity, size distribution and 

number concentration [78]. Stodt et al. studied the mean droplet size distributions and velocity 

profiles of burning and non-burning ethanol sprays using PDA measurements [24]. Aßmann et al. 

applied wide-angle light scattering technique to measure droplet sizes and their distributions in 

the spray flame [79]. Until now, the spatial droplet distribution, velocity profiles, number 

concentrations, and size distributions of droplets in FSP have been recognized. However, the in-

situ temporal and spatial resolved measurements of evaporation and/or burning rates, lifetimes, 

composition changes, temperature changes and interactions of droplets in FSP are still lacking 

due to the severe experimental conditions. 

 
II The results presented in this chapter are partially published in the following manuscript: 

H. Li, N. Riefler, T. Wriedt, L. Mädler. Reference data set for three-dimensional measurements of double droplet 
combustion of p-xylene. Proceedings of the Combustion Institute. DOI: https://doi.org/10.1016/j.proci.2020.06.297. 
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Droplet interaction is an essential factor for studying droplet evaporation and combustion in the 

spray flame, because each droplet is influenced by immediately-neighboring droplets [80]. To 

classify interactive droplet investigations, William A. Sirignano has proposed three theory 

categories: spray, droplet group, and droplet array. (1) Spray theory takes into account the full 

coupling among the ambient gas and the local gas properties, and the droplet properties. A 

statistic or average representation of properties is made. (2) Group theory considers the gas 

conditions surrounding a cloud of droplets as given and proceeds to determine the local ambient 

conditions, droplet properties and vaporizations rates. A statistical description of droplet spacing 

is used. A representative example is the four group combustion modes proposed by Chiu and his 

coworkers [81, 82]. (3) Array theory adopts a well-defined geometry for a few droplets or a periodic 

configuration for a large number of droplets [80, 83]. In a spray, separating the influences of 

various parameters on the analysis of the phenomena is challenging due to the complicated 

droplet trajectories, dispersions in droplet sizes and velocities, and the non-uniform spatial 

distribution of the droplet number density [84]. As an alternative, droplet array has advantages to 

provide a precise geometrical description of droplet spacing and to demonstrate the functional 

relationship between droplet evaporation and the local ambient conditions [83]. Until now, many 

experimental investigations have been carried out on droplet array vaporization and combustion 

[80, 83, 85]. Miyasaka and Law found that buoyancy effect highly promotes the droplet 

evaporation rate to compensate for the interference effect during combustion of strongly 

interacting linear suspended droplet arrays [86]. Kato et al. experimentally investigated the flame 

spread phenomena in a suspended fuel droplet array in a high-pressure ambience, and illustrated 

that as droplet spacing becomes smaller flame spread rate increases and attains a maximum 

value at a specific spacing [87]. Shaw et al. indicated that droplet stream interactions affect soot 

generation and droplet disruption when investigating combustion characteristics of double droplet 

streams of methanol and methanol/dodecanol injected into hot gas environments [88]. Chen and 

Lin studied the variations of droplet combustion with the stream drop spacing using experiments 
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of droplet string of different initial spacing falling freely into a high temperature convection 

environment [85]. Yoschida et al. used microgravity experiments of droplet arrays placed at fiber 

intersections to investigate the flame-spread limit from interactive burning droplets, and indicated 

this value increases with the burning lifetime [89]. Wang et al. studied evaporation characteristics 

of single and multiple fuel droplets in a stagnant hot atmosphere using high-speed backlit image 

technique, and suggested that the evaporation interactions between droplets are significant at 

low temperature [90]. 

Droplet array tests using fiber suspended droplets and using freely flying droplets are two 

common ways to study droplet interactions. Both methods give information of the influence of 

local ambient conditions on droplet evaporations. For example, the critical droplet spacing (where 

the two separated flame fronts start to merge), the influence of ambient atmosphere (composition, 

pressure, and temperature), and the heat transfer between neighboring droplets. Differences exist 

between these two ways, which decide the application areas. For fiber suspended droplets, the 

heat conducted by the fiber need to be considered, and the fiber creates the difficulty to observe 

residual droplets. In addition, the suspended single droplets are non-spherical and have 

diameters of more than 1000 µm, which are larger than the real droplet sizes in spray combustion. 

However, the fiber suspended droplets have the advantage to investigate a large number of 

droplets (for example, flame-spread) due to the easy operation of the fiber system. Freely flying 

droplets have similar small sizes as the spray droplets, and their shapes are symmetric spherical 

due to the effect of surface tension. The high-speed camera imaging with microscope is able to 

observe the small residuals. Moreover, freely flying droplets are ideal for laser-based 

measurements, which are unsuitable to fiber suspended droplets because of the fiber and the 

droplet non-sphericity. Freely flying droplets are also ideal to study the collision between droplets 

[91]. However, the droplets are flying, and thus the information of droplet and flame are changing 

with time. Thus, it has a high requirement for the recording setups. Compared to fiber hanged or 
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suspended droplets, droplet streams can exclude the fiber influence, allowing the use of more 

optical diagnostics, including PDA, rainbow refractometry, fluorescence, and two-color laser-

induced fluorescence (LIF). This is of great importance for providing adequate and accurate data 

to validate simulation and modelling of droplet interactions. Hereby, freely flying droplets are 

preferred to investigate double droplet combustion in the pure oxygen because it fits well to the 

application of studying the FSP process.  

In this chapter, double droplet combustion experiments of pure solvent and precursor solutions 

are performed via an improved piezoelectric droplet-on-demand generator. For the first time, the 

three-dimensional (3D) measurement technique based on two highly time-synchronized high-

speed cameras is developed in order to measure the process of double droplet combustion. The 

effects of droplet interactions, the oxidizing atmosphere, and the droplet composition on double 

droplet combustion behaviors are experimentally studied. In addition, it is known from Chapter 2 

that droplet micro-explosions occur in single droplet combustion experiments. In this chapter, the 

occurrence of droplet micro-explosions in double droplet experiments and the influence of droplet 

interactions on droplet micro-explosions are experimentally investigated as well. 

3.2 Experimental setup and procedure 

3.2.1 Setup construction 

Figure 3.1 shows the sketch of the experimental setup for single and double droplet combustion. 

The setup mainly contains a glass reservoir, a droplet-on-demand generator, two electrodes, co-

flowing oxygen, a CCD camera, a LED stroboscope, a cold LED light source with a gooseneck 

light guide, two high-speed cameras, and two objectives. The precursor solutions were stored in 

a glass reservoir, and fed to the droplet generator by a plastic pipe. The single or double droplets 

were generated from a piezoelectric droplet-on-demand generator [92, 93], and moved upwards 

in the co-flowing oxygen atmosphere in a glass cuvette (10 mm in length, 10 mm in width, and 40 

mm in height). The gas flow rate of the pure oxygen (purity 99.95%) was controlled by a mass 
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flow controller (Bronkhorst, EL-Flow) to create a pure oxygen atmosphere (400 mL/min oxygen). 

The co-flowing atmosphere has a velocity of 0.067 m/s. The droplets were ignited by the electric 

spark discharge created by two tungsten electrodes (100 µm in diameter). The CCD camera and 

the LED stroboscope simultaneously capture the images of the generated droplets and ignited 

flames, in order to evaluate the conditions of droplet generation and flame formation. Highly 

reproducible and stable droplets and flames were required for droplet combustion experiments. 

The droplet combustion processes were in-situ recorded by the two high-speed cameras: one 

recorded the images of droplets with the backlight provided by the cold LED light source, and the 

other recorded the images of flames without any backlight. 

 

Figure 3.1: Sketch of the experimental setup for double-droplet combustion. The two high-speed 

cameras were horizontally installed at an angle of 90°. 

Figure 3.2 a shows the piezoelectric droplet-on-demand generator, which mainly contains a 

titanium tube with two screw threads on each side, a piezo actuator (PIC 151, PI Ceramics) 

surrounding the middle part of the titanium tube, and a stainless steel nozzle plate (Micreon GmbH) 

installed in the top. The contraction of the piezo actuator accelerates the fluid in the titanium tube, 

leading to a pressure wave and the subsequent droplet ejection from the nozzle [94, 95]. The 

nozzle plate has a thickness of 200 µm and a diameter of 3.2 mm (Figure 3.2 b). The nozzle plate 

is flexible in installation and disassembly, and thus one generator can produce different kinds of 
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droplets using various types of nozzle plates. In this work, two nozzle plates were employed to 

generate single and double droplets, as shown in Figure 3.2 c and d, respectively. The ultra-

short pulse laser for the purpose of single droplet generation (Figure 3.2 c) drilled one hole in the 

middle of the nozzle plate. Two holes with a defined center distance were drilled by the ultra-short 

pulse laser on behalf of double droplet generation (Figure 3.2 d). The droplet generation and 

spark ignition were conducted by a control software installed in a computer, an amplifier for the 

droplet driver electronic and the LED stroboscope driver, and an amplifier for the spark driver 

electronic [94]. The control software programmed with LabVIEW (National Instruments) generates 

output signals, which are transferred via RG-58 coaxial cables to the two amplifiers in order to 

control the droplet generation, the LED stroboscope imaging, and the spark ignition [94]. Detailed 

descriptions of the piezoelectric droplet-on-demand generator as well as the related experimental 

and simulated investigations can be found in Refs [92-95]. 

 

Figure 3.2: Photographs of the piezoelectric droplet-on-demand generator (a) and the nozzle 

plate (b). The sketches of nozzle plates for single-droplet generation (c) and double-droplet 

generation (d). The nozzle plate for single-droplet generation has a laser-drilled nozzle with a 

diameter of Ds=75 µm. The nozzle plate for double-droplet generation has two laser-drilled 

nozzles with diameters of D1=D2=75 µm, and a center distance of L=125 µm. 
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Table 3.1 shows the two high-speed-camera recording system used in the present work. Two 

synchronized high-speed cameras (Phantom VEO 710L) were utilized to capture the images of 

droplets and flames. These two high-speed cameras were in-line installed with either a 

microscopy objective (Olympus SZ1145) or an objective (Mitutoyo 375-039), in order to increase 

the lateral magnifications. The two high-speed cameras were installed on two three-dimensional 

adjustment stages (Figure 3.3 a and b) in order to adjust the complete recording system in the 

right positions, where the droplet center was in the depth of field of objective (Figure 3.3 c). 

Therefore, both high-speed cameras record the in-focus images of droplets and flames. 

Table 3.1: The two synchronized high-speed-camera recording systems used in the present work. 

 Two high-speed-camera recording system 

Camera and objective Phantom VEO 710L + Olympus microscopy Phantom VEO 710L + Mitutoyo objective 

Pixel resolution 
(pixel*pixel) 

832*256 1024*256 832*256 1024*256 

Pixel size (µm/pixel) 6.25 4.2 

Observe window 
(L*W, µm*µm) 

5200*1600 6400*1600 3494.4*1075.2 4300.8*1075.2 

Frame rate (frame per 
second, fps) 

33000 28000 33.000 28000 

Working distance 
(mm) 

73 51 

Depth of focus (µm) ±4.5 ±6.2 
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Figure 3.3: Photos of the two three-dimensional adjustment stages for (a) one high-speed camera 

(Phantom VEO 710L) with an objective (Mitutoyo 375-039) and (b) one high-speed camera 

(Phantom VEO 710L) with a microscopy objective (Olympus SZ1145). (c) Sketch showing the 

working distance and depth of field of objective. 

3.2.2 Imaging processing 

A Matlab script based on Canny edge detector were used to detect the boundaries of droplets 

and flames in the recorded images, as shown in Figure 3.4 a and b, respectively. The lateral 

magnification of the combinations of objectives and high-speed cameras (or the pixel size of the 

frames) were measured by taking an image of a glass ruler at the focus plane. For example, the 

distance of 238 pixels in Figure 3.4 c is equal to 1000 µm. Thus, the pixel size of the image 

recorded by the combination of objective and high-speed camera is 4.2 µm/pixel.  
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Figure 3.4: Image analysis of droplets (a) and flames (b) of a large and a small burning p-Xylene 

droplets using a Matlab script based on Canny edge detector. The droplet diameters of the large 

and the small burning p-Xylene droplets are 89 and 65 µm, respectively. The flame diameters of 

the large and the small burning p-Xylene droplets are 287 and 231 µm, respectively. The pixel 

size of the recorded images was measured by taking an image of a glass ruler at the focus plane 

of the combinations of objective and high-speed camera, as shown in the image (c). 

The droplet 3D locations, droplet 3D velocities, droplet diameters, flame diameters, and the 

distance between centers of two droplets were obtained using another Matlab script (Figure 3.5). 

The droplet diameters were detected from x-axis and y-axis (e.g., 𝐷1𝑥, 𝐷1𝑦) via droplet frame. The 

flame diameters were obtained from three axis (e.g., 𝐹1𝑥, 𝐹1𝑦, 𝐹1𝑧) via both droplet frame and 

flame frame (right column in Figure 3.5), which are useful for detecting diameters of less spherical 

and overlapped flames. The mean value of the longest length in the x and y direction was taken 

as droplet diameter, e.g., 1𝑠𝑡 𝐷𝑟𝑜𝑝𝑙𝑒𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =
(𝐷1𝑥+𝐷1𝑦)

2
. The mean value of the longest length 

in the x and z directions was taken as flame diameter, e.g., 1𝑠𝑡 𝑓𝑙𝑎𝑚𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =
(𝐹1𝑥+𝐹1𝑧)

2
. The 

distance between the two droplet centers [(𝑥1, 𝑦1, 𝑧1) and (𝑥2, 𝑦2, 𝑧2)] was calculated using the 

equation, 𝐿(𝑡) = √(𝑥1 − 𝑥2)
2 + (𝑦1 − 𝑦2)

2+(𝑧1 − 𝑧2)
2. The time-resolved 3D droplet velocity of 
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each droplet was figured out as the changes in 3D position over the time interval between two 

continuous frames. 

 

Figure 3.5: The schematics showing how to measure 3D locations (middle column), droplet 

diameters (middle column), and flame diameters (right column): (a) using droplet frame in the x-

y plane, and (b) using flame frame in the x-z plane. The droplet center location and flame diameter 

in the x-axis of droplet frame are the same as these in the x-axis of flame frame.  

3.2.3 Definitions of droplet spacing and flame spacing 

During double droplet combustion, two droplets are burning and moving with time, which give rise 

to time-resolved information including trajectories, droplet diameters, and flame diameters. To 

describe these time-resolved information, droplet spacing [𝑆𝐷(𝑡)] and flame spacing [𝑆𝐹(𝑡)] are 

defined as a function of time (𝑡): 

𝑆𝐷(𝑡) =
𝐿(𝑡)

[
𝐷1(𝑡)

2
+

𝐷2(𝑡)

2
]
                                                           (1) 

𝑆𝐹(𝑡) =
𝐿(𝑡)

[
𝐹1(𝑡)

2
+

𝐹2(𝑡)

2
]
                                                           (2) 

where 𝐿(𝑡), 𝐷1(𝑡), 𝐷2(𝑡), 𝐹1(𝑡), and 𝐹2(𝑡), represent the separation distance between two droplet 
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centers, the first droplet diameter, the second droplet diameter, the first flame diameter, and the 

second flame diameter at the specific moment of 𝑡, respectively (Figure 3.6). Hereby, the first 

droplet is defined as the one that moved at a higher position at the instant of spark ignition.  

 

Figure 3.6: The schematics showing definitions of droplet spacing (top) and flame spacing 

(bottom). The two droplet surfaces begin to merge, when 𝑆𝐷(𝑡) = 1. The two flame fronts (or flame 

sheets) start to merge, when 𝑆𝐹(𝑡) = 1. 

3.3 Results and discussion 

This section introduces the results into four subsections based on the used solution and the 

droplet number: 

(1) Single droplet combustion of pure solvent in pure oxygen atmosphere (Subchapter 3.3.1). 

The obtained data from single droplet combustion is used as a baseline for the comparison 

with double droplet combustion.  

(2) Double droplet combustion of pure solvent in pure oxygen atmosphere (Subchapter 

3.3.2). The influences of droplet interactions on droplet combustion behaviors are studied 

in order to determine the critical values, below which droplet interaction occurs.  
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(3) Double droplet combustion of pure solvent in the mixture of oxygen and nitrogen 

(Subchapter 3.3.3). The effects of oxidizing ambiences on droplet interactions, especially 

the occurrence of merged flames during double droplet combustion, are investigated.  

(4) Double droplet combustion of precursor solutions in pure oxygen atmosphere 

(Subchapter 3.3.4). The occurrence of micro-explosions during double droplet 

combustion and the influence of droplet interactions on droplet micro-explosions are 

studied. 

3.3.1 Single droplet combustion of p-Xylene in pure oxygen atmosphere 

In FSP experiments, pure oxygen is used to disperse the liquid precursor solution into micro-sized 

droplets, which burn initially in a pure oxygen ambience with subsequent air/product entrainment 

because of jet mixing [31]. Thus, droplet combustion experiments in pure oxygen ambience were 

carried out first. The influence of droplet interaction was reflected by the changes of single isolated 

droplet burning behaviors when neighboring droplet presented [85]. Therefore, the combustion 

characteristics of single droplet combustion were first investigated using two highly time-

synchronized high-speed cameras, which would play a role as the reference for the comparison 

with the burning double droplets. The spark for droplet ignition appears at the same relative time 

of 0 ms in both droplet frame and flame frame, demonstrating the perfect time synchronization of 

the two high-speed camera recording system (Figure 3.7). The burning p-Xylene droplets are 

spherical due to the effect of surface tension. The droplet diameter decreases with time until the 

end of combustion, and this combustion process lasts ~6.4 ms. In this work, the visible (luminous) 

instead of infrared (nonluminous) flame radiation was recorded using the high-speed camera. The 

luminosity of the visible (luminous) flame radiation is mainly caused by the unburnt carbon 

particulates (soot) [96].  As a hydrocarbon fuel of high-soot tendency, p-Xylene has a benzene 

ring and a high mole ratio of carbon to hydrogen, giving rise to the formation of soot particle 

precursor and the increase of soot concentration in combustion, respectively [97, 98]. 
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Consequently, the spherical flames of single isolated burning p-Xylene droplet are bright and 

visible despite under strong backlighting. The flame is almost invisible near the end of combustion 

due to the consumption of soot existing from droplet surface to flame front. The highly time-

resolved 3D information of this single burning droplet were detected using the two time-

synchronized high-speed digital cameras, and then visualized via 3D image (Figure 3.8). 

 

Figure 3.7: High-speed camera recorded (a) droplet frames in the x-y plane and (b) flame frames 

in the x-z plane of single droplet combustion of p-Xylene in pure oxygen atmosphere. The contrast 

of flame frames is improved in order to make flames more clearly in the printed version. The 

frames were recorded using the two time-synchronized high-speed cameras at a fast frame rate 

of 33000 fps. The droplets in the merged frames from left to right correspond to the upward 

movement in the experiment. Below each droplet frame the corresponding droplet diameter 

(𝑫𝑫𝒓𝒐𝒑𝒍𝒆𝒕 , µm) and flame diameter (𝑫𝑭𝒍𝒂𝒎𝒆 , µm) are given. The time interval between two 

continuous frames is 1.27 ms, which corresponds to a frame interval of 42. The initial droplet 

diameter and initial droplet velocity are around 103 µm and 0.5 m/s, respectively.  



3 Three-dimensional measurements of double droplet combustion 

 

64 
 

 

Figure 3.8: The visualized 3D image of the single burning p-Xylene droplet in Figure 3.7 at t=2.55 

ms. Red solid sphere and red dotted line indicate the droplet and its 3D trajectory, respectively. 

Blue arrow and mesh sphere represent the 3D velocity and the flame, respectively. 

The changes of droplet diameter and flame diameter were obtained from measurements of five 

highly reproducible p-Xylene droplets (Figure 3.9 a and b), which were averaged to get 

polynomial fitting curves (Figure 3.9 c and d). The flame diameter was detected with a delay of 

~0.5 ms (~8% of droplet combustion time) after spark ignition, demonstrating the heat transfer 

from spark to droplet surface, a sudden increase of droplet surface temperature, and the flame 

formation. During this droplet heating and vapor accumulation period, the heat from flame is 

mainly used to increase droplet temperature instead of evaporating the fuel at droplet surface. 

Thus, the droplet diameter decreases slowly from 0 to 0.7 ms (Figure 3.9 c and d). The 
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polynomial fitting curve of droplet diameter was normalized by the squared droplet initial diameter 

(Figure 3.9 e), and then used to gain the droplet burning constant (Figure 3.9 f). This information 

of single droplet combustion will be used as reference to compare with double droplet combustion. 

 

Figure 3.9: Measured data from five single isolated burning p-Xylene droplets: (a) droplet 

diameter, (b) flame diameter, (c) the mean droplet diameter (black curve) and the mean flame 

diameter (red curve), and their polynomial fitting curves (dotted lines), (d) the poly-fitting curves, 

(e) the normalized squared droplet diameter, and (f) the burning constant. The curves in (c), (d), 

(e), and (f) were shifted to set the moment of ignition to t=0 ms. The figure is adapted and reprinted 

with the permission from the Ref [39]. 
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3.3.2 Double droplet combustion of p-Xylene in pure oxygen atmosphere 

During double droplet combustion, the minimum value of flame spacing [𝑀𝑖𝑛(𝑆𝐹)] demonstrates 

the nearest distance between the two flame fronts. Thus, this value was exploited as the criteria 

to classify the interaction between two burning droplets. Hereby two cases of double droplet 

combustion experiments in pure oxygen atmosphere are shown: the weak interaction case 

[𝑀𝑖𝑛(𝑆𝐹) = 1.7] and the strong interaction case [𝑀𝑖𝑛(𝑆𝐹) = 1.2]. 

For the weak interaction case [𝑀𝑖𝑛(𝑆𝐹) = 1.7], the first droplet has a larger flame diameter than 

the second droplet due to its larger initial droplet diameter (Figure 3.10, 𝑡 = 0.89 ms). When the 

two burning droplets are close, the first flame exhibits strong brightness (Figure 3.10 b, at 𝑡 =

1.75 ms and 𝑡 = 2.6 ms), indicating the interactions during double droplet combustion. While the 

second droplet shows comparable changes of droplet diameter and flame diameter to single 

droplet combustion, the first droplet shows a slow droplet diameter regression from 1.2 to 2.4 ms 

(Figure 3.11 c). The droplet spacing increases steadily from 5.2 to 24.2 with respect to the relative 

time from 0 to 6.4 ms. The flame spacing first drops suddenly, then decreases slowly from 2.2 to 

1.7, and further increases continuously to 6.3 (Figure 3.11 d). The large values of the initial flame 

spacing were caused by the short-time ignition delay existing between two flame formations, 

where only the first flame diameters were considered to calculate the flame spacing from 0.5 to 

0.57 ms. The minimum value of flame spacing was obtained at the relative time of 1.75 ms, where 

the first flame has the largest diameter and the second flame diameter just passes the largest 

value (the red vertical line dashed in Figure 3.11 d). The obtained 3D information were visualized 

as 3D image as shown in Figure 3.12. 
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Figure 3.10: High-speed cameras recorded (a) droplet frames in the x-y plane and (b) flame 

frames in the x-z plane of the weak interaction case of double droplet combustion in pure oxygen 

atmosphere. The droplets in the merged frames from left to right correspond to the upward 

movement in the experiment. Below each flame frame the corresponding droplet spacing and 

flame spacing are given. At the moment of spark ignition (𝑡 = 0 ms), the initial droplet diameters 

of the first and second droplet are 116 and 98 µm, respectively. The initial droplet velocities of the 

first and second droplet are 0.77 and 0.73 m/s, respectively. 
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Figure 3.11: Measured data from the weak interaction case of double droplet combustion: (a) 

droplet diameter changes (solid circles) and flame diameter changes (empty circles), and their 

polynomial fitting curves (dotted lines), (b) polynomial fitting curves, (c) the comparison of droplet 

diameters and flame diameters with single droplet combustion, and (d) droplet spacing and flame 

spacing. The red vertical dashed line marks the moment of the minimum value of flame spacing. 

The curves in (b), (c) and (d) were shifted to set the moment of ignition to t=0 ms. The data of 

single droplet combustion is adapted and reprinted with the permission from the Ref. [39]. 
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Figure 3.12: The visualized 3D image of the weak interaction case in Figure 3.10 at t=2.5 ms. 

Red and green solid sphere mean the first and second droplet, respectively. Red and green dotted 

line represent the 3D trajectory of the first and second droplet, respectively. Blue arrows are 3D 

velocities, and mesh spheres indicate flames. Deformed flame shapes are assumed as spherical 

in 3D image. 

Figure 3.13 a and b show high-speed camera recorded droplet frames and flame frames of the 

strong interaction case [𝑀𝑖𝑛(𝑆𝐹) = 1.2], respectively. The first droplet and second droplet have 

an initial diameter of 107 µm and 112 µm, respectively. The time interval between two continuous 

frames is 0.82 ms, corresponding to a frame interval of 23. The flames of the strong interaction 

case have higher brightness and deformed shapes from 0.82 to 3.29 ms, compared to single 

isolated droplet combustion (Figure 3.7) and the weak interaction case (Figure 3.10). The strong 

interaction case has a smaller minimum flame spacing than the weak interaction case, and thus 

the influences of droplet interaction are starker. Both the first droplet and the second droplet 

display a period of slow droplet diameter regression in comparison with single droplet combustion 
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(Figure 3.14 c). While the droplet spacing increases almost linearly from 4.1 to 8.1 with respect 

to the relative time from 0 to 4.8 ms, the flame spacing decreases from 1.6 to the minimum value 

of 1.2 and then increases slowly to 2.3 (Figure 3.14 d). When two burning droplets are near 

enough, their separated flames can merge into one enveloped flame. Therefore, critical flame 

spacing [𝑆𝐹(𝑡) = 1, representing the two flame fronts starting to merge] is used to distinguish 

separated flames and merged flames during double droplet combustion. The critical flame 

spacing is absent in the strong interaction case, although the two droplets are really near to each 

other at the minimum flame spacing of 1.2 (Figure 3.13, t=1.64 ms). It is the reason of the pure 

oxygen ambience. According to the previous work from Sivasankaran et al. [99], increasing 

oxygen concentrations in the atmosphere reduces flame size and thus diminishes the interaction 

from the neighboring droplet. 

 

Figure 3.13: The two time-synchronized high-speed cameras recorded (a) droplet frames in the 

x-y plane and (b) flame frames in the x-z plane of the strong interaction case of double droplet 

combustion in pure oxygen atmosphere. The droplets in the merged frames from left to right 

correspond to the upward movement in the experiment. Below each droplet frame the 

corresponding droplet spacing and flame spacing are given. 
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Figure 3.14: Measured data from the strong interaction case of double droplet combustion: (a) 

droplet diameter changes (solid circles) and flame diameter changes (empty circles), and their 

polynomial fitting curves (dotted lines), (b) polynomial fitting curves, (c) the comparison of droplet 

diameters and flame diameters with single droplet combustion, and (d) droplet spacing and flame 

spacing. The curves in (b), (c) and (d) were shifted to set the moment of ignition to t=0 ms. The 

data of single droplet combustion is adapted and reprinted with the permission from the Ref. [39]. 

Flame standoff ratio or flame-front standoff ratio was applied to characterize the time-resolved 

luminous flame position above droplet surface, which is defined as the ratio of flame diameter to 
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droplet diameter at a specific moment [𝐹𝑙𝑎𝑚𝑒 𝑠𝑡𝑎𝑛𝑑𝑜𝑓𝑓 𝑟𝑎𝑡𝑖𝑜 =
𝐿(𝑡)

𝐷(𝑡)
]. While the flame standoff 

ratios of single droplet combustion and the second droplet in the weak interaction case slightly 

increase from 0.7 to 4.2 ms, the flame standoff ratio of the first droplet in the weak interaction 

case increases from 0.7 to 2.4 ms, and then decrease with the relative time (Figure 3.15 a, black, 

purple and blue circles). It is a result of the influence of droplet interaction, which makes the flame 

of the first droplet in the weak interaction case enlarged and bright near the minimum flame 

spacing (Figure 3.15 c). Different with single droplet combustion and the weak interaction case, 

the flame standoff ratios of the strong interaction case increase significantly from 0.7 to 1.9 ms 

and further drop drastically. The strong interaction case has a smaller minimum value of the flame 

spacing [𝑀𝑖𝑛(𝑆𝐹)], and thus the influences of droplet interactions are stronger compared with the 

weak interaction case. The captured droplet and flame frames at the minimum flame spacing 

(Figure 3.15 b and c) support this point. The flame standoff ratios of single droplet combustion 

and the weak interaction case reduce near the end of combustion, which is due to the increasing 

error or uncertainty of droplet diameter and flame diameter. Two points are attributed to this 

increasing error or uncertainty: (1) The diffraction-limited airy ring effects; (2) The difficult 

measurement of flame diameter caused by the decrease of flame brightness near the end of 

combustion. More detailed information on the two interaction cases at their minimum flame 

spacing are shown in Table 3.2. 
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Figure 3.15: (a) Comparison of the flame standoff ratio, (b) the captured droplet and flame frames 

at the minimum flame spacing of the strong interaction case [dashed vertical red line in (a)], (c) 

the captured droplet and flame frames at the minimum flame spacing of the weak interaction case 

[dashed vertical purple line in (a)]. In the frames of (b) and (c), from left to right the droplets move 

in the upward direction in the experiment. The droplet and flame of the first droplet are on the right 

side in each frame. The data of single droplet combustion is adapted and reprinted with the 

permission from the Ref. [39]. 
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Table 3.2: Information of the weak interaction case [𝑀𝑖𝑛(𝑆𝐹) = 1.7] and the strong interaction 

case [𝑀𝑖𝑛(𝑆𝐹) = 1.2 ] of double droplet combustion, at the moment of their corresponding 

minimum flame spacing.  

 Weak interaction Strong interaction 

Minimum flame spacing (-) 1.7 1.2 

Relative time from droplet ignition (ms) 1.75 1.64 

Droplet spacing 5.8 5.1 

1st droplet diameter (µm) 107 97 

2nd droplet diameter (µm) 90 103 

1st flame diameter (µm) 373 414 

2nd flame diameter (µm) 309 422 

1st droplet 3D velocity (m/s) 0.63 0.83 

2nd droplet 3D velocity (m/s) 0.54 0.76 

Separation distance (µm) 567 512 

 

Figure 3.16 shows the comparison of normalized squared droplet diameters and burning constant 

among single droplet combustion, the weak interaction case, and the strong interaction case. For 

the weak interaction case, the normalized squared droplet diameter of the first droplet decreases 

rapidly and the burning constant decreases significantly from 0.11 to 0.22 ms/µm2, compared to 

single droplet combustion. The normalized squared droplet size and burning constant of the 

second droplet in the weak interaction case are barely influenced by droplet interactions (Figure 

3.16 a and b), although its flame size is enlarged and flame brightness is enhanced (Figure 3.15 

c). The heat transfer from the first droplet can compensate the influence of the competition of 

oxygen. The previous investigation from Cho et al. [100] suggests that the flame of the first droplet 

resulted in a lateral flame in front of the second droplet, which in turn promptly evaporated the 

second droplet.  

Compared to single isolated droplet combustion, regression rate of droplet squared diameter in 
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the strong interaction case decreases slowly from 0.07 to 0.23 ms/µm2
, and then reduces linearly 

with time like single droplet combustion (Figure 3.16 c). The minimum value of the flame spacing 

in the strong interaction case occurs at the normalized time of 0.21 ms/µm2, where the droplet 

diameter regression rate greatly decreases and the burning constant dramatically diminishes 

(Figure 3.16 c and d). This change is caused by the competition of oxygen for more droplets in 

a particular finite volume in the ambience, which leads to the enlarged flame size in order to 

maintain the stoichiometric consumption ratio of the fuel vapor to the oxidizer at the flame front 

[101]. The enlarged flame size enhances the diffusion path of the p-Xylene molecules to the flame 

sheet, and thus hinders the intended pyrolysis of the p-Xylene molecules. This effect gives rise to 

the acceleration of soot formation and thus blackbody radiation. As a result, the flame brightness 

was enhanced, as verified by the flame brightness in Figure 3.13. Therefore, soot formation 

accelerates and the droplet burning constant reduces with decease of the flame spacing. This 

point is supported by previous investigations from Sangiovanni and his coworkers on droplet 

interactions and soot formation characteristics of a continuous stream of fuel droplets of uniform 

size and spacing. They indicated that decreasing droplet spacing significantly enhances the soot 

formation and extends burning time of interacting droplets [102, 103]. Moreover, as droplet 

spacing decreases, the interactions between neighboring droplets reduce the heat and mass 

transfers compared to the isolate droplet, and thus decrease the droplet evaporation rate and 

prolong droplet evaporation and/or combustion time [84]. Different from previous investigations, 

hereby flame spacing instead of droplet spacing was used as an influencing factor to assess 

droplet interactions, because of the high time-resolved information of flame diameters and 

separation distances between two droplet centers using the developed 3D measurement 

technique. The accuracy of the measured information is shown in Table 3.3. 
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Figure 3.16: Comparison of single droplet combustion with the strong interaction case of double 

droplet combustion: (a) normalized squared droplet diameter, (b) burning constant. Comparison 

of single droplet combustion with the strong interaction case of double droplet combustion: (c) 

normalized squared droplet diameter, (d) burning constant. This data of single droplet combustion 

is adapted and reprinted with the permission from the Ref. [39]. 
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Table 3.3: Accuracies of the measured information. The accuracy of time resolution is calculated 

according to the recording speed rate of the used high-speed camera. The other accuracies are 

calculated according to the pixel sizes of the used high-speed camera and objectives. 

 Accuracy 

Time resolution 0.0357 ms 

Droplet diameter ±6.25 µm 

Flame diameter ±6.25 µm 

Droplet center position, X ±6.25 µm 

Droplet center position, Y ±6.25 µm 

Droplet center position, Z ±4.2 µm 

Droplet 3D velocity ±0.0098 m/s 

Separation distance ±9.8 µm 

 

During the weak interaction case of double droplet combustion, flame size and brightness vary 

from the relative time of 0.6 to 4.3 ms, compared to single isolated droplet combustion. Thus, this 

time is considered as the interaction period, where the effect from neighboring droplet is reflected. 

During this period, the largest values of droplet spacing and flame spacing are 9.1 and 2.7, 

respectively (Table 3.4). Thus, these two values are the critical values, below which droplet 

interaction occurs during double droplet combustion in the pure oxygen atmosphere.  
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Table 3.4: Information on droplet interactions of double droplet combustion in the relative time 

range from 0.6 to 4.3 ms. The moment of spark ignition is regarded as the relative time of 0 ms. 

 Weak interaction 

Droplet spacing range (-) 5.3 to 9.1 

Flame spacing range (-) 1.7 to 2.7 

1st flame standoff range (-) 2.7 to 3.6 

2nd flame standoff range (-) 2.6 to 3.7 

 

3.3.3 Double droplet combustion of p-Xylene in the mixture of oxygen and nitrogen 

To study the influence of oxidizing ambiences and to achieve the merged flames during double 

droplet combustion, the oxidizing atmosphere was varied to a mixture of oxygen and nitrogen 

(200 mL/min oxygen and 200 mL/min nitrogen) using two mass flow controllers (Bronkhorst-EL 

Flow). Figure 3.17 shows high-speed camera recorded frames of two p-Xylene droplets burning 

in the mixture of oxygen and nitrogen. The first and second droplet have an initial diameter of 100 

and 116 µm, respectively. Reducing the oxygen concentration in the ambience enlarges flame 

size and thus promotes flame merging. Therefore, the partial merged flames were observed at 

t=3.6 ms, where flame spacing and droplet spacing are 0.6 and 3.4, respectively. Wings appear 

at the lee side of the droplet flame, which is new finding compared to the droplet combustion in 

pure oxygen atmosphere. The formation of flame wings is caused by the buoyancy as well as 

velocity difference between the droplet and the co-flowing atmosphere.  

When the two flames merging, leakages of soot particles (emitting white light via blackbody 

radiation) from flames were observed at 3.6, 4.8, and 6.0 ms in Figure 3.17. The flame front could 

be regarded as a thin shell or sheet, where the reaction between the fuel vapor and the 

surrounding oxidizer takes place at a stoichiometric consumption rate to establish a diffusion 

flame. Before reaching the flame front, the fuel vapor undergoes high temperature pyrolysis, 
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leading to the formation of soot particles in the area from droplet surface to flame front [104]. As 

the flame regresses inward, the soot enclosed by the flame front would be finally oxidized and 

thus very little soot would be released during near-complete combustion [105]. In the present work, 

the enclosure of the flame front was broken when two flame fronts partly merge into each other. 

Therefore, emissions of soot particles were observed via the high-speed camera. 

 

Figure 3.17: The two time-synchronized high-speed cameras recorded (a) droplet frames in the 

x-y plane and (b) flame frames in the x-z plane of double droplet combustion of p-xylene in the 

mixed gases (200 mL/min oxygen and 200 mL/min nitrogen). The droplets in the merged frames 

from left to right correspond the upward movement in the experiment. The exposure times of the 

droplet and flame frames are 7 µs and 30 µs, respectively. This figure is adapted and reprinted 

with the permission from the Ref. [39]. 

3.3.4 Double droplet combustion of precursor solutions in pure oxygen atmosphere 

Continuous and multiple surface micro-explosions were observed using high-speed camera 

imaging technique during single droplet combustion of many precursor solutions (Appendix A.1). 

However, the occurrence of this kind of surface micro-explosion during double droplet combustion 

is still unknown. In addition, the effects of droplet interactions on double droplet combustion of 

pure solvent have been shown in subchapters of 3.3.2 and 3.3.3. Therefore, for the first time, 

double droplet combustion experiments of precursor solutions are performed in order to identify 
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the occurrence of droplet micro-explosions as well as to investigate the effects of droplet 

interactions. 

The single droplet combustion experiment of 0.5 mol/L FeNAP/P-Xylene was done first to provide 

a comparison baseline, which demonstrates five times of continuous explosions (Figure 3.18).  

 

Figure 3.18: High-speed cameras recorded [(a), (c)] droplet frames in the x-y plane and [(b), (d)] 

flame frames in the x-z plane of single droplet combustion of 0.5 mol FeNAP/p-Xylene in pure 

oxygen atmosphere. The contrast of flame frames is improved in order to make flames more 

visible in the printed version. The droplets in the merged frames from left to right correspond to 

the upward movement in the experiment. At the moment of spark ignition (t=0 ms), the initial 

droplet diameter and initial droplet velocity are 128 µm and 0.86 m/s, respectively. 
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Droplet surface explosions were detected during double droplet combustion of 0.5 mol FeNAP/p-

Xylene, which has a minimum value of flame spacing of 1.6 at the relative time of 1.07 ms (Figure 

3.19). Hereby the values of flame spacing and droplet spacing after the first explosion are missing 

because of the deformed shapes of droplet and flame as well as the ejected fuels from droplet 

surface explosion. For the first droplet, the first surface explosion occurs at the relative time of 

1.96 ms, where the fuel is secondarily atomized to form small ejected fragments. These ejected 

fragments spread out, mix with the surrounding oxygen, and from a large and bright flame at the 

relative time of 2.04 ms. The second surface micro-explosion of the first droplet is also observed 

in the relative time range from 2.29 to 2.61 ms. Compared to the first droplet, the first and second 

surface micro-explosions of the second droplet appear a little bit later at the relative times of 2.14 

ms and 2.61 ms, respectively. It is due to its large initial droplet diameter. Hereby, the real 

recording time is shifted to define the moment of droplet ignition as the relative time of 0 ms. 
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Figure 3.19: High-speed cameras recorded [(a), (c)] droplet frames in the x-y plane and [(b), (d)] 

flame frames in the x-z plane of double droplet combustion of 0.5 mol FeNAP/p-Xylene in pure 

oxygen atmosphere. The contrast of flame frames is improved in order to make flames more 

clearly in the printed version. The droplets in the merged frames from left to right correspond the 

upward movement in the experiment. The first droplet and second droplet have initial diameters 

of 108 µm and 111 µm, respectively. 

To verify the reproducibility of this type of explosion, double droplet combustion experiment with 

a smaller minimum value of flame spacing of 1.1 was carried out (Figure 3.20). The two droplets 

have a close distance and their flames nearly touch with each other at the moment of the minimum 

flame spacing (t=0.82 ms). Continuous surface micro-explosions happen as well for these two 

droplets, demonstrating the occurrence of explosions during double droplet combustion of 0.5 mol 
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FeNAP/p-Xylene. 

 

Figure 3.20: High-speed cameras recorded [(a), (c)] droplet frames in the x-y plane and [(b), (d)] 

flame frames in the x-z plane of double droplet combustion of 0.5 mol FeNAP/p-Xylene in pure 

oxygen atmosphere. The contrast of flame frames is improved in order to make flames more 

clearly in the printed version. The droplets in the merged frames from left to right correspond the 

upward movement in the experiment. The first droplet and second droplet have initial diameters 

of 103 µm and 109 µm, respectively. 

To study the effect of droplet interaction on droplet explosions, the normalized droplet explosion 

times (left axis in Figure 3.21) and the normalized time between two successive explosions (right 

axis in Figure 3.21) are compared among single droplet explosions with the two cases of double 
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droplet explosions. In Figure 3.21, weak interaction and strong interaction are the double droplet 

combustion cases with minimum values of flame spacing of 1.6 and 1.1, respectively. The 

normalized droplet explosion times of single droplet combustion and the two droplets in the weak 

interaction case are very close values, and so are the normalized times between two successive 

explosions (Figure 3.21 a). While the influence of droplet interactions on the first droplet in the 

weak interaction case of p-Xylene is reflected (Figure 3.16 b, the interaction period is 3.7 ms), it 

is absent on droplet explosions of the weak interaction case of 0.5 mol/L FeNAP/p-Xylene even 

though the changes of flame size and brightness were seen from 0.5 ms to 1.54 ms (Figure 3.19). 

It is mainly caused by the short interaction period, which is 1.04 ms for the weak interaction case 

of double droplet combustion of 0.5 mol/L FeNAP/p-Xylene. 

The normalized droplet explosion times of single droplet combustion are slightly smaller than the 

two droplets in the strong interaction case (left axis in Figure 3.21 b), indicating that droplet 

interactions postpone occurrences of droplet explosions. It is known from double droplet 

combustion experiments of p-Xylene that droplet interactions reduce the heat and mass transfer 

between droplet surface and flame front, and hence decrease droplet evaporation rate and 

prolong droplet-burning time (Figure 3.16 c and d). For double droplet combustion experiments 

of 0.5 mol/L FeNAP/p-Xylene, the enlarged flame size and the accelerated soot formation reduce 

the heat and mass transfer between flame front to droplet surface, delaying the processes of shell 

formation and heterogeneous vapor nucleation. Regarding to the normalized times between two 

successive explosions, the first and second droplet in the strong interaction case have almost the 

same values as single droplet combustion, apart from the first explosion which have larger values 

of 8.7% and 7.7%, respectively (left axis in Figure 3.21 b). It demonstrates that the influence of 

droplet interactions happens before the first explosion. Even though the large flame formed by 

ejected fragments could affect the neighboring droplet, this influence occurs at a very short time 

(less than 0.2 ms) and thus can be ignored. 
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Figure 3.21: Comparison of single droplet combustion with the weak interaction case (a) and 

strong interaction case (b) of double droplet combustion of 0.5 mol FeNAP/p-Xylene: normalized 

droplet explosion time (left axis, solid lines, solid points), and normalized times between two 

successive explosions (right axis, hollow points, dashed lines). The normalized times between 

two successive explosions of 1st droplet explosion was calculated as the time difference between 

the first droplet explosion and spark ignition. 
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3.4 Summary and conclusions 

3.4.1 Summary 

(1) The 3D-measurement technique using two highly time-synchronized high-speed cameras 

was developed to detect single and double droplet combustion processes of the pure 

solvent. The obtained information contain droplet diameters, flame diameters, droplet 3D 

trajectories, droplet 3D velocities, and the center distances between the two burning 

droplets, which were visualized into 3D images.  

(2) In the pure oxygen ambience, regarding to the variations of flame size and brightness, 

droplet interactions were observed when the droplet spacing and the flame spacing are 

below 9.1 and 2.7, respectively. As the flame spacing becomes small, the competition of 

oxygen in the surrounding ambience increases the flame size, brightness and standoff 

ratio as well as decreases the droplet burning constant. 

(3) Reducing oxygen concentrations in the ambience increases the flame size and brightness, 

deforms flame shape, resulting in the formation of partial merged flames. The destruction 

of flame fronts leads to the emission of soot particles from flames. 

(4) For the first time, droplet explosions were observed using high-speed cameras during 

double droplet combustion of precursor solutions. Double droplet explosions were 

continuous and multiple as single droplet explosions. Droplet interactions postpone the 

occurrence of double droplet explosions. However, this effect highly depends on the 

period and degree of droplet interaction. 

3.4.2 Conclusions 

(1) Three-dimensional measurements of single and double droplet combustion processes of 

the pure solvent and the precursor solution can be done using two highly time-

synchronized high-speed cameras. The obtained highly time-resolved 3D information will 

be an ideal reference for modeling and simulating droplet interactions during combustion. 
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(2) Droplet interaction occurs when the distance between two burning droplets is below a 

critical value. The critical parameters including droplet spacing and flame spacing, below 

which droplet interaction occurs, can be determined. Droplet interaction is the result of 

more droplets competing for oxygen in a specific volume, which reduce droplet burning 

constant and prolong droplet combustion lifetime.  

(3) Partly merged flames and emissions of soot particles can be achieved when decreasing 

the oxygen concentration in the atmosphere. These two behaviors are expected to 

influence droplet explosions, the release of gas-phase precursor from droplet surface to 

flame front, and nanoparticle synthesis. 

(4) Micro-explosion occurs not only in single droplet combustion experiment but also in double 

droplet combustion experiment, when the appropriate precursor solution is used. The 

occurrence of droplet explosions could be delayed by droplet interaction when the 

interaction period and degree are enough. 
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4 Digital in-line holography measurements of single droplet combustion 

4.1 State of art 

The word “holography” originates from two Greek words: “holos” and “graphein”, which mean 

“complete or whole” and “writing or recording”, respectively. Hence, the word “holography” has 

the meaning of recording complete information of an object [106]. The light scattered from an 

object contains two important data of information: amplitude and phase. Both types of information 

help to reconstruct the three-dimensional (3D) shape of the object. Photography is only able to 

record the intensity of the object, and thus it is a two-dimensional (2D) recording technique 

requiring an in-focus image of the object. In contrast, holography is a 3D technique recording both 

for amplitude and phase, giving rise to a 3D image of the object via holographic reconstruction 

[107].  

Digital in-line holography (DIH) is a simple and powerful tool to image objects, where the reference 

wave and the object wave are illuminated onto a photographic plate [108]. The Hungarian-British 

electrical engineer and physicist, Dennis Gabor, first proposed the principle of this holographic 

method (DIH setup) in 1948 and was awarded the Nobel Prize in Physics in 1971 due to his 

outstanding contributions to the invention and development of holography [109, 110]. With the 

development of digital cameras, especially, charge coupled device (CCD) and complementary 

metal oxide semiconductor (CMOS) sensors and numerical reconstruction methods, DIH 

technique is widely used to investigate 3D imaging of small objects [111-114]. Today, this high-

sensitivity 3D imaging technique has found extensive applications in particle characterization (size, 

velocity, trajectory, shape, deformation, and refractive index) [113, 115], fluid mechanics [116], 

and biology [117].  

The DIH technique has been widely used to investigate burning particles, droplets and sprays. 

Webster et al. used the DIH technique to in-situ detect droplet sizes and droplet 3D distributions 

in burning sprays, and indicated that during the measurement the flame and/or combustion 
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process remains undisturbed [118]. Guildenbecher et al. measured burning surfaces, droplet 

morphologies and reaction zones of molten aluminum droplet combustion in solid propellant 

plumes using the DIH technique. They suggested that DIH can provide an order of magnitude 

increase in the effective data compared to traditional imaging [119]. Wu et al. measured particle 

size and the 3D location of reacting coal powders in a pulverized flame, demonstrating the 

feasibility of using DIH to measure large burning particle flow fields. Chen et al. used DIH to 

experimentally detect 3D information (position, size, and velocity) of aluminum particle 

combustion in ammonium perchlorate based solid-rocket propellants [120]. Wu et al. first 

developed a long working distance (more than 15 cm) DIH system, which was used to in-situ 

characterize coal particle combustion with a spatial resolution of 3.9 µm [121]. Yao et al. employed 

a high-speed DIH technique to visualize and quantify the particle and volatile evolution during 

pulverized coal combustion [122]. Reviewing the previous work, the DIH technique has shown its 

ability to detect sizes, 3D distributions, velocities and trajectories of burning droplets (and/or 

particles). However, it is rarely used to investigate the flame surrounding the burning droplet, 

measure refractive index and temperature. Heat and mass transfer occurring from droplet surface 

to flame front and/or the surrounding atmosphere are important to understand droplet evaporation 

and combustion. In the case of a burning droplet (and/or particle), the fuel evaporates from the 

droplet surface, and further diffuses towards the flame front, where it reacts with oxidizers from 

the ambient atmosphere. The heat produced from the exothermic reaction at the flame front 

transfers through conduction and radiation outward to the ambient atmosphere and inward back 

to the droplet surface. The area between the droplet surface and the flame front contains 

evaporated fuels, some products generated from the flame front, and soot generated from thermal 

decomposition of fuels [123, 124]. There is a temperature gradient from the droplet surface to the 

flame front with an increasing tendency, resulting into a gradient of the refractive index. 

Additionally, temperature and/or composition changes take place in the droplet diffusion flame as 

well as near the surface of fast evaporation droplet, resulting in variations of the refractive index 
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surrounding the droplet [18, 19]. This kind of refractive index gradient changes the light scattering, 

leading to variations of a recorded hologram. Therefore, a hypothesis is proposed that the DIH 

hologram signals could be influenced by the refractive index gradients surrounding the burning 

and fast evaporating droplets.  

In this chapter, the DIH theory, the construction of experimental setups, the development of 

methods for hologram formation and numerical reconstruction, and the measurements on non-

burning and burning droplets will be introduced and discussed. The target is to study the influence 

of the flame surrounding the burning droplets on the formed hologram signals, and to seek a way 

to estimate the refractive index gradient caused by the flame using DIH.  

4.2 Theory 

4.2.1 The wave nature of light and the scalar diffraction theory 

Light is a vector electromagnetic wave, where oscillations of the coupled electronic and magnetic 

fields occur according to the Maxwell’s equations. The Maxwell’s equations compose of four 

equations including Gauss’ electric field law, Gauss’ magnetic field law, Faraday’s induction law, 

and Maxwell-Ampere law, as shown below: 

∇ ∙ 𝑫 = 𝜌𝑉                                                                 (1) 

∇ ∙ 𝑩 = 0                                                                   (2) 

∇ × 𝑬 = −
𝜕𝑩

𝜕𝑡
                                                              (3) 

∇ × 𝑯 =
𝜕𝑫

𝜕𝑡
+ 𝑱                                                           (4) 

where ∇ ∙, 𝑫, 𝜌𝑉 , 𝑩, ∇ ×, 𝑬, 𝑯, and 𝑱 are the divergence operator, electric flux density (C/m2), 

electric charge density (C/m3), magnetic flux density (Wb/m2), curl operator, electric field strength 

(V/m), magnetic field strength (A/m), and electric current density (A/m2), respectively. Hereby,  
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𝑫 = 𝜀𝑬                                                                  (5) 

 

𝑩 = 𝜇𝑯                                                                 (6) 

 

 𝑱 = 𝜎𝑬                                                                  (7) 

where 𝜀, 𝜇, and 𝜎 represent permittivity (F/m), permeability (H/m), and conductivity (S/m) of the 

medium, respectively. 

The permittivity and permeability of the linear, homogeneous and isotropic medium (e.g., vacuum) 

are scalar constants. Thus, the Maxwell’s equations can be converted into wave equations [106, 

125]: 

∇2𝑬 −
𝟏

𝒗𝟐

𝜕2𝑬

𝜕𝑡2 = 0                                                         (8) 

∇2𝑩 −
𝟏

𝒗𝟐

𝜕2𝑩

𝜕𝑡2 = 0                                                         (9) 

where, ∇2= 𝜕2

𝜕𝑥2⁄ + 𝜕2

𝜕𝑦2⁄ + 𝜕2

𝜕𝑧2⁄  is the Laplacian operator in Cartesian coordinate, and 𝑣 =

1
√𝜀𝜇⁄  is the velocity of the wave in the medium (e.g., the velocity of the wave in vacuum, 𝑐 =

2.99794 × 108 𝑚/𝑠). Hereby, and 𝜀0 and 𝜇0 are defined as permittivity and permeability of the 

vacuum, respectively. Then, compared to vacuum, the relative permittivity 𝜀𝑟  and relative 

permeability 𝜇𝑟 of the medium can be defined as: 

𝜀𝑟 = √𝜀
𝜀0⁄                                                               (10) 

𝜇𝑟 = √𝜇
𝜇0

⁄                                                              (11) 
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The velocity of the wave in the medium can be described using the equation: 

𝑣 = 𝑐
√𝜀𝑟𝜇𝑟

⁄                                                            (12) 

Hereby, √𝜀𝑟𝜇𝑟 is normally represented by the refractive index of the medium, i.e., 𝑛 = √𝜀𝑟𝜇𝑟. 

The electric field of the plane wave propagating in Cartesian coordinate from the origin point 

[(0, 0, 0)] to another point [𝒓 (𝑥, 𝑦, 𝑧)] can be expressed using the equation: 

𝑬 = 𝑬𝟎cos (𝒌𝒓 − 𝜔𝑡)                                                       (13) 

where 𝑬𝟎, 𝑘 = 2𝜋 𝜆⁄ , and 𝜔 are the amplitude, wavenumber, and angular frequency of the plane 

wave, respectively. The wavenumber and the angular frequency can be expressed as 𝑘 = 𝜔 𝑣⁄  

and 𝜔 = 2𝜋 𝑇⁄ , respectively. Here, 𝑇 is the period. The wavelength of the wave is represented by 

the symbol of 𝜆. The equation (13) can also be written in complex form as: 

𝑬 = 𝑬𝟎𝑒
𝒊(𝑘𝒓−𝜔𝑡) 

= 𝑬𝟎 cos(𝑘𝒓 − 𝜔𝑡) + 𝒊𝑬𝟎cos(𝑘𝒓 − 𝜔𝑡)                    (14) 

In this equation, the real part of the complex function represents the physical wave, which will be 

used in the calculation of the electric field [125]. The electric field 𝑬, magnetic field 𝑩 (𝑩 = 𝜇𝑯) 

and the propagation direction are perpendicular to each other. In addition, the electric field 𝑬 and 

magnetic field 𝑩 has the relationship of: 

|𝑬|

|𝑩|
=

1

√𝜀𝜇
= 𝑣                                                            (15) 

Therefore, the solution of the magnetic field of the plane wave can be obtained in a similar way. 

The Maxwell’s equations can be used to derive the foundations of the scalar diffraction theory 

[126]. The Maxwell’s equations give the most rigorous physical description of light, i.g., a vector 

electromagnetic wave with electric and magnetic fields. However, the scalar diffraction theory 
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assumes the light field as a complex scalar potential, which valids for cases in which the 

dimensions of the aperture and/or the object are much larger than the wavelength [127]. The 

Fresnel-Kirchhoff diffraction formula is usually used to describe and model the propagation of 

wave (or light) from the object to the detector plane (hologram plane) (Figure 4.1): 

𝑈(𝑥, 𝑦, 𝑧) = −
𝑖

2𝜋
∬

𝑒(𝑖𝑘𝑑)

𝑑
𝑈(𝑥0, 𝑦0, 0)𝑑𝑥0

𝑑𝑦0
                                 (16) 

where 𝑈(𝑥, 𝑦, 𝑧) and 𝑈(𝑥0, 𝑦0, 0) are diffraction pattern on the detector plane (diffracted field) and 

light pattern scattered from the object (incident field), respectively. Here, 𝑑 =

√(𝑥 − 𝑥0)
2 + (𝑦 − 𝑦0)

2 + 𝑧2 represents the propagation distance from the point (𝑥0, 𝑦0, 0) to the 

point (𝑥, 𝑦, 𝑧).  

 

Figure 4.1: Sketch of the scalar diffraction theory. 

4.2.2 Hologram formation and numerical reconstruction 

Hologram recording and numerical reconstruction are two steps for DIH processing. Hologram 

recording means the recording of the interference fringes (holograms) caused by the reference 

wave and the object wave using a digital camera sensor. Then, the reference wave is numerically 

reintroduced to illuminate the hologram to reconstruct the 3D optical object field, extracting the 

3D information [128]. Mathematical descriptions of these two steps are expressed as follows. The 

hologram is formed by the superposition of the object wave and reference wave (Figure 4.2). 
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𝑈ℎ𝑜𝑙𝑜 = |𝑈𝑜𝑏𝑗|
2 + |𝑈𝑟𝑒𝑓|

2 + 𝑈𝑟𝑒𝑓 ∙ 𝑈𝑜𝑏𝑗
∗ + 𝑈𝑟𝑒𝑓

∗ ∙ 𝑈𝑜𝑏𝑗                               (17) 

where 𝑈ℎ𝑜𝑙𝑜, 𝑈𝑜𝑏𝑗, and 𝑈𝑟𝑒𝑓  are the hologram, object wave, and reference wave, respectively. 

𝑈𝑜𝑏𝑗
∗ , and 𝑈𝑟𝑒𝑓

∗  represent the complex conjugate of 𝑈𝑜𝑏𝑗 and 𝑈𝑟𝑒𝑓, respectively. 

 

Figure 4.2: Sketch of the hologram formation. 

The numerical reconstruction of hologram is conducted by introducing a reconstruction wave to 

illuminate the hologram (Figure 4.3).  

                       𝑈ℎ𝑜𝑙𝑜
𝑟𝑒𝑐 = 𝑈𝑟𝑒𝑓 ∙ 𝑈ℎ𝑜𝑙𝑜 

                                   = 𝑈𝑟𝑒𝑓 ∙ |𝑈𝑟𝑒𝑓|
2 + 𝑈𝑟𝑒𝑓 ∙ |𝑈𝑜𝑏𝑗|

2 + 𝑈𝑟𝑒𝑓 ∙ 𝑈𝑟𝑒𝑓 ∙ 𝑈𝑜𝑏𝑗
∗ + |𝑈𝑟𝑒𝑓|

2 ∙ 𝑈𝑜𝑏𝑗                     (18) 

where 𝑈ℎ𝑜𝑙𝑜
𝑟𝑒𝑐  is the reconstructed hologram. 𝑈𝑟𝑒𝑓 ∙ |𝑈𝑟𝑒𝑓|

2  and 𝑈𝑟𝑒𝑓 ∙ |𝑈𝑜𝑏𝑗|
2  represent zeroth-

order beam, 𝑈𝑟𝑒𝑓 ∙ 𝑈𝑟𝑒𝑓 ∙ 𝑈𝑜𝑏𝑗
∗  is the real image, and |𝑈𝑟𝑒𝑓|

2 ∙ 𝑈𝑜𝑏𝑗 indicates the virtual image. The 

reconstruction wave is the same as the reference wave. 
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Figure 4.3: Sketch of the hologram numerical reconstruction. 

4.2.3 Numerical reconstruction method 

The angular spectrum method (ASM), also called the double Fourier transform method and the 

convolution approach, is a rigorous mathematical solution of scalar diffraction theory, which has 

been widely applied to model the wave propagation [129, 130]. This method considers the 

complex electromagnetic wave as a series of uniform infinite plane waves travelling in different 

directions, referred as the angular spectrum of the wave-field [131].  The key feature of this 

method is that wave propagation is described by the propagation of its spectrum [132]. Compared 

to other reconstruction methods (e.g., Huygens convolution method and Fresnel transform 

method), ASM is considered to have the highest degree of accuracy because it requires neither 

the minimum reconstruction distance nor any assumptions (such as the Fresnel approximation) 

[133-135]. Therefore, ASM is preferred to numerically reconstruct the object in this work.  

As introduced in the subchapter 4.2.1, the wave propagation can be described using the Fresnel-

Kirchhoff diffraction formula (Equation 16). This formula can also be converted into the ASM 

equations using the Fourier transformation. The Fourier transformation is a powerful mathematical 

tool to describe and analyze periodic structures [125]. In the two-dimensional hologram plane the 

spatial coordinates (units: m) could be converted into the corresponding spatial frequencies (units: 
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1/m). The components of the scattering vector and their relationships to Fourier domain 

coordinates (𝑢, 𝑣) can be expressed by the following equations [132]:  

�⃗� =
2𝜋

𝜆
(cos𝜙 sin 𝜃 , sin𝜙 sin𝜃 , cos𝜃)                                       (19) 

and 

cos𝜙 sin 𝜃 = 𝜆𝑢                                                        (20) 

sin𝜙 sin𝜃 = 𝜆𝑣                                                        (21) 

respectively. Here, �⃗�  is the scattering vector from the point (0,0,0) to the point (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖), as 

shown in Figure 4.4. The transformation from the Cartesian coordinate system to the spherical 

coordinate system is fulfilled using relationships: 

𝑡𝑎𝑛 𝜃 =
√𝑥𝑖

2+𝑦𝑖
2

𝑧𝑖
                                                         (23) 

𝑐𝑜𝑠 𝜙 =
𝑥𝑖

√𝑥𝑖
2+𝑦𝑖

2
                                                         (24) 

𝑟 = √𝑥𝑖
2 + 𝑦𝑖

2 + 𝑧𝑖
2                                                      (25) 

 

Figure 4.4: The conversion from the Cartesian coordinate (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖) to the spherical coordinate 

(𝑟, 𝜃, 𝜙).  
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The Fresnel-Kirchhoff diffraction formula (Equation 17) can be converted in Fourier domain 

coordinates (𝑢, 𝑣) using to above mentioned questions of 20-25. Then, the wave propagation from 

the point (𝑥0, 𝑦0, 0) to the point (𝑥, 𝑦, 𝑧), i.e., the hologram formation, can be expressed using the 

ASM as [106]: 

𝑈(𝑥, 𝑦, 𝑧) = 𝐹𝐹𝑇2𝐷
−1{𝐹𝐹𝑇2𝐷{𝑈(𝑥0, 𝑦0, 0)} ∙ 𝛹(𝑢, 𝑣)}                             (26) 

where, 𝑈(𝑥, 𝑦, 𝑧) and 𝑈(𝑥0, 𝑦0, 0) are the hologram and the object, respectively. 𝐹𝐹𝑇2𝐷 and 𝐹𝐹𝑇2𝐷
−1 

represent the two-dimensional fast Fourier transform and the inverse two-dimensional fast Fourier 

transform, respectively. 𝛹(𝑢, 𝑣) is the spatial frequency transfer function of propagation of light. 

𝛹(𝑢, 𝑣) = 𝑒(𝑖𝑘𝑑√1−(𝜆𝑢)2−(𝜆𝑣)2)                                              (27) 

where 𝑢  and 𝑣  are the spatial frequency of 𝑥  and 𝑦 , respectively. In addition, the wave 

propagation from the point (𝑥, 𝑦, 𝑧) to the point (𝑥0, 𝑦0, 0), i.e., the numerical reconstruction, can 

be expressed using the ASM in Fourier transforms as [106]: 

𝑈(𝑥0, 𝑦0, 0) = 𝐹𝐹𝑇2𝐷
−1{𝐹𝐹𝑇2𝐷{𝑈(𝑥, 𝑦, 𝑧)} ∙ 𝛹(𝑢, 𝑣)∗}                               (28) 

After the numerical reconstruction using the equation (21), the amplitude contrast image and 

phase contrast image of the object are obtained as: 

𝐼(𝑥0, 𝑦0, 0) = |𝑈(𝑥0, 𝑦0, 0)|2                                               (29) 

ɸ(𝑥0, 𝑦0, 0) =  𝑎𝑟𝑐𝑡𝑎𝑛 {
𝐼𝑚𝑎𝑔[𝑈(𝑥0,𝑦0,0)]

𝑅𝑒𝑎𝑙[𝑈(𝑥0,𝑦0,0)]
}                                       (30) 

where 𝐼𝑚𝑎𝑔[𝑈(𝑥0, 𝑦0, 0)] and 𝑅𝑒𝑎𝑙[𝑈(𝑥0, 𝑦0, 0)] are the imaginary part and the real part of the 

complex number 𝑈(𝑥0, 𝑦0, 0), respectively. Both the amplitude contrast image and phase contrast 

image could give the information of the objective including 3D location, size and morphology. The 

proceeds will be detailly explained in the subchapter 4.4.1. 
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4.3 Experimental setup and procedure  

4.3.1 Setup construction 

The experimental setup for digital in-line holography was constructed first in order to apply this 

technique on single droplet combustion. Figure 4.5 shows the sketch and photos of the 

experimental setup for digital in-line holography, which mainly consists of one laser beam, three 

filters, the expanding and collimating lens system, and the recording system. The continuous-

wave laser beam (Cobolt Samba, diode-pumped laser) has a maximum power of 110 mW and a 

wavelength of 532 nm. A neutral filter and a 532 nm bandpass filter were used in order to reduce 

the laser beam power and remove other wavelength lights from the environment, respectively. A 

spatial filter was employed to improve the uniform transverse intensity profile of the laser beam. 

The expanding and collimating lens system contains two convex lenses and two concave lenses, 

which expand and collimate the laser beam to a laser light sheet (Spherical cross section with a 

diameter of 14 mm). The recording system is composed of an objective (Mitutoyo 375-039 or 

Olympus SZ1145) and a high-speed camera (Phantom, camera model VEO 710L). The objective 

lenses can increase the magnification of the recording system, in order to detect small droplets 

(Fig. 4.5 c), which have an initial diameter of around 100 µm. The high-speed camera is for the 

purpose of recording the hologram images during the droplet combustion processes (Fig. 4.5 d), 

which have a short lifetime of less than 10 ms after ignition. 
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Figure 4.5: Sketch (a) and photos (b) of the experimental setup for digital in-line holography. It 

consists of a laser, optical filters, a beam expansion and collimating lens system, and the 

recording system. The holograms of burning droplet (c) and non-burning droplet (d) are recorded 

via the recording system (e). 

4.3.2 Effective detector at the focal plane of the objective    

In the experimental setup, one objective was installed in front of the high-speed camera in order 

to increase the lateral magnification of the recorded hologram images. Therefore, the effects of 

the objective on the recording distance and the magnification of the recorded hologram are 

necessary to be considered. The recording distance of the holography setup (without the objective) 

is calculated as the length from the sensor to the object. When one objective is mounted to the 

digital camera, the focal plane of the objective acts as a virtual recording plane (red dash line in 

Fig. 4.6), where the optical field is recorded by the digital camera sensor as the magnified 

hologram [136]. The hologram reconstruction can be conducted via propagating the plane wave 

through the recording distance from the virtual recording plane to the object plane [137]. In 

addition, the magnification of the hologram image is the same as that at the virtual plane, which 

can be measured by taking an image of a glass ruler at the focus plane. 
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Figure 4.6: Sketch of the influence of the objective on the recording system. One effective 

detector (virtual recording plane) can be considered at the objective focal plane. The distance 

between the object and the effective detector is the recording distance. 

4.3.3 Image processing 

Figure 4.7 shows the pre-processing of hologram images. The raw images have background 

noise produced from the ambient light. The image without droplets was captured as the reference 

image. The raw images are subtracted by the reference image in order to filter the background 

noise. To reduce the time for analyzing images, only the area of interest was selected from the 

images after removing noise background. The selected image has the same center as the 

hologram. The horizontal and vertical density distributions through the center of the experimental 

hologram were extracted. Pre-processing of hologram images was conducted using Matlab 

scripts (Appendix A3). 
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Figure 4.7: Processing of hologram images: (a) raw hologram, (b) hologram after removed 

background, (c) selected area of interest, and (d) extracted data. The image processing contains 

three steps: (1) Remove background from raw image, (2) Select area of interest from the removed 

background image, and (3) Extract data. In this figure, the raw hologram has a resolution of 

832X256 pixel*pixel with a pixel size of 6.25 µm/pixel. The selected area of interest has a 

resolution of 235X235 pixel*pixel with the hologram signal in the center. 

4.4 Results and discussion 

This section introduces the results of holography measurements into two subsections: 

(1) The hologram formation and reconstruction of non-burning droplets (Subchapter 4.4.1). 

The feasibility of droplet size and location measurements using the digital in-line 

holography is evaluated. 

(2) The experimental findings of hologram from burning droplets (Subchapter 4.4.2). The 

flame position above the droplet surface (flame standoff ratio) of single isolated burning 

droplets with micro-explosions is studied. The influences of the surrounding flame on 

hologram signals are identified. 
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4.4.1 The hologram formation and reconstruction of non-burning droplets 

The hologram formation and reconstruction of non-burning droplets were performed to evaluate 

the feasibility of droplet size and location measurements using the digital in-line holography. 

Diffraction dominates scattering in the forward direction in digital in-line holography. Therefore, a 

3D droplet can be considered as a 2D aperture or a 2D opaque disk [136, 138], which has a 

shape equal to the droplet cross section normal to the incident light (Figure 4.8). Hologram 

formation and numerical reconstruction of the cross section of a non-burning xylene droplet were 

simulated assuming the 3D non-burning droplet as a 2D aperture or a 2D opaque disk. The 

angular spectrum method was utilized to numerically reconstruct the cross section of a droplet 

from experiment and simulation. 

 

Figure 4.8: Digital in-line holography: diffraction dominated scattering. A 3D particle can be 

considered as a 2D aperture or opaque disk, with a shape equal to its cross section normal to the 

incident light. 

To verify the following experimental studies, two sets of simulations on hologram formation and 

numerical reconstruction were carried out (Table 4.1). The first one is a spherical particle with a 

diameter of 120 µm at various recording distances from 5, 10, 20, 30, to 50 mm (Figure 4.9). The 

second set includes particles with various diameters from 70, 120, 170, 220, to 270 µm at a fixed 

recording distance of 30 mm (Figure 4.10). The constructed droplet images have clear 

boundaries (Figure 4.9 b and Figure 4.10 b), which have large intensity differences with the 

surrounding background (Figure 4.9 d and Figure 4.10 d). However, when the recording distance 
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used in numerical reconstruction (reconstruction distance) is not the same as the actual value, 

the boundaries of the reconstructed droplet images become blurry (Figure 4.11). This blurriness 

increases with the increasing distance to the focal plane. Therefore, this characteristic is used as 

an important criteria to evaluate the reconstruction results. The method to the blurriness values 

is shown in Appendix A4. 

Table 4.1: Two sets of simulations on hologram formation and numerical reconstruction of 

nonburning droplets. 

The first set The second set 

Droplet diameter 
D (µm) 

Recording distance 
Z (mm) 

Droplet diameter 
D (µm) 

Recording distance 
Z (mm) 

120 5 70 30 

120 10 120 30 

120 20 170 30 

120 30 220 30 

120 50 270 30 
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Figure 4.9: The simulation of a particle with a diameter of 120 µm at various recording distances 

from 5, 10, 20, 30, to 50 mm. (a) hologram formation, (b) numerical reconstruction, (c) density 

distribution horizontal through the center of the hologram, and (d) density distribution horizontal 

through the center of the reconstructed object. The images from hologram and reconstruction 

have a resolution of 235X235 pixel*pixel with a pixel size of 6.25 μm/pixel. 

According to the previous work form Tyler and Thompson, a complete analytical description of 

the reconstructed field associated with a Fraunhofer hologram can be produced by considering 

the hologram as a new diffracting aperture of finite extent [139]. This analytical description can be 

used to describe the transmittance amplitude of a spherical object on the hologram with an 

incident plane wave [139, 140]: 

𝐼(𝑟) = 1 −
2𝜋𝑑2

𝜆𝑧
𝑠𝑖𝑛 (

𝜋𝑟2

𝜆𝑧
) [

2𝐽1(2𝜋𝑑𝑟 (𝜆𝑧)⁄ )

2𝜋𝑑𝑟 (𝜆𝑧)⁄
] +

𝜋2𝑑4

𝜆2𝑧2 [
2𝐽1(2𝜋𝑑𝑟 (𝜆𝑧)⁄ )

2𝜋𝑑𝑟 (𝜆𝑧)⁄
]
2
                          (25) 
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where, 𝑑, 𝜆, 𝑧, 𝑟, and 𝐽1 are particle diameter, wavelength of incident light, recording distance, the 

distance to the center in the hologram plane, and first-order Bessel function, respectively.  

The hologram of a spherical droplet contains a series of central symmetrical fringes (Figure 4.9 

a and b), which are caused by the interference of light reaching on the hologram plate from 

different sources. The spatial frequency of these fringes [also called local fringe frequency, 𝑓(𝑟), 

fringes per unit distance], which is the inverse of the fringe spacing in the hologram, can be 

extracted from the derivative of the argument of the sine term in the equation (25) and then 

divided by 2𝜋 [139]:  

𝑓(𝑟) =
1

2𝜋
∙
𝑑(

𝜋𝑟2

𝜆𝑧
)

𝑑𝑟
=

𝑟

𝜆𝑧
                                                   (26) 

The spatial frequency of fringes in hologram images in the two sets of simulations are listed in 

Table 4.2, which are calculated using the equation (26). According to the equation (26), it can 

be concluded that the spatial frequency of fringes is inversely proportional to the recording 

distance (𝑧) and proportional to the distance to the center in the hologram plane (𝑟) [106, 139]. 

This conclusion can be reflected in the simulated results from Figure 4.9 c and Table 2. In 

addition, the changes of particle diameters do not influence the spatial frequency as shown in 

Figure 4.10 c and Table 2.  
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Table 4.2: The spatial frequency of fringes in hologram images in the two sets of simulations on 

hologram formation and numerical reconstruction of nonburning droplets. 

Droplet diameter 
D (µm) 

Recording distance 
Z (mm) 

Spatial frequency (1/mm) with the distance to the hologram center 

r = 0.1 mm r = 0.3 mm r = 0.5 mm r = 0.7 mm 

120 5 37.59 112.78 187.97 263.16 

120 10 18.80 56.39 93.98 131.58 

120 20 9.40 28.20 46.99 65.79 

120 30 6.27 18.80 31.33 43.86 

120 50 3.76 11.28 18.80 26.32 

70 30 6.27 18.80 31.33 43.86 

120 30 6.27 18.80 31.33 43.86 

170 30 6.27 18.80 31.33 43.86 

220 30 6.27 18.80 31.33 43.86 

270 30 6.27 18.80 31.33 43.86 
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Figure 4.10: The simulation of particles with various diameters from 70, 120, 170, 220, to 270 µm 

at a fixed recording distance of 30 mm. (a) hologram formation, (b) numerical reconstruction, (c) 

density distribution horizontal through the center of the hologram, and (d) density distribution 

horizontal through the center of the reconstructed object. The images from hologram and 

reconstruction have a resolution of 235X235 pixel*pixel with a pixel size of 6.25 μm/pixel. 
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Figure 4.11: Numerical reconstruction of one particle with the diameter of 240 µm and the 

recording distance of 30 mm. From left to right, the reconstruction distances used in numerical 

reconstruction increase from 25, 28, 30, 32 to 35 mm. The blurriness of reconstructed image 

increases with the increasing distance to the focal plane. 

The droplet diameters can be obtained from the reconstructed images using a Matlab script. The 

Matlab script is designed to detect edges in intensity image using the sensitivity threshold method 

of canny (canny edge detection). Canny edge detection is a popular edge detection algorithm, 

which was developed by John F. Canny in 1986 [141]. This image edge detection technique is 

really useful for extracting important structural information in an image [142]. Particle diameters 

obtained from numerical reconstruction have small deviations (< 2.8%) compared to input particle 

diameters (Table 4.3), demonstrating the feasibility of applying this method to measure sizes and 

locations of non-burning droplets. 
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Table 4.3: Particle diameters obtained from numerical reconstruction and their deviation 

compared to input particle diameter. 

Recording distance 
Z (mm) 

Diameter from Canny 
Dcanny (µm) 

Input diameter 
Dinput (µm) 

Deviation (µm) 

5 121.24 120 1.24 

10 122.99 120 2.99 

20 120.47 120 0.47 

30 120.42 120 0.42 

50 120.42 120 0.42 

30 71.97 70 1.97 

30 122.31 120 2.31 

30 172.48 170 2.48 

30 222.41 220 2.41 

30 272.42 270 2.42 

 

The comparison between experiment and simulation was done on a non-burning xylene droplet 

with a diameter of 120 µm and a recording distance of 30 mm. The horizontal and vertical density 

distributions through the center of the experimental hologram fit well with that of the simulated 

hologram (Figure 4.12 c). The horizontal and vertical density distributions through the center of 

the reconstructed image from experiment fit well with that from simulation (Figure 4.13 c). The 

reconstructed droplet diameters obtained from experiment and simulation are 122 µm, which is 

almost the same as the measured droplet diameter using a high-resolution CCD camera (Figure 

4.14). 
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Figure 4.12: Hologram images from experiment (a) and simulation (b), and their intensity 

distribution comparison (c).  

 

Figure 4.13: Reconstructed images from experiment (a) and simulation (b), and their intensity 

distribution comparison (c). 
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Figure 4.14: Reconstructed images (left column) and threshold images (middle column) from 

experiment (a) and simulation (b), as well as the droplet image captured by a high-resolution CCD 

camera (c). Obtained values of droplet diameters: DExp=DSimu=122 µm. DCCD=120±1.17 µm (CCD 

camera, 1 pixel=1.17 µm). 

4.4.2 The preliminary holographic measurements of burning droplets 

The aim of applying digital in-line holography technique on single droplet combustion is to 

estimate the refractive index gradient from the droplet surface to the flame front. To achieve this, 

the effect of the surrounding refractive index gradient on hologram is studied first. Next, the 

holography measurements on  single droplet combustion of pure xylene and 0.5 mol/L Tin (II) 2-

ethylhexanoate dissolved in xylene (abbreviated as Tin 2-EHA/Xylene) are performed, because 

these two kinds of solutions have been investigated in detail [30, 38]. In the previous work, the 

interferometric particle imaging (IPI) technique and the standard rainbow refractometry (SRR) 

technique were used to measure sizes and rainbow patterns of the burning droplets of Tin (II) 2-

EHA/Xylene. The mass and heat transfer inside the burning droplets (Figure 2.14 in chapter 2) 

were estimated using a multicomponent diffusion limited model [30]. In addition, the chemical 

stability and the vaporization behaviors of Tin (II) 2-EHA/Xylene solutions were studied using 

attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy and 
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thermogravimetric analysis (TGA), respectively. Droplet micro-explosions are observed using the 

high-speed imaging technique in the single droplet combustion experiments, and the time from 

ignition to explosion decreases with the increasing precursor concentration. The SnO2 

nanoparticles obtained from FSP and single droplet combustion using the same metal-organic 

solutions exhibit similar size and crystallization. The particles produced from single droplet 

combustion reveal two types of nanoparticles with different size distributions and morphologies 

and thus two nanoparticle formation paths (Figure 4.15) during single droplet combustion are 

proposed. [38]. 

 

Figure 4.15: Schematic illustration of the two nanoparticle formation paths during single droplet 

combustion of Tin 2-EHA/Xylene: steady combustion (left) and droplet surface µ-explosion (right). 

This figure is adapted and reprinted with the permission from Ref. [38]. 

High-speed camera imaging on single droplet combustion of pure xylene and 0.5 mol/L Tin 2-

EHA/Xylene was first performed to provide references and baselines for the holographic 
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measurements of the reproducible single droplet combustion (Figure 4.16). Flame standoff ratio 

(the ratio of flame diameter to droplet diameter) is commonly employed to characterize the 

luminous flame position above the droplet surface. To the best of my knowledge, for the first time 

the flame standoff ratio of single isolated burning droplets with micro-explosions was detected 

using the high-speed camera imaging technique (Figure 4.16 a, red points). The flame standoff 

ratios of pure xylene and 0.5 mol/L Tin 2-EHA/Xylene fit well with each other during the period 

from droplet ignition to the largest flame (from 0 to 1.8 ms in Figure 4.16 a). This indicates that 

during this period the high-volatility solvent dominates surface evaporation of the precursor 

solution droplet and this solvent mainly takes part in the reaction in the flame front. During 

multicomponent droplet combustion, flame shrinkage (or flame contraction) occurs owing to the 

composition change at the droplet surface [143]. Flame shrinkage was also observed during 

droplet disruptive combustion of precursor solutions. For example, during single droplet 

combustion of 0.5 mol/L Tin 2-EHA/Xylene, its flame standoff and flame diameter suddenly 

decrease from 2.1 ms to 2.8 ms compared to pure xylene droplet (The flame shrinkage is marked 

in Figure 4.16, a and b). This indicates the process of viscous shell formation in the droplet 

surface as well as the resulting hindrance of fuel evaporation at the droplet surface. Flame 

shrinkage leads to reheating of the droplet surface and thermal decomposition of metal-organic 

precursor, which induces viscous shell formation, heterogeneous vapor nucleation and 

subsequent droplet micro-explosion [38]. 
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Figure 4.16: Comparisons between single droplet combustion of xylene and 0.5 mol/L Tin 2-

EHA/Xylene: (a) flame standoff ratio, (b) flame diameter and (c) droplet diameter. The flame 

shrinkage is marked using two blue vertical lines and is also expressed using two small sketches. 

Depending on the evolutions of the flame diameter and the flame standoff ratio, four instances 

were selected during single droplet combustion of xylene and 0.5 mol/L Tin 2-EHA/Xylene: ignition, 

largest flame, shrinkage (The minimum point of flame diameter before explosion), and just before 

the first explosion. The information including relative time, droplet diameter, flame diameter, and 



4 Digital in-line holography measurements of single droplet combustion 

116 
 

flame standoff ratio of these four instances are listed in Table 4.4. The droplet frames, flame 

frames and hologram frames at these four instances were captured from single droplet 

combustion experiments of xylene (Figure 4.17) and 0.5 mol/L Tin 2-EHA/Xylene (Figure 4.18). 

The hologram signals of spherical droplets are centrally symmetrical, and thus the horizontal 

density distributions from the center of the hologram frames were extracted for comparisons 

(Figure 4.19).  At the ignition moment, droplets need time to absorb heat produced from the spark 

and thus the flames are not yet formed (Figure 4.17 and Figure 4.18, the first columns). In 

addition, the hologram signals (Figure 4.19, the first row) are almost the same for both 0.5 mol/L 

Tin 2-EHA/Xylene droplet and xylene droplet. At the largest flame point, the flame shape and 

brightness (Figure 4.17 and Figure 4.18, the second columns), and hologram signal (Figure 4.19, 

the second row) are almost the same for both 0.5 mol/L Tin 2-EHA/Xylene droplet and xylene 

droplet. The well-fitting of hologram signals during the period from ignition to the largest flame 

demonstrate again that 0.5 mol/L Tin 2-EHA/Xylene droplet and xylene droplet have similar 

combustion processes. At the shrinkage instance, the flame standoff (Figure 4.16 a) and the 

flame brightness (Figure 4.17 and Figure 4.18, the third columns) of 0.5 mol/L Tin 2-EHA/Xylene 

are lower than that of xylene.  

Table 4.4: Droplet diameter, flame diameter and flame standoff ratio of the selected four instances 

during single droplet combustion of xylene and 0.5 mol/L Tin 2-EHA/Xylene. 

Solution Xylene 0.5 mol/L Tin 2-EHA/Xylene 

Selected 
instances 

Description Relative 
time (ms) 

Droplet/Flame 
diameter (µm) 

Flame standoff 
ratio 

Droplet/Flame 
diameter (µm) 

Flame standoff 
ratio 

Time1 (t1) Ignition 0 129/N.A. N.A. 132/N.A. N.A. 

Time2 (t2) 
Largest 
flame 

1.86 120/354 2.95 122/364 2.98 

Time3 (t3) Shrinkage 2.86 114/346 3.04 119/304 2.55 

Time4 (t4) 
Before 1st 
explosion 

5.5 88/280 3.18 100/299 2.99 
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Figure 4.17: Frames of droplet (top arrow), flame (middle arrow), and hologram (bottom arrow) 

of the selected four instances during single droplet combustion of xylene. 

 

Figure 4.18: Frames of droplet (top arrow), flame (middle arrow), and hologram (bottom arrow) 

of the selected four instances during single droplet combustion of 0.5 mol/L Tin 2-EHA/Xylene. 
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Figure 4.19: Hologram signals of the selected four instances during single droplet combustion of 

xylene (green solid curve) and 0.5 mol/L Tin 2-EHA/Xylene (red dash curve): (a) ignition, (b) 

largest flame, (c) shrinkage, and (d) just before the first explosion. 
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A new finding was observed for the hologram signals of burning droplets, i.g., the hologram central 

fringe of droplets with a surrounding flame has a higher intensity (brightness) than droplets without 

a surrounding flame (Figure 4.19). It is assumed that a decreasing refractive index gradient exists 

from droplet surface to flame front, which acts as a special ‘‘lens’’ influencing the light scattering 

and/or diffraction measured with holography. A similar phenomenon was also observed for fast 

evaporating droplets, which are surrounded by air/vapor mixtures with refractive index gradients. 

The surrounding refractive index gradients deflect the light and hence lead to the unusually 

brightness of central fringes of droplet holograms [144-146]. 

At the two moments of shrinkage and just before the first explosion, the central fringes of xylene 

droplet have higher brightness than 0.5 mol/L Tin 2-EHA/Xylene droplet. This is caused by the 

difference of flame sizes as well as the difference of flame brightness. At these two moments, 

xylene flames have large size and strong brightness, which result in a greater (steeper) refractive 

index gradient and thus promote the brightness of central fringes [144].  

4.5 Summary and conclusions 

4.5.1 Summary 

(1) An experimental setup of digital in-line holography was constructed, and the methods for 

hologram formation and numerical reconstruction were developed. The effects of droplet 

diameter and recording distance on the formation of holograms were investigated using 

simulations. Holography measurements were performed on non-burning and burning 

droplets 

(2) The hologram of spherical droplet is a series of rings (or named as fringes), which are 

central symmetrical. The ring spatial frequency is inversely proportional to the recording 

distance. 
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(3) The refractive index gradient surrounding the burning droplet makes the hologram center 

fringe bright. This kind of change can be used to verify the multilayered sphere model, 

which will involve the surrounding refractive index gradient. 

4.5.2 Conclusions 

(1) To determine the influence of the surrounding flame on hologram signals, the digital in-

line holography technique and the high-speed camera imaging technique are used. The 

unusual brightness of the hologram center fringe is caused by the refractive index gradient 

surrounding the burning droplet. This finding could be used to provide experimental 

validations for simulating the refractive index gradient surrounding burning droplets. 

(2) For the first time the luminous flame position above the droplet surface (flame standoff 

ratio) of single isolated burning droplets with micro-explosions was measured. The 

evolution of flame standoff ratio of precursor solution supports the proposed droplet micro-

explosion mechanism. 
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5 Outlook 

5.1 Single droplet combustion and FSP synthesis of iron oxide nanoparticles 

(1) For the precursor-solvent combination of dissolving Iron (III) nitrate nonahydrate into the 

mixture of ethanol and 2-ethylhexanoic, searching the lowest amount of 2-ethylhexanoic 

acid and other low-cost organic acids, which could result in the homogeneous iron oxide 

nanoparticle formation, are needed for reducing the cost of precursors and solvents in 

industrial production. 

(2) Single droplet combustion experiments consume a small amount of precursor solution 

(around 5 mL per experiment) compared to the production using lab-scale and pilot 

reactors. Therefore, this method will be an economic pre-testing to screen various 

precursor-solvent systems for desired nanoparticles for large-scale productions. For 

example, metal acetates, metal nitrates and metal carbonates are low-cost inorganic 

precursors, which could be tested first using single droplet combustion experiments to 

select the appropriate precursor-solvent system.  

(3) Nano-scale and molecular-scale approaches are proposed to further unravel the 

mechanisms of the particle generation and surface micro-explosions. These information 

include structure, density, and thickness of the shell, as well as the early particle formation 

during the steady droplet combustion and droplet surface micro-explosions. 

5.2 Three-dimensional measurements of double droplet combustion 

(1) The current double droplet generator could only support the strong interaction between 

two burning droplets for a short period, which makes the investigation on droplet 

explosions challenging. Therefore, increasing the interaction time is needed, which could 

be reached using more burning droplets or decreasing the oxygen concentration in the 

atmosphere. 
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(2) Comparison of nanoparticle morphology and size from single droplet combustion and 

double droplet combustion are expected after improving the generator for reproducible 

and stable double droplet generation. 

(3) In FSP, the dispersed droplets burn initially in the pure oxygen and then in a complexed 

atmosphere considering entrainments of air and product. Thus, the investigation of 

ambience compositions, e.g., oxygen composition and water vapor, on droplet combustion 

behaviors and nanoparticle formations are expected. 

5.3 Digital in-line holography of single droplet combustion 

(1) The extension from in-line holography to off-line holography is expected by modifying the 

experimental setup. Off-line holography is strong on detecting phase changes of object 

waves and thus is suitable to measure the refractive index (temperature) gradient inside 

the burning droplet. 

(2) The experimental measurements on double droplet combustion are expected to detect the 

three-dimensional information including droplet size, location, and velocity. 

(3) Building up a multilayered sphere model to simulate and estimate the refractive index 

gradient surrounding the burning droplet is needed. 

5.3.1 The proposed method to estimate the surrounding refractive index gradient 

As introduced in the subchapter 4.4.2, the refractive index gradient surrounding the burning 

droplet causes the hologram central fringe bright. This experimental finding could be used to 

estimate the refractive gradient surrounding the droplet. Marié and his coworkers used 

Generalized Lorenz-Mie theory for a multilayered sphere to simulate holograms of fast 

evaporating droplets, demonstrating the influence of the surrounding refractive index gradients 

on hologram formation [144]. Their work has proven the feasibility of using DIH to estimate the 

refractive index gradients surrounding the fast evaporating droplets.  
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The burning and/or fast evaporating droplet with surrounding refractive index gradients, showing 

spherical symmetry structure (e.g., shape, component and refractive index), can be considered 

as a multilayered sphere. The concentric layers from droplet center to ambient atmosphere can 

represent the refractive index gradients inside the droplet and the surrounding atmosphere. 

Therefore, this kind of multilayered sphere model is ideal to simulate the scattering of 

electromagnetic radiation of particles with core-shell structures and droplets with radially stratified 

structures [147]. Aden and Kerker first developed such a model to investigate the scattering of 

plane electromagnetic waves from two concentric spheres [148]. Wait generated a recursive 

algorithm based on Lorenz-Mie theory to calculate the electromagnetic scattering from a radially 

inhomogeneous sphere [149]. Bhandari proposed a calculation procedure for the complete set of 

scattering coefficients to describe the fields within the different regions of a multilayered sphere 

[150]. Wu and Wang developed a computing procedure using more stable and accurate recursing 

equations to calculate scattering coefficients of a multilayered sphere [151]. Then, Wu and his co-

workers improved their algorithm for computing the scattering coefficients of plane waves and 

shaped beams by multilayered spheres, which has also been used to study the sensitivity of the 

main rainbow signal to the radial varying refractive index [152]. Kai and Massoli developed a finely 

stratified sphere model to calculate the internal and scattered fields, which can be used in 

analyzing the scattering by spheres with continuous-profile refractive indexes [153]. Yang has 

developed an improved recurrence algorithm using Mie theory, in order to circumvent numerical 

difficulties (e.g., layer number limitation, absorption and complicated calculation) in previous 

models [147]. Li et al. proposed efficient and stable algorithms to derive the Debye series 

decomposition for light scattering by plane waves and Gaussian beam from multilayered spheres, 

which have been successfully applied in simulating rainbow signals [154, 155]. The previous 

model, simulation, and experimental work have proved the ability of using the multilayered sphere 

model to obtain the electromagnetic scattering. From the experimental holograms, the influence 

of surrounding refractive index gradient on intensity distribution can be measured. It can be used 
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to verify the Mie-scattering model, which will involve the surrounding refractive index gradient. 

Therefore, developing one multilayered sphere model using Lorenz-Mie theory and/or 

Generalized Lorenz-Mie theory is expected to calculate the light scattering from the burning 

droplet with the radial refractive index gradient, and to further simulate the responsible hologram 

images in the future. 

The multilayered sphere model could be developed by building up four groups of layers from the 

droplet center to the oxidizing atmosphere (Figure 5.1): (1) The first group of layers from droplet 

center to droplet surface. The refractive index gradient inside the droplet has no effect on the 

formed hologram [144], and thus can be assumed as a constant value here. (2) The second group 

of layers from the droplet surface to the flame front; (3) The second group of layers from the flame 

front to the oxidizing atmosphere; and (4) The fourth group of layers representing the oxidizing 

atmosphere. The refractive index gradient existing in each group is represented by the radially 

layers with constant refractive indexes (Figure 5.2). 

 

Figure 5.1: Sketch of the refractive index gradient surrounding the burning droplet. Here, nd 

represents the refractive index of the droplet, nf means the decreasing refractive index gradient 
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from droplet surface to flame front, ns is the increasing refractive index gradient from flame front 

to the oxidizing atmosphere, and no indicates the refractive index of the oxidizing atmosphere. 

 

Figure 5.2: Sketch of the multilayered sphere model. The sphere contains of L layers from center 

to surface. Each layer has its own refractive index and radius. For example, the second layer has 

a refractive index of n2 and a radius of r2. Here the radius of each layer means its outer radius. 

The inner radius of each layer is equal to the outer radius of the layer it enveloped. For example, 

the inner radius of the third layer is equal to the outer radius of the second layer. 
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Appendix 

A.1 Precursor-solvent combinations used in single droplet combustion experiments 

Table A.1: The precursor-solvent combinations during which single droplet combustion 

experiments µ-explosions were observed. 

Precursor Solvent Explosion type 
Particle size 
and morphology 

Reference 

Tin (II) 2-ethylhexanoate 

Xylene 

Surface explosion, 
no residual 

Nano, 
homogeneous  

[31] Ce (III) 2-ethylhexanoate 
Surface explosion, 
no residual 

Not available 
(N.A.) 

Cr (III) 2-ethylhexanoate 
Surface explosion, 
no residual 

N.A. 

Zinc naphthenate 

Ethanol 
Surface explosion, 
no residual 

Nano, 
homogeneous 

[33] 

Xylene 
Surface explosion, 
no residual 

Nano, 
homogeneous 

Iron (III) nitrate 
nonahydrate 

Ethanol+xylene+diethylenegly
col monobutylether(DEGBE)+ 
2-ethylhexanoic acid (2-EHA) 
(1:1:1:1 volume ratio) 

Surface explosion, 
no residual 

Nano, 
homogeneous 

Aluminum (III) nitrate 
nonahydrate 

Surface explosion, 
no residual 

Nano, 
homogeneous 

Titanium 
tetraisopropoxide (TTIP) 

Xylene 
Surface explosion, 
no residual 

Nano, 
homogeneous 

[28] Ethanol 
Puffing, surface 
explosion, no 
residual 

Nano, 
homogeneous 

Ethanol+xylene (1:1 volume 
ratio) 

Surface explosion, 
no residual 

Nano, 
homogeneous 

Lithium nitrate+ Titanium 
tetraisopropoxide (TTIP) 

Ethanol+EHA 
Puffing, surface 
explosion, no 
residual 

Nano, 
homogeneous 

[6] 

Ethanol Puffing, residual Nano+micro 

Benzyl alcohol (BnOH) 
Surface explosion, 
no residual 

N.A. 

BnOH+EHA 
Surface explosion, 
no residual 

N.A. 

Iron (II) napthenate p-Xylene 
Surface explosion, 
no residual 

Nano, 
homogeneous 

Unpublished 
work 
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Iron (III) acetylacetonate 
Surface explosion, 
no residual 

Nano, 
homogeneous 

Iron (III) nitrate 
nonahydrate 

Ethanol+EHA (1:1 volume 
ratio) 

Surface explosion, 
no residual 

Nano, 
homogeneous 

Mangenese napthenate Xylene 
Surface explosion, 
no residual 

N.A. 

Mangenese 
napthenate+Lithium 
acetylacetonate 

Xylene+EHA 
Surface explosion, 
no residual 

N.A. 

Benzyl alcohol+EHA 
Surface explosion, 
no residual 

N.A. 

Mangenese 
napthenate+Lithium tert-
butoxide 

Xylene+EHA 
Surface explosion, 
no residual 

N.A. 

Benzyl alcohol+EHA 
Surface explosion, 
no residual 

N.A. 

Hexamethyldisiloxane 
(HMDSO) 

Xylene Puffing, residual 
Nano, 
homogeneous 

Ethanol+xylene (1:1 volume 
ratio) 

Puffing, no 
residual 

Nano, 
homogeneous 

 

Table A.2: The precursor-solvent combinations during which single droplet combustion 

experiments µ-explosions were not observed. 

Precursor Solvent End of combustion 
Particle size and 
morphology 

Reference 

Zinc nitrate hexahydrate Ethanol Residual Nano+micro [31] 

Iron (III) nitrate 
nonahydrate 

Ethanol Residual Nano+micro 

Unpublished 

Hexamethyldisiloxane 
(HMDSO) 

Ethanol 
Residual, no 
explosion 

Nano, 
homogeneous 

Tetraethyl orthosilicate 
(TEOS) 

Xylene 
No residual, no 
explosion 

Nano, 
homogeneous 

Ethanol+Xylene 
(1:1 volume ratio) 

No residual, no 
explosion 

Nano, 
homogeneous 

Ethanol 
Residual, no 
explosion 

Nano, 
homogeneous 
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Table A.3: Properties of precursors and solvents used in single droplet combustion. 

Precursor or solvent Formula 
Boiling point 
(°C) 

Limit of 
superheat (°C) 

Critical 
point (°C) 

Solubility in Water, 
(mass%, at 25°C) 

Ethanol C2H6O 78 214 241 Miscible 

Water H2O 100 333 374 N.A. 

Hexamethyldisiloxane 
(HMDSO) 

C6H18OSi2 100-101 219 243 Insoluble 

Iron (III) nitrate 
nonahydrate 

Fe(NO3) •9H2O 125 N.A. N.A. 150 g/100 mL 

Zinc nitrate hexahydrate Zn(NO3)2•6H2O ~125 N.A. N.A. 
184.3 g/100 ml, 
20 °C 

Xylene C8H10 139 306 344 Insoluble 

Aluminum (III) nitrate 
nonahydrate 

Al(NO3)3·9H2O 
150, 
decomposes 

N.A. N.A. 67.3 g/100 mL 

Tetraethyl orthosilicate 
(TEOS) 

C8H20O4Si 168 295 332 Reacts with water 

2-ethylhexanoic acid (2-
EHA) 

C8H16O2 228 357 401 Insoluble 

Titanium 
tetraisopropoxide (TTIP) 

C12H28O4Ti 232 N.A. N.A. 
React with water, 
hydrolysis 

Lithium nitrate LiNO3 600 N.A. N.A. 
52.2 g/100 mL 
(20 °C) 

Tin(II) 2-ethylhexanoate C16H30O4Sn decomposes N.A. N.A. 
Degrades in water to 
form Sn(IV) 

Ce (III) 2-ethylhexanoate C24H45CeO6 decomposes N.A. N.A. N.A. 

Cr (III) 2-ethylhexanoate C24H45CrO6 decomposes N.A. N.A. N.A. 

Zinc naphthenate C22H14O4Zn decomposes N.A. N.A. N.A. 

Iron (II) napthenate C22H14FeO4 decomposes N.A. N.A. Insoluble 

Mangenese napthenate C22H14MnO4 decomposes N.A. N.A. N.A. 

Iron (III) acetylacetonate Fe(C5H7O2)3 decomposes N.A. N.A. 2 g/L 

Critical point is obtained from Haynes WM, Lide DR. Handbook of chemistry and physics. CRC Press, Boca-Raton; 

2007, Section 6, 49-64. Limit of superheat is took as 89% of the critical point, according to Blander, M., & Katz, J. L. 

(1975). Bubble nucleation in liquids. AIChE Journal, 21(5), 833-848. 
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A.2 BET and XRD measurements of FSP synthesized iron oxide particles 

The specific surface areas of flame-made particles are achieved using BET measurements. For 

the precursor solvent system of FeNAP/p-Xylene, the specific surface areas of as-prepared 

particles decrease from 203.16, 140.13, to 98.73 m2/g with increasing of the precursor 

concentration from 0.1, 0.25, to 0.5 mol/L, respectively (Figure A.1 a). The specific surface areas 

of particles using 0.1 mol/L FeNT/EtOH and 0.1 mol/L FeNT/EtOH+EHA are 169.79 and 205.00 

m2/g, respectively (Figure A.1 b). These flame-made iron oxide particles are analyzed using XRD 

measurements to identify phase compositions. The diffraction peaks of magnetite (Fe3O4), 

maghemite (ɣ-Fe2O3), and hematite (α-Fe2O3) are found in the XRD patterns of five FSP prepared 

iron oxide particles (Figure A.2). Thus, the particles are considered as a mixture of three crystallite 

structures. The sharp XRD parks of iron oxide particles prepared by FSP using 0.1 mol/L 

FeNT/EtOH indicate different crystalline sizes from small and large particles. 

 

Figure A.1: BET specific surface area of FSP synthesized particles using (a)  iron (II) napthenate 

diluted with p-Xylene with a metal concentration of 0.1, 0.25, and 0.5 mol/L, and (b) 0.1 mol/L 

iron(III) nitrate nonahydrate diluted with ethanol and the mixture of ethanol and 2-ethyhexanoate 
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acid. The error bar (red, vertical) represents the standard deviation. The deviations of specific 

surface areas are 11.95, 4.88, and 1.35 m2/g for 0.1, 0.25, and 0.5 mol/L FeNAP/p-Xylene, 

respectively. The deviations of specific surface areas are 2.66, and 0.50 m2/g for 0.1 mol/L 

FeNT/EtOH and 0.1 mol/L FeNT/EtOH+EHA, respectively. 

 

Figure A.2: XRD patterns of iron oxide particles prepared by FSP using iron (II) napthenate 

diluted with p-Xylene with a metal concentration of 0.1, 0.25, and 0.5 mol/L, and (b) 0.1 mol/L 

iron(III) nitrate nonahydrate diluted with ethanol and the mixture of ethanol and 2-ethyhexanoate 

acid. The positions of the diffraction peaks of wustite (FeO, ICSD 82233), maghemite (ɣ-Fe2O3, 

ICSD 87119), hematite (α-Fe2O3, ICSD 291494), and magnetite (Fe3O4, ICSD 28664) are 

indicated for reference. The diffraction peaks of magnetite (Fe3O4), maghemite (ɣ-Fe2O3), and 

hematite (α-Fe2O3) could be detected in the XRD patterns of these five FSP prepared iron oxide 

particles. 
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A.3 Matlab scripts to pre-process hologram images 

The main goal of these Matlab scripts is to remove background from raw hologram images and 

then to select area of interest as new images. The area of interest is square, and its center 

coincides with the center of the hologram signal. The side length of the selected region changes 

automatically in each frame in order to obtain the maximum. The captured image numbers are 

stored in "namesImgs" in Workspace. Pixel size in each captured image can be found in 

"windowSizes" in Workspace. 

Following changes must be made before running the code. 

(1) Define the directory where all code files are located. Code "define_Directory.m", Line no.9. 

(2) Write the name of video file. Code "separateFrames.m", Line no.6. 

Check the following things if desired results are not obtained. 

(1) Check the "Threshold_Vide.avi" in "videos" folder. If thresholding is not good then it might 

be the reason for getting incorrect results. Change threshold parameters. Alter the "canny" 

parameters in file "threshold.m", line no.18. Also alter the parameter in 

"refineThresholdResults.m", line no. 16. 

(2) Before running code, build up the following empty folders: "final_images", "raw_images", 

"removeBackground_images", "threshold_images" in the directory. 

-------------------------------------------------------------------------------------------- 

A.3.1 Main code: capture_window_around_droplet 

% -------------------------------------------------------------------------------------------------------------------- 

% Last Modified: 15-May-2019 (Wednesday) 
% This code loads a video and captures a picture around droplet. 
% This size of this captured window changes automatically based on largest possible size. 
% -------------------------------------------------------------------------------------------------------------------- 

  
clear all; 
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% check if desired folders exist in the directory or not. 
checkFolders(); 
  
% define working directory of code in this function. 
define_Directory(); 
  
% this function separates the frames of original video and saves in a folder. 
separateFrames(workingDir); 
  
% this function initializes some arrays. 
[tifFiles, name, number, cellCentres, cellArea, row, column] = initialization(workingDir); 
  
% this function removes background from original images and saves in a folder. 
removeBackground(workingDir, tifFiles, number); 
  
% this function make a video from background removed images. 
makeVideoRemoveBackground(workingDir); 
  
% this function thresholds the original images and saves in a separate folder. 
[cellCentres, cellArea] = threshold(workingDir, tifFiles, number); 
  
% this function make a video from threshold images. 
makeThresholdVideo(workingDir); 
  
% this function refines the results of droplet centre and area found in "threshold" file. 
[cellCentres, cellArea, row, column] = refineThresholdResults(cellCentres, cellArea, row, column); 
  
% this function captures a pictures of defined size around droplet. 
captureRegion(workingDir, tifFiles, number, row, column); 
  
disp('All Done...!!!'); 
 

A.3.2 Function: checkFolders 

% -------------------------------------------------------------------------------------------------------------------- 
% This function checks whether desired folders exit in directory or not. 
% It will do nothing if folders already exist. 
% It will create folders if they do not exist. 
% -------------------------------------------------------------------------------------------------------------------- 
 
function checkFolders() 
 
    disp('*** Checking if folders exist, if not then folders are being created...!!!'); 
    if ~exist('raw_images', 'dir') 
        mkdir('raw_images') 
    end 
    if ~exist('removeBackground_images', 'dir') 
        mkdir('removeBackground_images') 
    end 
    if ~exist('threshold_images', 'dir') 
        mkdir('threshold_images') 
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    end 
    if ~exist('final_images', 'dir') 
        mkdir('final_images') 
    end     
 
end 
 

A.3.3 Function: define_Directory 

% -------------------------------------------------------------------------------------------------------------------- 
% In this function, user must define the current working directory of code. 
% -------------------------------------------------------------------------------------------------------------------- 
 
function define_Directory() 
 
    % display on command window 
    disp('*** Defining the working Directory...!!!'); 
  
    % define a directory where all the project files are located. 
    workingDir = 'D:\Matlab Code\Holography\area_around_droplet_automatic_changing_window'; 
  
    % writing the working directory into workspace. 
    assignin('base', 'workingDir', workingDir); 
 
end 
 

A.3.4 Function: separateFrames(workingDir) 

% -------------------------------------------------------------------------------------------------------------------- 
% This function separates the frames of Original video and saves in the "raw_images" folder. 
% -------------------------------------------------------------------------------------------------------------------- 
 
function separateFrames(workingDir) 
 
    disp('*** Splitting the frames of Original Video...!!!');       % display on command window 
    filename = 'H01_Z_30mm.avi';                            % define the name of the video. 
    fullpath = fullfile(workingDir, 'videos', filename);            % make full path of the video 
    original_Video = VideoReader(fullpath);                         % define the instance of the video 
    loop = 1;                                                       % each frame will be saved with increasing number  
    while hasFrame(original_Video)                                  % continue while-loop until the last frame 
of video 
        img = readFrame(original_Video);                            % read a frame 
        filename = [sprintf('%s%04d','img',loop) '.tif'];           % make a name of frame to save 
        fullpath = fullfile(workingDir, 'raw_images', filename);    % define full path to save the frame 
        imwrite(img,fullpath);                                      % write the frame into direvtory 
        loop = loop+1;                                              % increase loop to save next frame with different 
name 
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    end                                                             % finish loop 
 
end 
 

A.3.5 Function: initialization 

% -------------------------------------------------------------------------------------------------------------------- 
% This function initializes some arrays and reads all the .tif images splitted from video in last 
function. 
% -------------------------------------------------------------------------------------------------------------------- 
 
function [tifFiles, name, number, cellCentres, cellArea, row, column] = initialization(workingDir) 
 
    disp('*** Initializing Variables...!!!');                       % display on command window 
    filePattern = fullfile(workingDir,'raw_images', '*.tif');       % connect images folder with directory 
to read original images 
    tifFiles = dir(filePattern);                                    % list all images in folder 
    name = {tifFiles.name}';                                        % copy the names of images in the folder 
    number = numel(tifFiles);                                       % find the number of images in folder 
  
    cellCentres = cell(1,number);                                   % initialize a cell to store centre of droplet 
in each frame 
    cellArea = cell(1,number);                                      % initialize a cell to store area of droplet in 
each frame 
    row = zeros(1,number);                                          % initialize an array to store the row value of 
centre point 
    column = zeros(1,number);                                       % initialize an array to store the column 
value of centre point 
 
end 
 

A.3.6 Function: removeBackground 

% -------------------------------------------------------------------------------------------------------------------- 
% This function loads original images from "raw_images" folder. Removes background from them. 
% And saves the new images into "removeBackground_images" folder. 
% -------------------------------------------------------------------------------------------------------------------- 
 
function removeBackground(workingDir, tifFiles, number) 
 
    disp('*** Removing Background from original images and saving...!!!');% display on command 
window 
    img_name_size = tifFiles(1).name;                               % copy the name of first image in the 
folder 
    img_fullpath_size = fullfile(workingDir, 'raw_images', img_name_size);% define complete path 
of first image 
    img_Read_size = imread(img_fullpath_size);                      % read first image 
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    [size_img_rows, size_img_cols] = size(img_Read_size);           % Find dimensions of first image 
(all images must have same dimensions) 
     
    x=size_img_rows;                                                % Image pixels : vertical. 
    y=size_img_cols;                                                % Image pixels : horizontal. 
    background2 = zeros(x, y);                                      % initialize a zero matrix of defined size 
  
    for i=1:1:number                                                % start a loop for total no. of frames 
        img_name = tifFiles(i).name;                                % copy the name of image                                
        img_fullpath = fullfile(workingDir, 'raw_images', img_name);% define complete path to load 
original image 
        img_Read = double(imread(img_fullpath));                    % read original frame     
        background1 = img_Read;                                     % it is equal to background-1     
        for j=1:1:x                                                 % start a loop for all vertical pixels 
            for k=1:1:y                                             % start a loop for all horizontal frames 
                background2(j,k)=background1(j,k)+background2(j,k); % sum up the intensity 
distributions of all the images 
            end                                                     % finish loop 
        end                                                         % finish loop 
    end                                                             % finish loop 
  
    background2 = background2/number;                               % average the background intensity 
distribution. 
    read3 = zeros(x, y);                                            % initialize a zero matrix of defined size 
     
    % background2 = double(imread('D:\Matlab 
Code\Holography\area_around_droplet_automatic_changing_window\raw_images\img0001.tif')); 
    for k=1:1:number                                                % start a loop for total number of frames 
        img_name = tifFiles(k).name;                                % copy the name of image 
        img_fullpath = fullfile(workingDir, 'raw_images', img_name);% define complete path to load 
original frame 
        img_Read = double(imread(img_fullpath));                    % read frame     
        read1 = img_Read;                                           % it is equal to read1   
        read2 = read1;                                              % assigning the value of read1 to read2 
        for i=1:1:x                                                 % start a loop for all vertical pixels 
            for j=1:1:y                                             % start a loop for all horizontal pixels 
                read3(i,j)=read2(i,j)-background2(i,j)-1;           % remove background 
            end                                                     % finish loop 
        end                                                         % finish loop 
        img_gray = mat2gray(read3);                                 % convert image into Grayscale 
        filename = [sprintf('%s%04d','img',k) '.tif'];              % define the name of image 
        fullname = fullfile(workingDir,'removeBackground_images',filename);% combine image 
name with directory 
        imwrite(img_gray,fullname);                                 % write the image   
    end                                                             % finish loop 
 
end 
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A.3.7 Function: makeVideoRemoveBackground 

% -------------------------------------------------------------------------------------------------------------------- 
% This function loads images from "removeBackground_images" folder. 
% Makes a video from those Backgroung removed images. 
% And saves into "videos" folder with tha name "Remove_Background_Video.avi". 
% -------------------------------------------------------------------------------------------------------------------- 
 
function makeVideoRemoveBackground(workingDir) 
 
    disp('*** Making Video from background removed images...!!!');      % display on command 
window 
    imageNames = dir(fullfile(workingDir,'removeBackground_images','*.tif'));% define full path to 
background removed image 
    imageNames = {imageNames.name}';                                    % define the names of images to 
be read 
    outputVideo = VideoWriter(fullfile(workingDir,'videos','Remove_Background_Video.avi'));% 
video object to make a video from frames 
    outputVideo.FrameRate = 30;                                         % define the frame rate of video 
    open(outputVideo);                                                  % open video object 
    for ii = 1:length(imageNames)                                       % run the loop for total number of frames                                      
        img = imread(fullfile(workingDir,'removeBackground_images',imageNames{ii}));% read the 
frame 
        img = im2uint8(img);                                            % Change the data type of the image to 
unit8 
        writeVideo(outputVideo,img)                                     % add frame to the video 
    end                                                                 % finish loop 
    close(outputVideo);                                                 % close video object 
 
end 
 

A.3.8 Function: threshold 

% -------------------------------------------------------------------------------------------------------------------- 
% This function loads original images from "raw_images" folder. Performs threshold operation. 
% Saves threshold images into "threshold_images" folder. 
% And then finds droplet centre point and area into threshold image. 
% -------------------------------------------------------------------------------------------------------------------- 
 
function [cellCentres, cellArea] = threshold(workingDir, tifFiles, number) 
 
    disp('*** Thresholding original images...!');                       % display on command window 
    for k=11:number                                                     % start loop from 11th frame                                   
        img_name_current = tifFiles(k).name;                            % copy the name of image                                
        img_fullpath_current = fullfile(workingDir, 'raw_images', img_name_current);% define 
complete path of current frame 
        img_Read = imread(img_fullpath_current);                        % read current frame 
     



Appendix 

138 
 

        img_name_background = tifFiles(k-10).name;                      % copy the name of image for 
background 
        img_fullpath_background = fullfile(workingDir, 'raw_images', 
img_name_background);%define complete path of background image 
        img_Background = imread(img_fullpath_background);               % read the background image 
  
        img_Sub = imsubtract(img_Background, img_Read);                 % subtract current frame 
from background image 
        img_Edge = edge(img_Sub,'canny',[0.5 0.9],5);                   % find edges in the subtracted 
image 
        img_Fill = imfill(img_Edge,'holes');                            % fill the image after finding edges 
     
        filename = [sprintf('%s%04d','img',k) '.tif'];                  % make a name of image to save 
threshold image 
        fullname = fullfile(workingDir,'threshold_images',filename);    % define complete path of 
image 
        imwrite(img_Fill, fullname);                                    % write processed frame (filled image) 
     
        s = regionprops(img_Fill,'centroid', 'Area');                   % find regions in the image and get 
their centres and area 
        centres = cat(1,s.Centroid);                                    % concatenate centres one after another 
in a frame 
        areas = cat(1,s.Area);                                          % concatenate areas one after another in a 
frame 
%        fprintf('Frame No: %d\n', k);                                  % display frame number on the command 
window 
%        disp('------------------------------------------------------');% display on command window 
%       disp('Centre Point : ');                                        % display centre points on the command 
window 
%       disp(centres);                                                  % display centre points on the command 
window 
%       disp('Area : ');                                                % display areas of detected regions on 
command window 
%       disp(areas);                                                    % display areas of detected regions on 
command window 
%       disp('No. of points detected : ');                              % display number of detected regions on 
command window 
%       disp(size(centres,1));                                          % display number of detected regions on 
command window 
     
        cellArea{k} = areas;                                            % save areas in a cell 
        cellCentres{k} = centres;                                       % save centre points in a cell 
    end                                                                 % finish loop                                                              
 
end 
 

 



Appendix 

139 
 

A.3.9 Function: makeThresholdVideo 

% -------------------------------------------------------------------------------------------------------------------- 
% This function loads images from "threshold_images" folder. 
% Make a video from those threshold images. 
% And then saves into "videos" folder with the name "Threshold_Video.avi". 
% -------------------------------------------------------------------------------------------------------------------- 
 
function makeThresholdVideo(workingDir) 
 
    disp('*** Making Video from threshold images...!!!');                    % display on command window 
    imageNames = dir(fullfile(workingDir,'threshold_images','*.tif'));       % define full path to load 
threshold image 
    imageNames = {imageNames.name}';                                         % define the names of images 
to be read 
    outputVideo = VideoWriter(fullfile(workingDir,'videos','Threshold_Video.avi'));% object to make 
a video from frames 
    outputVideo.FrameRate = 30;                                              % define the frame rate of video 
    open(outputVideo);                                                       % open video object 
    for ii = 1:length(imageNames)                                            % run the loop for total number of 
frames                                      
        img = imread(fullfile(workingDir,'threshold_images',imageNames{ii}));% read the frame 
        img = im2uint8(img);                                                 % Change the data type of the image to 
unit8 
        writeVideo(outputVideo,img)                                          % add frame to the video 
    end                                                                      % finish loop 
    close(outputVideo);                                                      % close video object 
 
end 
 

A.3.10 Function: refineThresholdResults 

% -------------------------------------------------------------------------------------------------------------------- 
% This function performs operation on "cellCentres" and "cellArea" cell arrays. 
% "regionprops" function has been used in "threshold" file. 
% which finds the connected region in threshold image and gives their centre points and areas. 
% This function ignores the noise and detects the true droplets. 
% finally it saves x and y values of droplet into "row" and "column" arrays. 
% -------------------------------------------------------------------------------------------------------------------- 
 
function [cellCentres, cellArea, row, column] = refineThresholdResults(cellCentres, cellArea, row, 
column) 
 
    disp('*** Refining Threshold Results...!!!');                          % display on command window 
    cellsLength = cellfun('length',cellArea);                              % find the length of each cell containing 
Areas 
    for j=1:length(cellsLength)                                            % start loop(a loop iteration for each 
frame) 
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        if cellsLength(j) > 1                                              % if there are more than one regions in an 
image 
            cellArea{j} = 0;                                               % make that cell element equal to zero 
        end                                                                % finish if-condition 
        ar = cellArea{j}();                                                % get the value of area in a cell element 
index 
        if ar <150                                                         % if area is less than 150 
            cellArea{j}=0;                                                 % make that cell index equal to zero 
        end                                                                % finish if-condition 
        if isempty(cellArea{1,j})                                          % if a particular area cell array index is 
empty 
            cellArea{j}=0;                                                 % make that equalt to zero 
        end                                                                % finish if-condition 
        if cellArea{j}() == 0                                              % if a cell element containing area is zero 
            cellCentres{j} = 0;                                            % make corresponding element of centres 
cell equal to zero 
        end                                                                % finish if-condition 
        if cellCentres{j}()~= 0                                            % if cell centre index is not zero 
            column(j) = round(cellCentres{j}(1));                          % get the column pixel 
            row(j) = round(cellCentres{j}(2));                             % get the row pixel 
        end                                                                % finish if-condition 
    end                                                                    % finish for-loop 
  
    row = row';                                                            % take transpose matrix containing row pixel 
of centre point of droplet 
    column = column';                                                      % take transpose matrix containing column 
pixel of centre point of droplet 
 
end 
 

A.3.11 Function: captureRegion 

% -------------------------------------------------------------------------------------------------------------------- 
% Based on centre points refined previously, this function captures a picture around the droplet. 
% Size of this captured image changes automatically based on largest possible size. 
% This image is then saved in the "final_images" folder. 
% -------------------------------------------------------------------------------------------------------------------- 
 
function captureRegion(workingDir, tifFiles, number, row, column) 
 
    disp('*** Finding surrounding windows around droplet and storing in the folder...!!!');% display 
on command window 
    windows = zeros(number,2);                                             % initialize to store image numbers 
and sizes of captured windows in those 
    img_name_size = tifFiles(1).name;                                      % copy the name of first image in 
the folder 
    img_fullpath_size = fullfile(workingDir, 'raw_images', img_name_size); % define complete path 
of first image 
    img_Read_size = imread(img_fullpath_size);                             % read first image 
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    [size_img_rows, size_img_cols] = size(img_Read_size);                  % Find dimensions of first 
image (all images must have same dimensions) 
    for i=1:1:number                                                       % start running the loop from first till last 
frame 
        rw = row(i);                                                       % get the row value of detected particle in 
current frame 
        cl = column(i);                                                    % get the column value of detected particle 
in current frame 
        if rw~=0 && cl~=0                                                  % if particle is present 
            left_margin = abs(cl-1);                                       % calculate distance of left border of image 
from centre point 
            right_margin = abs(cl-size_img_cols);                          % calculate distance of right border 
of image from centre point 
            top_margin = abs(rw-1);                                        % calculate distance of top border of 
image from centre point 
            bottom_margin = abs(rw-size_img_rows);                         % calculate distance of bottom 
border of image from centre point 
%             disp(left_margin); 
%             disp(right_margin); 
%             disp(top_margin); 
%             disp(bottom_margin); 
            window_size = min([left_margin, right_margin, top_margin, bottom_margin]);% find which 
border is closest, this is the window size 
            windows(i,1) = i;                                              % copy the image number 
            windows(i,2) = window_size;                                    % copy the window size in that image 
%            fprintf("Window Size for %d frame is %d\n", i, window_size); 
            baseFileName = tifFiles(i).name;                               % read the name of current frame of 
video                                
            fullFileName = fullfile(workingDir, 'removeBackground_images', baseFileName);% define 
complete path of current frame 
            currentFrame = imread(fullFileName);                           % read current frame 
            surroundingWindow = currentFrame(rw-window_size:rw+window_size, cl-
window_size:cl+window_size);% select a surrounding window around centre point 
            filename = [sprintf('%s%04d','img',i) '.tif'];                 % make a name of image to save 
            fullname = fullfile(workingDir,'final_images',filename);       % define complete path of image 
            imwrite(surroundingWindow, fullname, 'Compression', 'none', 'Resolution',[1270,1270]);  % 
save the image (surrounding window) 
        end                                                                % finish if-condition 
    end                                                                    % finish for-loop 
    assignin('base', 'windowsSizes', windows);                             % write no. of images and their 
windows into Workspace 
    imgSizes = windows(:,2);                                               % copy the window sizes 
    maxVals = max(imgSizes);                                               % finding the largest window sizes 
    idxMax = find(imgSizes == maxVals);                                    % finding the images(indices) which 
have largest windows 
    namesImgs = cell(length(idxMax),1);                                    % make a cell to store names if 
images 
    for i=1:1:length(idxMax)                                               % start the loop                                       
        tmp = idxMax(i);                                                   % copy the value if index 
        a = sprintf('%s0%d%s','img',tmp,'.tif');                           % make a name with it 
        namesImgs{i} = a;                                                  % store this name in the cell 
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    end                                                                    % finish loop 
    assignin('base', 'namesImgs', namesImgs);                              % write into workspace 
 
end 
 

A.4 Blur percentage calculation 

The blurriness values of out-of-focus images are calculated using the algorithm to measure the 

blur percentage between a reference image (original image) and a blurred image, i.g., determining 

the blur’s percentage based on edges’ sharpness with respect to the reference image [156]. The 

sharpness of the edges is the best criteria to indicate the amount of the existing blur in the blurred 

image compared to the original image [157]. The corresponding Matlab script, named Image Blur 

Measurement, could be found in the MATLAB Central File Exchange [158]. 

The detailed description of the algorithm is described in the cited literature [156], and thus here 

only a brief introduction is shown. Assuming one reference image and one blurred image as 

shown in Figure A.3. Both images have the same pixel size of 5X7, and each pixel has an 

intensity value as marked in the left column in Figure A.3. Except for the boundary pixels, the 

other pixels (center pixel) have 8 neighbor pixels. The intensity variations between the center pixel 

and the neighbor pixels are given in the middle column in Figure A.3 (Purple values). The largest 

value of the intensity variations is typed in the location of the center pixel (Red values). Using the 

same way, the maximum values of the intensity variations for the rest pixels can be calculated, 

and all these values are averaged and then used in the blur percentage equation.  

𝐵𝑙𝑢𝑟 𝑝𝑟𝑒𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
𝑎𝑏𝑠(𝑅𝑒𝑓 − 𝐵𝑙𝑢)

𝑅𝑒𝑓
× 100% 

                                                                      =
𝑎𝑏𝑠(8−1)

8
× 100% = 87.5% 
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Figure A.3: Diagram of the algorithm to calculate blur percentage. The detailed description of the 

algorithm is described in the cited literature [156] 
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