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Experimental results are reported that address fundamental multiphase burning 

characteristics of transportation fuels and their blends with selected biofuels, as well as 

the combustion of transportation fuel surrogates. Included are n-butanol, hydrotreated 

renewable diesel and jet fuels derived from microalgae (AHRD and AHRJ, 

respectively), and surrogate fuels including iso-octane and mixtures of n-heptane and 

iso-octane. The transportation fuels examined are ethanol-free gasoline, #2 diesel, and 

Jet-A. The configuration employed is an isolated droplet burning in an environment 

that promotes spherical symmetry of the combustion process with room temperature 

air at atmospheric pressure. The main parameters of the experiments are the initial 

droplet diameter (Do) and blending fraction. 

Estimates of the heat transfer regimes show that as Do increases, burning can 

transition from where radiative process on the droplet burning is negligible to where it 

is important. The estimated range is from about 0.5 mm or less to well over 1 mm. To 

access such a large dynamic range, we carry out experiments in a ground-based drop 

tower at Cornell that provides about 1.2 s of experimental run time for Do < 0.8 mm, 

and the International Space Station (ISS) that allows for a virtually unlimited 

experimental time, with the experiments reported here having Do up to about 5 mm 



 

 

and corresponding burning times of nominally 15 s. Soot formation is a prominent 

feature of the experimental observations, and we report the development of an 

algorithm that allows quantifying the amount of soot from digital video images of the 

droplet burning process. 

The results show that n-butanol droplets have burning rates that are almost 

identical to gasoline even though their sooting propensities are markedly different. 

Moreover, the combustion rates of AHRD droplets are close to those of #2 diesel 

droplets in spite of their significant chemical and sooting differences. AHRJ droplets 

burn slightly faster and produce less soot than Jet-A. These observations indicate that 

bio-derived fuels examined here are attractive additives to transportation fuels to 

reduce the consumption of petroleum-based fuels and reduce particulate emissions 

through blending. The results for surrogate fuels show that the droplet burning rate 

decreases throughout the range of droplet size investigated for iso-octane and the n-

heptane/iso-octane mixture because of increasing radiative losses from the droplet 

flames when Do increases. 
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CHAPTER 1                                                                                        

INTRODUCTION 

1.1 Background 

Petroleum-based liquid fuels have been a dominant source of energy for 

various sectors (e.g., buildings, industrial, and transportation sectors) for over a 

century, and this demand will be sustained as the world consumption of marketed 

energy continues to expand. The International Energy Outlook 2016 (IEO2016) [1] 

reported by U.S. Energy Information Administration (EIA) predicts that total world 

energy consumption will be increased by 48% from 2012 to 2040, with the 

consumption expands from 549 quadrillion British thermal units (Btu) in 2012 to 815 

quadrillion Btu in 2040, as shown in Figure 1.1. 

 

 

Figure 1.1: World energy consumption (in quadrillion Btu), 1990 – 2040 (image 

source: IEO2016 [1]). OECD denotes member countries of the Organization for 

Economic Cooperation and Development. 
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Among the total world energy consumption, fossil fuels will continue to 

provide most of the world’s energy: as shown in Figure 1.2, liquid fuels, coal, and 

natural gas will be responsible for about 78% of the world’s energy consumption in 

2040. Petroleum and other liquid fuels will remain the largest source of energy, and 

their worldwide consumption will increase from 90 million barrels per day (b/d) in 

2012 to 121 million b/d in 2040 [1]. The transportation and industrial sectors are 

responsible for most of the increase in liquid fuels consumption worldwide [1]. 

Although alternative and renewable energy concepts (e.g., hydropower, wind, electric, 

etc.) do show an increasing trend in Figure 1.2, they are not yet at the stage to 

significantly impact petroleum use and meet the transportation and energy needs of 

modern societies because none of them matches the cost, energy density, and 

convenience of liquid fuels. As such, conventional liquid fuels will continue to be the 

primary source of energy as long as their supply lasts [2]. 

Energy consumption in the transportation sector includes energy used in 

internal combustion and aircraft engines. These engines are the primary consumers of 

liquid fuels. The transportation sector was responsible for 25% of total world delivered 

energy use in 2012, and transportation energy consumption is predicted to increase by 

1.4%/year from 2012 to 2040 in the IEO2016 Reference case [1]. As such, developing 

various technologies that improve the efficiency of liquid fuel combustion should have 

an immediate impact on conventional petroleum-based fuel supplies and their clean 

combustion. 
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Figure 1.2: World energy consumption by energy source (in quadrillion Btu), 1990 – 

2040 (image source: IEO2016 [1]). Dotted lines for coal and renewables show 

projected effects of the U.S. Clean Power Plan (CPP). 
 

Petroleum-based transportation fuels (e.g., gasoline, diesel, and jet fuel) [3-5] 

consist of hundreds of miscible components with a wide range of volatilities, thermos-

physical properties, and sooting propensities. This multi-component characteristic of 

transportation fuels makes it a challenge to develop inputs for numerical simulations 

of combustion dynamics [6, 7], and the capability to provide property estimates, 

predict the phase equilibrium behaviors, and describe the combustion kinetics is 

needed. The solution is to develop “surrogates” for the complex fuels. A surrogate is 

defined as a blend of relatively fewer compounds (e.g., from two to over ten [8]) with 

known chemical species and mixture fractions that are chosen to replicate certain 

combustion “targets” of practical transportation fuel systems [9-12]. 
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1.2 Blending of bio-derived fuels and transportation fuels 

With increasing demands for liquid fuel consumption (Figure 1.2) and 

associated environmental concerns, exploring renewable solutions to reduce the 

consumption of conventional petroleum-based fuels and greenhouse gas (GHG) 

emissions is an important part of worldwide energy policies [1]. Blending the 

petroleum fuels with bio-derived fuels is a well-known strategy for reducing both 

consumption of petroleum fuels and harmful emissions. Biofuels offer a simple 

volume displacement of petroleum-based fuels that reduces consumption, and they 

typically bring a range of chemicals that lack the relative propensities for harmful 

emissions to the mixture [13]. 

The strategy of blending biofuels with petroleum-based fuels is widespread in 

the ground transportation sector such as blending ethanol with gasoline to reduce the 

consumption of gasoline. For aviation fuels, JetBlue announced in 2016 that it would 

reduce its consumption of conventional jet fuel by 20% at Kennedy International 

Airport in New York City by using a blend of a (proprietary) plant-based biofuel and a 

conventional jet fuel [14]. 

With the increased interests of biofuels, the majority of research has focused 

on production technologies [15-19]. Less understood are their fundamental 

combustion dynamics. The extent to which biofuels perform relative to the 

conventional petroleum fuels they would ostensibly be blended with is of particular 

interest. Most desirable is for a biofuel to be a ‘drop-in’ replacement [20] for a 

conventional petroleum-based fuel. To access this possibility, combustion properties 

are needed to evaluate the combustion performance of liquid fuels of interest. 
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At one end of complexity is the in-cylinder environment of an engine, which 

yields useful information about combustion under realistic conditions. Studies of 

biofuels have been reported in system-level configurations like full-scale engines [21-

25]. The results obtained can be difficult to generalize and are often specific to the 

engine configuration used. For example, marine gas turbines were used to certify 

algae-derived biofuels for Navy marine systems [26], and results showed a connection 

between ignition and fuel properties. However, this information is often unique to the 

specific engine design employed in the experiments, so that little else could be 

extracted that extends beyond the engine used to obtain the information. 

Fuel spray injection is at the heart of almost all liquid-fueled combustion 

systems. Various modeling approaches such as direct numerical simulation (DNS) and 

large eddy simulation (LES) have been developed to model a spray [27-32]. However, 

it is still a challenging subject to model spray combustion because of the reliance on 

empiricism and assumptions especially for the atomization process, lack of techniques 

for the vaporization of complex liquid mixtures, the grid dependence issue, and the 

need for a better understanding of the physical sub-processes (e.g., fundamental 

knowledge on atomization) [31]. Therefore, a more suitable configuration for liquid 

fuel combustion is needed that can be generalized and modeled.  

1.3 Canonical configuration for liquid fuel combustion 

At the other end of complexity is a combustion configuration that consists of a 

tractable fundamental geometry so that detail numerical simulations of the combustion 

event based on a first-principles solution can be carried out. If one considers a 
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constituent fuel droplet of a spray, fixes its position, and turns off any ambient flow, 

the resulting combustion configuration is spherically symmetric, as shown in Figure 

1.3b. This is the simplest configuration, or the “base case” for combustion of liquid 

fuels, and it is amenable to detailed numerical modeling (DNM) [33-37]. 

 

 

Figure 1.3: Schematic of (a) a spray flame structure and (b) an isolated droplet burning 

with spherical symmetry. 
 

The gas flow is created entirely by the evaporation process of the fuel at the 

droplet surface. Under these conditions, the streamlines of the flow are radial, and the 

flame is spherical and concentric with the fuel droplet. If soot forms, the soot particles 

will be trapped between the droplet and the flame where the forces (i.e., due to 

evaporation induced velocity and thermophoresis) acting on them balance. 

Despite its simplicity, the spherically symmetric droplet burning configuration 

involves a large number of physical and chemical processes present in more complex 
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flows encountered in sprays and engines [38]. These include unsteady gas and liquid 

transport, preferential vaporization, moving boundary effects, variable fuel properties, 

soot formation, and radiation effects. Moreover, in both a spray and an isolated droplet, 

the evaporated fuel is brought by gas transport to a region of the environment where 

the gas concentration is at the lean flammability limit, after which ignition occurs 

whether or not liquid fuel droplets are present. For an isolated droplet, this region is 

symmetrically located around the droplet (Figure 1.3b); in a spray the flame dynamics 

are not symmetric but, nonetheless, governed by the same basic physics. More 

importantly, the in-cylinder environment of combustion engines can include the 

presence of droplets [39-42]. 

The overarching goal of this study is to use the isolated droplet combustion 

configuration with spherical symmetry (Figure 1.3b) as an effective “tool” to evaluate 

the burning characteristics of various bio-derived, surrogate, and transportation fuel 

systems, as well as provide a database for modeling. 

1.4 Classical theory of droplet combustion 

Combustion properties for the one-dimensional configuration shown in Figure 

1.3b include the evolution of droplet (D) and flame (Df) diameters, as well as droplet 

burning rate (K). The classical theory of isolated droplet combustion [43-45] based on 

Figure 1.3b for the case without soot formation or radiative dynamics leads to a 

prediction of droplet diameter as 
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where the droplet burning rate K, which is a measure of the combustion rate, is defined 
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Equation (1.1) is often referred to as D2 law for droplet burning. This equation 

predicts that K is constant throughout the droplet burning history, but the experimental 

results often show differently [46, 47]. Burning rate can depend on time and this time 

dependency is associated with unsteady droplet heating, which can occupy 10-20% of 

the burning history [48-50]. 

Equations (1.2) and (1.3) indicate that the droplet burning rate depends on the 

heat of combustion, which suggest that different values of heat of combustion may 

contribute to the differences in K when we compare the burning rate values of 

different fuels (e.g., comparing biofuels against transportation fuels). However, the 

influence of heat of combustion on the burning rate might not be significant as the heat 

of combustion appears in a natural logarithm form as shown in Equations (1.2) and 

(1.3). Furthermore, reported heat of combustion values of various fuels (e.g., lower 

heating value, LHV) are based on complete combustion processes with all of the fuel 

carbon and fuel hydrogen converting to CO2 and H2O, respectively [45]. In practical 

applications, soot formation during combustion because of incomplete combustion can 
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resulted in a lower heat of combustion of fuels. As such, the influence of heat of 

combustion on the burning rate remains unknown when we are comparing different 

fuels with different sooting propensities and needs further experimental investigations.  

The classical droplet combustion theory also predicts the flame standoff ratio 

(FSR) [45]: 

,ln[1 ]
FSR constant( ( )).

ln[( 1) / ]


   
  

f o qD B
f t

D
 (1.4) 

The flame standoff ratio corresponds to the relative distance of the flame to the 

droplet. It is predicted to remain constant throughout the burning history in Equation 

(1.4). However, this theoretical prediction is found to be inconsistent with previous 

studies on spherical droplet flames [51, 52], where FSR was reported to increase 

during a burn based on experimental measurements. 

The classical droplet burning theory assumes that no soot particles are present 

[45], as a single step reaction is assumed and thus it has no capability to predict the 

formation of soot precursors. If the liquid fuel being examined produces soot, the soot 

aggregates are trapped between the droplet and the flame where forces (i.e., due to 

evaporation-induced velocity and thermophoresis) acting on the soot particles balance 

[53]. In this case, the relative position of soot shell and the fuel droplet provides 

another combustion property, i.e., soot standoff ratio (SSR = Ds/D, where Ds is the 

soot shell diameter). Although soot formation has been modeled in various combustion 

configurations [54-56], such a modeling capability has not been incorporated in 

simulations of the droplet combustion processes as illustrated in Figure 1.3b [52, 57]. 

As such, it places a high reliance on performing experiments to understand the 



 

10 

combustion performance, especially sooting dynamics, of practical transportation fuels, 

bio-derived fuels, and surrogate fuels that contain components that favor soot 

formation. 

1.5 Effects of initial droplet size on the burning 

The droplet burning rate is predicted to be constant and independent of time by 

the classical theory of droplet combustion as shown in Equation (1.2). However, 

experimental studies show that K decreases with increasing Do for droplets burning in 

room temperature air [53, 58-67]. Recent scale analysis [68, 69] based on heat transfer 

from the flame to the fuel droplet and ambient air attributes this dependence of K on 

Do to the effects of radiation. 

When radiation heat transfer is neglected, K is predicted to be independent of 

initial droplet size as shown in Equation (1.2). However, when it is not, K varies with 

Do. For “large” fuel droplets (e.g. Do > ~1.5 mm), radiation losses from the flame to 

the ambient are more important than diffusive transport. An energy balance on the 

droplet flame results in an inverse power relation, K ~ Do
-2/7 [69]. Detailed numerical 

modeling of spherically symmetric droplet burning [57, 70] confirms this trend.  

Flame temperature can also be affected by Do [71] due to radiation losses to 

the surrounding. When this happens, soot formation also diminishes, which is highly 

temperature dependent and depends on exceeding the so-called soot inception 

temperature (~ 1300 K) [72]. With excessive heat losses due to radiation, a “radiative 

extinction” phenomenon was observed [34, 61, 63, 73, 74], which is characterized by 

the disappearance of the visible flame. Recent numerical work suggests that after 



 

11 

radiative extinction, droplet burning can transition to a second stage “Cool Flame” 

(CF) burning regime characterized by low temperature combustion (LTC) chemistry 

[57, 69, 75-78]. In this second burning stage, the droplet burning rate is higher than the 

evaporation rate without combustion until the LTC chemistry is terminated. 

To fully understand the physics that merge to control burning as initial droplet 

size increases, the range of Do examined needs to be large enough to cover regimes 

from where radiation on the droplet burning process is negligible to where it is 

important. This study does so for 0.5 mm < Do < 5 mm where we show it is large 

enough to study the phenomenon of interest. 

1.6 Effects of fuel composition on the burning 

When the combustion of multi-component fuels (e.g., transportation fuels, 

mixtures of surrogate fuels) is examined, a preferential vaporization effect may exist 

during the burning process due to different boiling points of the components. In 

addition, volatility difference between constituents of the fuel creates a potential for 

microexplosion [79]. 

A study concerning methanol/dodecanol binary mixture droplets showed a 

three-stage combustion, characterized by a plateau region in the evolution of droplet 

diameter plot for both 50/50 and 75/25 methanol/dodecanol droplets [80]. Either 

distillation- or diffusion-controlled mechanism is responsible for such a three-stage 

combustion [81]. In distillation-controlled burning, the instantaneous droplet 

concentration is uniform because the components of the mixture vaporize in the order 

of their relative volatilities. On the other hand, concentration gradients within the 
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droplet exist in the diffusion-controlled burning, which is featured by initial 

preferential vaporization of the more volatile constituents and thus having an increased 

concentration of the less volatile ones near the droplet surface. The observed 

microexplosion for the 75/25 mixture [80] suggests that the diffusion-controlled 

mechanism characterize the combustion of reported methanol/dodecanol mixture 

droplets because the microexplosion implies concentration gradients within the droplet 

which is explained by the diffusion-controlled mechanism. In the transition period (i.e., 

the plateau region), the droplet burning rate is nearly zero due to thermal expansion 

during this period associated with different burning points between dodecanol (532 K) 

and methanol (338 K). It is expected that n-heptane/iso-octane mixture droplets will 

not have a multi-stage regime during combustion as n-heptane and iso-octane have 

very similar boiling points and other thermo-physical properties; Chapter 8 discusses 

this in more detail.  

It is interesting that a prior droplet study of gasoline does not show a plateau 

region in the evolution of droplet diameter [51]. Since gasoline examined is a multi-

component fuel (with boiling point ranges from 305.7 to 471.6 K), the observed 

results may suggest that as the burning proceeds, one constituent would be depleted 

and the other one takes place. As such, a more continuous trend of burning rate is 

observed for gasoline. The reason for this observation might be due to the fact that 

boiling point range for gasoline is not wide enough. An obvious preferential 

evaporation effect and even a microexplosion event maybe observed for a multi-

component fuel with wider boiling point rage. These observations will be of particular 
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interest when transportation fuels and their blends with biofuels are examined in this 

study. 

1.7 Motivations and fuel systems of interest 

As discussed earlier, the isolated droplet combustion configuration is a 

canonical configuration for liquid fuel combustion. Motivation for the current study 

derives from the interests in examining the droplet burning characteristics of bio-

derived fuels (e.g., n-butanol, renewable diesel and jet fuels derived from algae) and 

practical transportation fuels (e.g., gasoline, #2 diesel, and Jet-A) using the spherical 

droplet flame. Part of the goal is to extract fundamental combustion information for 

liquid fuels that incorporates multiphase transport or cannot be easily generalized in 

engine studies to evaluate the burning characteristics of bio-derived fuels in the 

context of transportation fuels and thus to access the responses of fuel systems when 

the composition varies through blending in a fundamental way. This effort is very 

much important to evaluate the potential of biofuels being attractive additives to 

transportation fuels for reducing the consumption of petroleum-based fuels, as well as 

reducing the particulate emissions during combustion. 

Furthermore, examining droplet combustion for surrogate fuels (e.g., iso-

octane) over a wide range of initial droplet diameters is motived by obtaining some of 

the combustion physics that are not provided by the classical droplet combustion 

theory, including effects of transient droplet burning, soot formation, and radiation.  

Table 1.1 lists all the fuels systems examined in this dissertation. Experimental 

results obtained for these fuels of interest using the spherically symmetric 
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configuration will also provide useful inputs to DNM of a multiphase process that has 

been developed for model development and validation. The heat of combustion values 

are provided as lower heating values in Table 1.1. 

 

Table 1.1: Fuel systems examined in this dissertation. 

Fuel examined Corresponding 
fossil fuel Do (mm) LHV 

(MJ/kg) 
Parameter 
variation 

gasoline (87 octane) - 0.52 – 0.62 42.7 [82] 

composition 
n-butanol [83] Gasoline 0.55 – 0.57 35.1 [82] 

10/90 n-
butanol/gasoline 

(Bu10) 
Gasoline 0.61 - 

iso-octane Gasoline 0.53 [51] – 4.36 44.31 [84] Do 

50/50 n-
heptane/iso-octane Gasoline 0.52 [51] – 4.80 - Do 

#2 diesel (DF2) - 0.52 – 0.53 42.67 [25] 

composition 

Hydrotreated 
renewable diesel 

derived from algae 
(AHRD) 

Diesel fuel 0.52 – 0.53 44.0 [85] 

50/50 AHRD/DF2 
(RD50)  Diesel fuel 0.55 - 

Jet-A [86] - 0.56 43.15 [87] 

composition 

Hydrotreated 
renewable jet fuel 
derived from algae 

(AHRJ) 

Jet fuel 0.55 – 0.56 43.20 [87] 

75/25 AHRJ/Jet-A 
(RJ75) Jet fuel 0.57 - 

50/50 AHRJ/Jet-A 
(RJ50) Jet fuel 0.55 - 

25/75 AHRJ/Jet-A 
(RJ25) Jet fuel 0.56 - 
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In this dissertation, experiments are reported for a range of fuel systems with 

fuel composition as the varying parameter to investigate the effects of composition for 

sooting and non-sooting fuel blends. We also note the influence of Do on the 

combustion of two surrogate fuel systems. The ambient is air at room temperature and 

atmospheric pressure. For experiments on butanol and algae-derived fuels, a ground-

based (GB) drop tower is used and the initial droplet diameter ranges from 0.52 to 

0.63 mm. For iso-octane/n-heptane droplets, both GB and International Space Station 

(ISS) facilities are used to examine the fuel droplets covering a wide range of initial 

diameter (from 0.5 to 5.0 mm). Different fuel systems of interest and associated 

objectives are discussed in the following sections.  

1.7.1 Butanol/gasoline blends  

Ethanol has been widely used as an additive to gasoline to reduce the 

consumption of fossil fuels. Compared to ethanol, n-butanol (C4H10O) has the 

potential for enhanced performance because of its higher energy density. It is viable as 

either a neat fuel or an additive [15, 16, 88, 89]. 

n-Butanol is commonly produced from fossil fuels (the original material is 

propylene [16] and the product is referred to as “petro-butanol”). It can also be 

produced from biomass (the original materials are starch and sugar from corn or 

molasses [16], with the product referred to as “biobutanol’), in which case it is a 

renewable fuel. ABE (acetone, butanol, ethanol) fermentation has been used to 

produce industrial butanol and acetone since 1915 [90]. In this process, acetone, 
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butanol, and ethanol are produced as fermentation products of anaerobic bacteria (e.g., 

C. acetobutylicum [91]) that grow on starch or sugars. 

However, the production of butanol as biobutanol declined continuously since 

the 1950s because the price of petrochemicals was lower than that of corn and 

molasses [16]. As such, using fossil fuel to produce petro-butanol was more favorable 

at this stage. With the oil crisis in the 1970s, bio-derived fuels and their production 

became again an active research area. Ethanol was selected as an alternative fuel over 

butanol in the 1970s and 1980s due to the higher production rate of ethanol using the 

yeast ethanol fermentation [16]. Currently, industries are reexamining the ABE 

fermentation process as the source of butanol because of both economic (crude oil 

price) and environmental (emissions of carbon dioxide) aspects [91], as well as the 

advantages of butanol over ethanol as a biofuel. 

n-Butanol has several well-known advantages when compared to ethanol, 

including that n-butanol has a higher energy content, greater miscibility with 

transportation fuels, and lower propensity for water absorption [92-94]. n-Butanol may 

be blended with gasoline in any concentration, and its comparatively higher energy 

content would require a lower volumetric concentration compared to a petroleum-

derived fuel for similar performance. These features of butanol have motivated 

renewed interest in its combustion performance. 

Both spark-ignition (SI) and compression-ignition (CI) engines have served as 

important platforms to examine the performance of alcohols (including butanol) and 

blends with gasoline and diesel fuel under realistic conditions [21, 22, 95-113]. 

Separate but simultaneous injection of butanol and gasoline has also been considered 
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[114, 115]. Various gaseous configurations [116] have also been used to study the 

combustion of butanol, including flow reactors [117], shock tubes [118, 119], 

counterflow flames [120, 121], and jet-stirred reactors [122]. They share the need to 

prevaporize butanol prior to entering the combustion zone. In addition, the combustion 

of butanol droplets have been examined in a strong (buoyant or forced) convecting 

environment [123-127]. 

However, for the simple one-dimensional flow field configuration shown in 

Figure 1.3b, experiments on butanol and gasoline droplets are scarce [51, 83, 128] and 

no studies are known on droplet burning characteristics of butanol/gasoline blends 

from the perspective of the spherically symmetric configuration. The present study 

builds on these prior studies to compare experimentally the combustion dynamics of 

gasoline, butanol, and a butanol/gasoline mixture in the context of the spherically 

symmetric droplet flame. As such, further insights can be provided regarding the 

potential of butanol being an additive or even drop-in replacement of gasoline. An 87 

octane (ethanol-free) gasoline provides a reference to benchmark the burning of n-

butanol and a butanol/gasoline mixture here in this study.  

1.7.2 Hydroprocessed renewable diesel derived from microalgae 

Renewable liquid fuels have been produced from various oilseed crops such as 

sunflower [129], cottonseed [129], corn [130], and soybean [23]. Concerns over land 

use for feedstock growth have motivated the development of alternative approaches 

that use marginal land, require less consumable water, and can mitigate emissions of 

greenhouse gases. In this context, algae are receiving attention as a promising 
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feedstock because of its potential for high production rates, rapid growth cycles, and 

high lipid content [131]. 

An attractive strain of algae is heterotrophic algae. This form of algae can be 

produced in both the presence and absence of light. In dark conditions, the energy for 

growth comes from organic carbon dissolved in the culture medium, and a supply of 

CO2 is not needed. These advantages alleviate constraints on growing algae that favor 

geographical regions which receive significant daily light while requiring CO2. 

Heterotrophic algae are, therefore, promising as biofuel feedstocks, which could meet 

the fuel needs of the transportation sector since it de-couples oil production from both 

geography and seasonality. 

There are two broad pathways to produce biofuels from algal lipids: trans-

esterification and hydroprocessing [132]. Trans-esterification of algal oils produces 

algal “biodiesel” (ABD), consisting of long chain fatty acid methyl esters (FAME) 

[133], and glycerin as a co-product. Hydrotreated renewable diesel (HRD, “green” 

diesel) is produced by removing chemically-bound oxygen molecules and to produce 

components for diesel fuel with proper molecular weight [134, 135]. The oil is 

hydrotreated to remove the chemically-bound oxygen molecules and to produce 

components for the diesel fuel with proper molecular weight. While a significant 

amount of work has been reported on the production and life cycle evaluation of ABD 

[17, 132, 135-143] and algae-derived HRD (i.e., AHRD) [18, 132, 135, 144], little 

research has been reported on fundamental combustion properties of these fuels. Most 

desirable outcome for an algae-derived fuel is to be a ‘drop-in’ replacement [20] for a 
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petroleum fuel. However, information does not currently exist to assess this 

potentiality. 

Most of the reported research on algal biofuels focused on system-level 

evaluation of AHRD and ABD. For example, the in-cylinder performance of diesel 

engines fueled by ABD [24, 145, 146], mixtures with diesel fuel [145-150], and 

AHRD [85, 151] was studied. A 50/50 blend of AHRD with NATO F-76 (similar to #2 

diesel fuel) was also examined in a gas turbine engine [26, 152].  

No prior experiments have been conducted for AHRD in environments that 

promote the combustion symmetry depicted in Figure 1.3b. Therefore, a study that 

does so specifically for AHRD in the context of convectional #2 diesel can be helpful 

to evaluate its combustion performance and potential to blend with diesel fuel to 

reduce the consumption of conventional diesel fuel.  

1.7.3 Algae-derived renewable jet fuel 

Starting with algal lipids, renewable jet fuel can be also produced through 

hydroprocessing. The oil is hydrotreated to remove oxygen molecules and to produce 

components for jet fuel with proper molecular weight [13]. The resulting biofuel is 

thus termed as Hydrotreated (or Hydroprocessed) Renewable Jet (HRJ). Most of the 

work reported concerned the production [19, 153, 154] and life cycle analysis [87, 155, 

156] of algal HRJ (i.e., AHRJ). However, little research work has been reported on 

fundamental combustion characteristics of this fuel and thus no useful information 

currently exists to access the potential of an AHRJ fuel to be a ‘drop-in’ replacement 
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[20] for a conventional petroleum-based jet fuel that requires no further changes in 

current aircraft or infrastructure. 

Most of the reported work on the combustion of AHRJ concerned tests in 

commercial aircrafts. For example, a 50/50 blended biojet (47.5% jatropha + 2.5% 

algae) and Jet-A was tested in a Boeing 737-800 aircraft of Continental Airlines, 

equipped with CFM International CFM56-7B engines, in an experimental flight over 

Gulf of Mexico on January 7, 2009 [157, 158]. Moreover, a 50/50 blend of biojet 

(42% camelina, <8% jatropha, and <0.5% algae) and Jet-A1 was tested in a Boeing 

747-300 aircraft of Japan Airlines, equipped with Pratt & Whitney JT9D-7R4G2, in a 

flight in Tokyo, Japan on January 30, 2009 [20, 157, 158]. The flight test results 

showed that the engine and aircraft performance were unaffected by the biofuel blend 

and differences in performance were undistinguishable from the engine running on 

Jet-A or Jet-A1 [158]. The reduced soot emissions were also observed in these flight 

tests and it was thought that the reduced aromatic content of the biofuel was 

responsible for the reduction of emissions [20]. 

Although good agreements between AHRJ and conventional jet fuels are found 

in engine and flight tests, few fundamental investigations that explain the physics 

behind it have been reported. As such, comparing the burning characteristics of AHRJ, 

Jet-A (POSF 4658), and their blends in the context of the spherically symmetric 

droplet flame can provide more fundamental insights related to the fuel composition 

effect during combustion. Jet-A is the baseline aviation fuel against which 

comparisons of combustion performance are made here. 
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1.7.4 iso-Octane and n-heptane/iso-octane mixtures 

n-Heptane and iso-octane (2,2,4-trimethylpentane) are representative of two 

major chemical classes (i.e., straight chain and branched alkanes for n-heptane and 

iso-octane, respectively) found in practical transportation fuels. Mixtures of them 

referred to as “primary reference fuels” (PRFs) [159, 160] are used for determining 

gasoline octane numbers and have also been included as surrogate components for 

other transportation fuels [10, 161]. Much work has been conducted to evaluate the 

combustion performance of iso-octane [162, 163] and the PRF mixtures [164] in full-

scale engine tests to assess end-use performance. Other fundamental studies have also 

been reported that develop and validate combustion chemistries of n-heptane and iso-

octane [57, 84, 165-169] using experimental configurations that emphasize 

“combustion kinetics” [10]. These configurations share the common element of being 

amenable to detailed numerical modeling [170], which is a necessary capability for 

evaluating combustion chemistry and property data inputs for surrogates. 

A combustion configuration for a liquid fuel that combines evaporation and 

combustion is that of an isolated droplet burning with spherical symmetry as shown in 

Figure 1.3b. Data obtained for this configuration have significant value for assessing 

the efficacy of combustion chemistry and property data inputs of the burning process. 

Few studies have examined the burning characteristics of iso-octane droplets 

under conditions that would ostensibly promote spherical symmetry. The early work of 

Faeth and Olson [171] is notable for their study of ignition delay in conditions that 

promote spherical symmetry applicable to a theoretical analysis. Droplets burning in a 

low gravity environment were examined by carrying out the experiments in a 4.8 m 
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drop tower using the fiber-supported method. For the range of initial droplet diameter 

(Do) examined, 700 m < Do < 1800 m, a fiber diameter of 200 m with a 500 m 

bead at the tip would likely have resulted in an influence of the fiber on the burning 

process through various thermal effects [172, 173]. A much later study of iso-octane 

droplets [51] examined the influence of mixture fractions for iso-octane/n-heptane 

blends for Do ≈ 0.5 mm. The results showed that n-heptane, iso-octane, and the 50/50 

mixture of them have almost identical burning rates and that iso-octane flames were 

slightly closer to the droplet than n-heptane flames. For the relatively small droplets 

employed, radiation effects were unlikely to influence the burning process [61, 68, 70]. 

Recent DNM and experimental studies [57, 69] of spherically symmetric 

droplet burning have illustrated the influence of radiation for droplets typically larger 

than about 2 mm for n-heptane, n-octane and n-decane burning in the standard 

atmosphere. Flame extinction and in some cases, transitions to burning regimes 

characterized by LTC chemistry were found [57, 69, 75-78]. As such, varying initial 

droplet diameter over a wide range (e.g., from 0.5 mm to 5 mm) would provide useful 

information to understand thermal and combustion processes of iso-octane and 50/50 

n-heptane/iso-octane droplets as they are anticipated to be strongly affected by 

radiatives effects when varying Do. The experimental facilities include a GB droplet 

and a space-based platform onboard the ISS to expand the range of accessible Do. The 

study of n-heptane/iso-octane can also provide insights regarding the influences of fuel 

composition on the burning of primary reference fuel droplets for the droplet sizes that 

have not been examined previously. 
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1.8 Organization of the dissertation 

This dissertation is divided into nine chapters. The experimental methods are 

described in Chapter 2, and relevant data analyses for this work are placed in Chapter 

3. The following summarizes the chapters (or appendices) that are extracted from pre-

prints of original manuscripts that have been published in a journal or in preparation 

for submission. Finally, Chapter 9 summarizes conclusions, contributions, and future 

work directions. 

Section 3.5 and Appendix C: 

Y. Xu, Y. Shen, M.C. Hicks, H.K. Suh, M.Y. Choi, C.T. Avedisian, 

A MATLAB-based algorithm for automatic soot volume fraction 

analysis on images from droplet combustion experiments 

conducted onboard the International Space Station (title tentative), 

(2017), in preparation.  

Chapter 4: Y. Xu, C.T. Avedisian, Combustion of n-butanol, gasoline, and n-

butanol/gasoline mixture droplets, Energy Fuels 29 (2015) 3467-

3475 [174]. 

Chapter 5: Y. Xu, I. Keresztes, A.M. Condo Jr, D. Phillips, P. Pepiot, C.T. 

Avedisian, Droplet combustion characteristics of algae-derived 

renewable diesel, conventional #2 diesel, and their mixtures, Fuel 

167 (2016) 295-305 [175]. 

Chapter 6: Y. Xu, Y. Shen, I. Keresztes, A.M. Condo Jr, D. Phillips, P. Pepiot, 

C.T. Avedisian, Burning of renewable jet fuel derived from algae, 
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Jet-A, and their mixtures: a comparative study on droplets and 

flames (title tentative), (2017), in preparation. 

Chapter 7: Y. Xu, M.C. Hicks, C.T. Avedisian, The combustion of iso-octane 

droplets with initial diameters from 0.5 to 5 mm: Effects on 

burning rate and flame extinction, Proceedings of the Combustion 

Institute 36 (2017) 2541-2548 [176]. 

Chapter 8: Y. Xu, T. Farouk, Y. Shen, M.C. Hicks, C.T. Avedisian, Y. Xie, A.P. 

Reeves, F.L. Dryer, Initial diameter effects for combustion of n-

heptane/iso-octane mixture droplets (title tentative), (2017), in 

preparation. 
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CHAPTER 2                                                                                                 

OVERVIEW OF EXPERIMENTAL SETUP 

2.1 Promoting spherical symmetry 

To create spherically symmetric droplet combustion conditions, an 

environment is required where parameters that control convection are “small,” in 

which Rayleigh number, Ra = gβ(Tf - T∞)D3/(ανg), and Reynolds number, Re = 

UrelD/νg, are reduced. Note that flame diameters can be also used as the characteristic 

length for buoyancy (Ra) and forced convection (Re) though it is related to the droplet 

diameter. The resulting canonical geometry is that of a single stationary isolated 

droplet burning in a quiescent environment without the influence of forced or 

buoyancy-induced convection. 

There are a number of methods to reduce the convective effects on a droplet 

burning process. The gravity level is typically reduced to obtain a small Ra. Various 

experimental conditions are also employed to promote a suitable small Re, including 

employing a stagnant ambient and anchoring the position of the fuel droplet to 

minimize residual droplet motion. All the droplet combustion experiments performed 

at low gravity from 1956 to 2017 are summarized in a literature table in Appendix A, 

which includes the studies on this subject before June 2017. 

Regarding facilities in which low gravity environments are created for droplet 

combustion experiments, on one side is the free-fall facility, or drop tower, that have a 

low gravity experimental time of approximately 1 s up to 10 s, depending on the 

height of the drop tower. For typical straight chain hydrocarbons, the burning rate 
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ranges from 0.5 to 0.7 mm2/s [177]. As such, the complete burning history can be 

recorded for droplets less than 0.8 mm in a 1.2 s drop tower [178]. 

On the other side of the spectrum is performing experiments on an orbital craft 

such as the International Space Station. The low gravity time is unlimited and the 

gravity level is low (on the order of 10-5 of Earth’s normal gravity level), so that the 

environment of the ISS is ideal for droplet combustion experiments. Without the 

limitation of experimental time, larger droplets (e.g., Do > 0.8 mm) can be burnt 

onboard the ISS to expand the accessible range of Do. Smaller Do values cannot easily 

be assessed onboard the ISS due to challenges associated with droplet deployment 

process with minimum drifting motion during a burning event inside the combustion 

chamber [177]. Nonetheless, a study that combines the utilization of a drop tower and 

ISS can easily include experiments for droplets from sub-millimeter sizes to a size that 

is big enough (e.g., 5 mm) to include the physics of interest such as radiation effects as 

discussed earlier. 

2.2 Experiments in a ground-based drop tower 

Experiments are carried out here at low gravity (on the order of 10-4 of normal 

gravity on Earth), using “small” droplets with initial diameter of about 0.5 mm, 

restricting their motion by anchoring them to very small support structures (or fibers), 

and employing a stagnant ambient in the experiments. As such, the spherical 

symmetry of a droplet flame will result. Low gravity is created by carrying out 

experiment in a free fall such that the droplet with its immediate surroundings is 

burned while it falls. In the ground-based configuration, a drop tower at Cornell 
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University is used for this purpose, which is 7.6 m high and provides about 1.2 s of 

experimental run time with low gravity. During the fall, the fuel droplet is ignited by 

spark discharge across two electrode pairs positioned on opposite sides of the droplet 

to provide some degree of ignition symmetry. A black-and-white (BW) digital camera 

and a color camera that provide perpendicular views of the burning droplet record the 

droplet burning history. 

The design of the drop tower facility for droplet combustion experiments is 

based on the work of Bae [179] and Liu [177]. In this section, critical components of 

the drop tower facility, including drop package, combustion chamber, droplet 

generation, ignition, and imaging systems, are briefly discussed. Detailed step-by-step 

operation procedures for fiber-supported droplet combustion experiments using the 

drop tower facility is provided in Appendix B. 

2.2.1 Drop package and deceleration tank 

The drop package used in this study consists of two separate parts: an inner 

instrumentation package and a drag shield. The inner package is adopted from the 

400-lb package designed by Bae [179], and a new layout of this package was designed 

by Liu [177] that accommodates two cameras and other components. The inner 

instrumentation package is contained inside a drag shield that was developed by 

Callahan [180] and Bae [179]. 

The instrumentation package mounts a combustion chamber, two cameras, 

spark and retraction circuits, and an onboard power supply. Figure 2.1 shows the 

layout for the combustion chamber and two cameras inside the instrumentation 
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package. A BW camera (Canadian Photonic Labs, Inc., MS-80K, 2320 × 1772 

pixel/frame, operated at 200 fps) records backlit images that highlight droplet and 

sooting dynamics. A 1-Watt LED lamp (Black Diamond Equip., LTD) provides the 

backlighting for BW imaging. A color camera (Hitachi, HV-C20, 640 × 480 

pixel/frame, operated at 30 fps) is positioned parallel to the BW camera and records 

self-illuminated flame images. Details for the cameras and lens are provided later in 

Section 2.2.6. The inner package also includes a 30 VDC power supply and two boxes 

for spark circuits, which are not shown in Figure 2.1. Details of these components are 

discussed in Section 2.2.5.  

 

 

Figure 2.1: Schematic of the layout in the instrumentation package for the combustion 

chamber and two cameras. 
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A drag shield is employed to enclose the inner instrumentation package to 

reduce the air drag during the free fall. The drag shield used in this study was 

developed by Jackson [181], Callahan [180], and Bae [179]. It is essentially a slightly 

larger package than the inner instrumentation package that shields the instrumentation 

package. The inner package is falling within the drag shield during a free-fall. There is 

a space of about 7 inches between the bottom of the instrumentation package and the 

bottom of the drag shield before a fall. This space is sufficient to guarantee that the 

inner package does not contact with the drag shield during the fall. With the use of a 

drag shield, the gravity level of the instrumentation package is at about 10-4 of Earth’s 

normal gravity [179], which is independent of the weight of the instrumentation 

package. 

To protect the hardware inside the drop package at the end of free fall, a 

deceleration system developed by Yang [182] is used in the present study. It is a 

cylindrical tank (6 ft in height and 6 ft in diameter), filled with air-tunneled foam 

layers with a height of 4 ft. A circular blanket is placed on the top of the foam layers to 

reduce wearing of the foam in frequent dropping operations.  

2.2.2 Electromagnet for releasing the drop package 

Prior to a free fall, the drop package is suspended by a 4” circular 

electromagnet (AEC magnetics, CEA-400M-100C), which holds the drop package 

from the top center position. The power input for the electromagnet is supplied by a 

DC power supply (Agilent Technologies, HP 6010A). The free fall is initiated by 

deactivating the electromagnet, which is controlled by a multi-channel digital signal 
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composer (Quantum Composer, QC-9618) via a separate relay circuit designed by 

Callahan [180]. 

It is suggested that the voltage applied to the electromagnet for suspending the 

400-lb package should exceed 39 V [177], using the “constant voltage” mode on the 

power supply HP 6010A with a current of about 0.2 A. However, 100 V is used for 

raising the drop package for safety concerns. The voltage is then lowered to 50 V prior 

to deactivating the electromagnet and thus dropping the package. Details on how to 

operate the electromagnet can be found in Appendix B. 

2.2.3 Combustion chamber 

The combustion chamber used in this study is an aluminum rectangular box 

(8” × 8” × 11”), designed by Bae [179]. It has view windows for the observations of 

droplets and flames as shown in Figure 2.1. Inside the combustion chamber, a 1-Watt 

LED light is installed to provide the backlighting for BW images. A metal bar installed 

on a 2-D traverse is used to mount the electrode mount set in the combustion chamber. 

A droplet generator and fuel reservoir are also installed in the combustion chamber for 

generating fuel droplets that are later burned. The signals for droplet generation, high 

voltage sparks, and retraction for electrodes after ignition are transmitted through two 

rows of pin connectors attached on the bottom of the chamber. These pin connectors 

are sealed from the bottom of the combustion chamber so that the entire chamber is 

sealed during combustion experiments. 



 

31 

2.2.4 Droplet generation and deployment 

The droplet generation method use in this study was originally developed by 

Avedisian et al. [178] and later modified by Callahan [180]. A piezoelectric droplet 

generator is employed to generate a fuel droplet, which is then deployed on the 

support fibers. The droplet generator consists of a piezoelectric transducer (American 

Piezo Ceramics Inc., part # APC352428A) and a glass nozzle. Once the liquid fuel is 

filled in the droplet generator, a deflection of the piezoelectric transducer produced by 

an electrical pulse from the pulse generator (Avtech Electrosystems LTD, AV-1010-B) 

squeezes the liquid fuel through the glass nozzle to generate fuel droplets. 

The glass nozzle is fabricated at Cornell Chemistry Glass Shop (Baker Hall 

B66, Ithaca, NY). It is fabricated by visual observations of an old glass nozzle (with 

trial and error) that was made in this glass shop in the past. The fabrication process 

involves inserting a glass tubing into a lathe, heating the glass tubing, pulling it to 

achieve a converging nozzle end, and cutting the nozzle to the desired length. 

Note that a new pulse generator (i.e., Model AV-1010-B from Avtech) is used 

in the present study to replace the old pulse generator (HP 214B), which has been 

discontinued by the manufacturer. The new pulse generator can generate electric 

pulses with amplitude of 0 to +/- 100 V and pulse width of 20 ns to 10 ms. Pulse 

amplitude and pulse width are two important variable settings to generate fuel droplet 

with proper size and squeeze the fuel droplet to the appropriate height. The new pulse 

generator allows a finer control of the amplitude and pulse width within the adjustable 

range and thus a better control of the droplet deployment process. 
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Figure 2.2 shows the droplet deployment process in which the droplet 

generator propels one or more fuel droplets onto the intersection of two 14 μm SiC 

fibers that are crossed at 60˚ until the fuel droplet reaches the desired size. The support 

fibers are mounted at four vertical posts on the mount that is also used to mount 

electrodes. Different crossing angles for the two support fibers were tested and the 60˚ 

fiber angle resulted in the most spherical image of the droplet and soot shell [179]. As 

such, the 60˚ fiber angle is consistently used in this study. The position of the droplet 

and the arrangement of two support fibers are shown in Figure 2.3, which is a top view 

photograph of the fiber and electrode mount. More details about the electrodes are 

provided in the next section. 

 

 

Figure 2.2: Schematic of a side view of the droplet deployment process. 
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Figure 2.3: Photograph of the fiber and electrode mount with illustration for droplet, 

SiC fibers, and sparks. 
 

2.2.5 Spark ignition and electrode retraction 

Spark ignition has been using to ignite fuel droplets in drop tower experiments 

in this study. Four retractable electrodes are shown in Figure 2.3. From these 

electrodes, two sparks are employed and positioned on opposite sides of the droplet in 

order to promote symmetry in the ignition and subsequent burning process. Each spark 

requires two electrodes across which the sparks are generated; hence four total 

electrodes are employed. Electrodes used in the present study were designed by 

Callahan [180] and Bae [179], and later modified by Liu [177]. Each spark electrode is 

consist of a 0.3” tip from a commercial sewing needle (stainless steel, Dirtz, Prym 
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Consumer USA Inc., N1-510), a 0.044” portion made of 304 stainless steel (Small 

Parts, Inc., Part # Q-SWGX-440-30), a section of ferromagnetic mild steel plunger, 

and a 0.022” brass leader wire. 

The spark ignition circuits used in the present study were designed by Jackson 

[181]. This spark ignition system was modified by Callahan [180] to incorporate 

signal inputs for spark duration, as well as retraction and ejection circuits. Detailed 

descriptions of the spark system were given by Callahan [180]. It is noted that each 

electrode is manually positioned prior to any test without the use of the ejection 

system because the ejection circuit has the potential to overheat and thus burn out 

solenoids and electrode housings [179]. 

The spark is controlled by adjusting three 1 kΩ adjustable resistors. One of 

these resistors control the spark voltage, while the other two are in series with the 

spark electrodes to control the spark current. Increasing the resistances of the two 

resistors that control the spark current would lower the spark current. Table 2.1 lists 

settings for these resistors for fuels examined in this study.  

The four electrodes are rapidly retracted after the sparks are triggered and the 

droplet is ignited. The solenoid coil for electrode retraction is made with a 38-gage 

magnet wire (Belden Inc., model# 8085) by wrapping 650 turns for each solenoid. The 

four retraction solenoids are connected in parallel and the resulting total resistance is 

about 9 Ω. This value of total resistance can be used as a reference value for diagnostic 

purposes in case one or more electrodes are not retracted properly.  
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Table 2.1: Settings of the spark ignition system for fuels tested in the present study. 

Fuel Do (mm) Rvoltage (Ω) Rcurrent (Ω) 

gasoline (87 octane) 0.59 200 0 

10/90 n-butanol/gasoline 0.61 550 0 

iso-octane 0.59 300 0 

AHRD 0.53 485 0 

#2 diesel 0.53 180 0 

50/50 AHRD/#2 diesel 0.55 325 0 

AHRJ 0.56 330 300 

75/25 AHRJ/Jet-A 0.57 325 300 

50/50 AHRJ/Jet-A 0.55 310 300 

25/75 AHRJ/Jet-A 0.56 300 300 
 

2.2.6 Imaging systems 

A high-speed BW camera manufactured by Canadian Photonic Labs (model 

MS-80K) is used to record backlit image of the droplet and sooting dynamics. This 

camera can operate up to 200 fps with a high photo quality of 2320 × 1772 pixel (3.9 

MP)/frame. This camera was incorporated in the instrumentation package by Liu [177] 

to replace the old 16 mm cine camera (Redlake Locam-II 16-mm high-speed movie 

camera) used previously [179, 180] and thus to facilitate fast diagnostics and data 

extraction for each experiment. 

The BW camera is fitted with an Olympus Zuiko 90 mm f/2.0 lens, an 

Olympus OM Telescopic Extension Tube 65 – 116 mm (fixed at 100 mm), and a 

Vivitar MC 2× teleconverter for the best magnification. A 1-Watt LED lamp provides 

the backlight for this camera. 
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The MS-80K camera is connected to the PC through an Ethernet cable. The 

frame speed and exposure time can be adjusted through settings on the software 

(Camera Control) provided by the manufacture and install on the PC. The frame speed 

used for all fuels in this study is 200 fps, while the actual exposure time, governed by 

the shutter speed or exposure time (texpo), ranges from 70 to 200 μs, depending on the 

f-stop value on the Olympus Zuiko 90 mm f/2.0 lens selected for a fuel. Table 2.2 

provides the exposure time and f-stop value for the fuel systems investigated in this 

study. 

 

Table 2.2: Exposure time and aperture settings for fuels investigated in this study. 

Fuel Do (mm) 
MS-80K Hitachi HV-C20 

texpo (µs) f-stop 
value texpo (µs) f-stop 

value 

gasoline (87 octane) 0.59 80 4 4000 2 

10/90 n-butanol/gasoline 0.61 80 4 4000 2 

iso-octane 0.59 70 2.8 4000 5.6 

AHRD 0.53 100 4 4000 2 

#2 diesel 0.53 110 4 4000 2 

50/50 AHRD/#2 diesel 0.55 110 4 4000 2 

AHRJ 0.56 200 8 4000 4 

75/25 AHRJ/Jet-A 0.57 200 8 4000 4 

50/50 AHRJ/Jet-A 0.55 200 8 4000 4 

25/75 AHRJ/Jet-A 0.56 200 8 4000 4 
 

A color video camera (Hitachi, HV-C20) is used to record droplet flames at 30 

fps without backlightings. This color camera is fitted with a Nikkor 135 mm f/2.0 lens 

and two Kenko 36 mm extension tubes. This camera is connected to a video capturing 
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device Pinnacle box (Corel Inc.), which outputs the signals to a CRT TV (Electrohome 

Electronics Ltd., model # 38-V19NQA-AP) and a PC. The software used on the PC to 

capture and store color videos is Pinnacle Studio 12 (Corel Inc.). Details of how to 

record and save a video are provided in Appendix B. 

The exposure time for the HV-C20 camera can be adjusted from the “menu” 

button on the back panel of the camera. The f-stop value for the Nikkor 135 mm f/2.0 

lens is adjusted for different fuels of interest to obtain the optimal color images that 

highlight the droplet flames. The exposure time and f-stop value for all fuel systems 

examined in this study are shown in Table 2.2. 

2.2.7 Experimental procedures 

Once the droplet of desired size is deployed at the intersection of the two SiC 

support fibers, the drop package is released into free-fall over the 7.6 m distance in the 

drop tower. The droplet is ignited 320 ms after the free-fall begins. This delay is used 

to avoid the initial disturbance after the drop package is released. The sparks are ‘on’ 

for 800 µs and then the spark electrodes are rapidly retracted. The QC-9618 multi-

channel digital signal generator coordinates the time sequences. The drop package is 

released immediately after the droplet deployment to minimize effects of vaporization 

prior to ignition [51]. Systematic experimental procedures can be found in Appendix B. 

During the free fall, the burning history of the fuel droplet is recorded by the 

BW and color cameras. Note that BW and color cameras are controlled independently 

from the PC. Furthermore, they should start to record before the package is released 

and be stopped manually as soon as the free fall ends.  
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2.3 Experiments onboard the International Space Station 

For large fuel droplet (0.8 mm < Do < 5.0 mm), the Multi-user Droplet 

Combustion Apparatus (MDCA), installed in the Combustion Integrated Rack (CIR) 

onboard the International Space Station, is used to perform the experiments. The 

ambient is atmospheric pressure air at room temperature. For the large droplet 

experiments reported here, only free-floating droplet are studied. An outline of the 

experimental approach and procedures are discussed here, while detailed hardware 

descriptions are reported elsewhere [183-185]. 

Droplets within the MDCA are formed by dispending liquid fuel through two 

needles, which are separated by a small distance to create a liquid bridge. Once the 

desired droplet size is reached, the liquid bridge is slightly stretched to minimize the 

drift after droplet deployment. The needles are then rapidly retracted leaving behind a 

free droplet. The droplet is then ignited by two Kanthal wire loops that are energized 

and retracted after ignition. Note that ignition energy is expected to be dependent in 

part on Do. In the reported experiments, the minimum ignition energy is employed for 

each Do investigated. Hot wire ignition method, rather than spark ignition (for drop 

tower experiments), is employed in ISS experiments due to safety considerations 

onboard the ISS. It was reported that hot wire ignition does not change the quasi-

steady burning rates compared to the spark ignition method [179]. 

For the MDCA experiments, the droplet burning process is recorded by a High 

Bit-Depth Multispectral (HiBMs) camera (1 MP at 30 fps) with a backlight source for 

droplet and soot images and a color camera (0.3 MP at 30 fps) for flame images. The 

hardware also includes two radiometers with a sampling frequency of 100 Hz. The  
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broad-band radiometer is capable of detecting radiation with wavelengths ranging 

between 0.1 and 54 μm. This radiometer is encapsulated with Argon gas and sealed 

within a KrS-5 (i.e., Thallium Bromide) window. The narrow-band radiometer is 

encapsulated with Xenon gas and uses a filter made by overlaying a 5 μm “long-wave 

pass” fused quartz (i.e., SiO2) window over a sapphire (i.e., Al2O3) window with a 

transmission cut-off at 7.145 μm. The result of superimposing the optical properties of 

both windows provides a full width at half maximum (FWHM) of 1.54 micron. The 

wideband and narrow band radiometers are optimized to be sensitive to the hot flame 

and LTC, respectively. 

During ISS experiments, adjustments on the experimental settings, such as the 

extent to which the droplet is stretched before needle retraction, the distance between 

igniters and the droplet, and the duration over which igniters are energized, are found 

necessary to achieve the motionless droplet prior to ignition and appropriation energy 

for droplet ignition. These adjustments are controlled remotely at the NASA Glenn 

Research Center in Cleveland, OH. The live video of each experiment is transmitted to 

both NASA Glenn and Cornell University (in Ithaca, NY) to monitor the experiments. 

Real time inputs on parameter adjustments are discussed and determined via a phone 

link between Cornell and NASA Glenn. 

2.4 Chemical analysis 

2.4.1 Chemical analysis for gasoline 

The composition of gasoline examined in the present study is determined by 

gas chromatography-mass spectrometry (GC-MS) consisting of an Agilent 
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Technologies (Santa Clara, CA) 7683 series injector, Agilent 6890N network GC 

System and Agilent 5973N mass selective detector. GC analysis is performed with a 

30 m capillary DB-5 column (with a column diameter of 0.25 mm and coating 

thickness of 0.25 µm). The injection inlet temperature is 250 ºC. The oven temperature 

is held at 40 ºC for 2 min, heated at 5 ºC /min to 50 ºC, then heated at 25 ºC/min to 

150 ºC, and held there for 5 min. Helium is used as the carrier gas with a pressure of 

9.34 psi, giving an average velocity of 40 cm/s. A 0.2 µL sample is injected with a 

split ratio of 15:1. 

The mass spectrometer is set to detect the mass range of mass-to-charge ratio 

(m/z) 26-350. The interface and ion source temperatures are 310 ºC and 230 ºC, 

respectively. Data sampling time is carried out from 0 to 13 min in the measurement 

mode of “scan.” 

To identify the chemical species of main peaks in the chromatogram, the mass 

spectrum of each peak is compared to a National Institute of Standards and 

Technology (NIST) mass spectral library. The chemical species of each peak is 

determined manually by matching with the NIST library. 

2.4.2 Chemical analysis for #2 diesel and AHRD 

The chemical compositions of #2 diesel and AHRD are determined by GC-MS 

analysis using an Agilent 6890N gas chromatograph equipped with an Agilent 7683B 

autosampler and coupled to a JEOL (Peabody, MA) GCMate II double-focusing sector 

mass spectrometer. The samples are injected directly without dilution; the injection 

volume is 0.2 μL. The split/splitless inlet is operated in split flow mode with 200:1 
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split ratio. Inlet temperature is maintained at 285 °C and the transfer line to the MS is 

at 290 °C. 

The oven program used is as follows: 80 °C for 3 minutes; ramp to 180 °C at 2 

°C/min; ramp to 280 °C at 25 °C/min; and a final hold for 3 minutes for a total run 

time of 60 min. The GC column used is a DB-5 MS + DG capillary column (Agilent 

Technologies) with the dimensions 30 m × 0.25 mm ID, 0.25 μm film thickness and a 

10 m DuraGuard guard column section. The MS is operated in positive ion mode at 

nominal resolving power of 500 (actual 670). Electron impact ionization is used with 

70 eV potential and 200 mA filament current. All analyses are repeated at 240V, 300V 

and 400V detector voltage to allow for accurate identification and quantitation for 

both major and minor components. 

Mass spectra are acquired from m/z 28 to 500 using a magnetic field sweep 

with 0.22 s/scan and 0.1 s interscan delay to give 0.32 s total scan duration. Data 

analysis is performed using TSSPro 3.0 (Shrader Analytical and Consulting 

Laboratories Inc., Detroit, MI). Component identification is facilitated by the NIST 

Mass Spectral Database Version 2.0. 

2.4.3 Chemical analysis for Jet-A and AHRJ 

The GC-MS analysis of Jet-A and AHRJ are performed using the same 

experimental apparatus as discussed in Section 2.4.2, but with slightly different 

parameters as given below. 
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Non-diluted 0.2L fuel samples are injected via a split/splitless inlet that is 

operated in split flow mode with a 100:1 split ratio. The temperatures of the inlet and 

the MS transfer line are set to 285°C and 290°C, respectively. 

The oven temperature is first maintained at 60°C for 15 min; it is then 

increased to 180°C at a rate of 1°C/min; then it is increased to 280°C at a rate of 

25°C/min; finally, it is maintained at 280°C for 6 min. The total oven operation time is 

145 min. The GC column and the setup for the MS are the same as what described in 

Section 2.4.2. A 70 eV potential, 200 mA filament current, and a 400 V detector 

voltage are used for electron impact ionization. Magnetic field sweeps (with 0.32 s 

scan periods) are used to collect mass spectra data for masses ranging from 28 to 500. 

The collected data are then analyzed with the help of TSSPro 3.0 with the aid of NIST 

Mass Spectral Database Version 2.0. 
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CHAPTER 3                                                                                         

QUANTITATIVE MEASUREMENTS AND DATA REDUCTION 

3.1 Quantitative measurements of droplet and soot shell diameters 

The video images provide the main diagnostic from which measurements of 

the evolution of droplet, soot shell, and flame diameters are extracted. The droplet and 

soot shell diameters are measured from images recorded by the BW camera. Image-

Pro Plus v6.3 (Media Cybernetics, Inc.) is used to manually extract droplet and soot 

shell diameters. The analysis involves placing a virtual ellipse around the area of 

interest (AOI, Figure 3.1). The width (W) and height (H) of the virtual ellipse are 

obtained from Image Pro software. The equivalent diameter is then obtained as D = (H 

× W)0.5. 

A virtual ellipse, rather than a circle, is used to determine boundaries of droplet 

and soot shells to obtain equivalent diameters, because an ellipse is a more general 

shape with more degrees of freedom for positioning than a circle. Combustion 

symmetry could sometimes be affected during the burning history such as from the 

ignition event that could momentarily deform the droplet. 

Figure 3.1 shows some examples of extracting droplet and soot shell diameters 

from BW images for the fuel systems examined in the present study. Figure 3.1a 

shows a BW image from a GB AHRD experiment (Do = 0.52 mm). The droplet and 

soot shell diameters can be determined by manual positioning of virtual ellipse. The 

white and red dotted circle indicate the virtual ellipse for D and Ds measurements, 

respectively. Figure 3.1a is an example from slightly sooty fuel (i.e., AHRD), while 
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Figure 3.1b shows the measurements of D and Ds from a sooty fuel (i.e., an 

equivolume mixture of AHRD and #2 diesel) image. As shown in Figure 3.1b, 

although lots of soot particles are present, the droplet boundary is still visible and the 

soot shell is intact. As such, measurements of D and Ds can be obtained from Figure 

3.1b. 

 

 

Figure 3.1: Illustration of image analyses for D and Ds indicated by the white and red 

dotted circles, respectively, for (a) GB AHRD (Do = 0.52 mm), (b) GB 50/50 

AHRD/DF2 (Do = 0.55 mm), (c) GB #2 diesel (Do = 0.53 mm), (d) ISS iso-octane (Do 

= 1.74 mm), and (e) ISS iso -octane (Do = 2.91 mm). 
 

In analyzing the droplet images, the droplet boundary can be obscured by soot 

when a fuel is heavily sooty as shown in Figure 3.1c for a #2 diesel droplet. Three 
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orange arrows in Figure 3.1c point to visible segments of the droplet boundary, which 

serve as arcs of an ellipse for obtaining equivalent droplet diameter. Such images are 

analyzed for droplet diameter only when at least two arcs of the droplet boundary can 

be observed. Furthermore, Figure 3.1c illustrates the situation where the soot 

aggregates form a thick “crust” structure and this “crust” structure strongly affects the 

spherical symmetry of the soot shell so that the soot shell is no longer measureable.  

Figure 3.1d and e presents the image analysis process of BW images recorded 

during ISS experiments. Droplet boundaries are clearly visible in both Figure 3.1d and 

e and thus droplet diameters are measurable. Regarding the soot shell for ISS images, 

the soot shell structure often distorted by the retraction motion of the two hot wire 

igniters and thus long soot tails may often form (see Figure 3.1d). During the 

measurement of the soot shell diameter, the distorted part a soot shell should be 

omitted. The red dotted ellipse in Figure 3.1d shows that the undistorted part of the 

soot shell (i.e., the spherical portion) can be used for the soot shell diameter 

measurement. However, if the soot shell structure is highly distorted, soot shell 

diameter will be no longer measureable, as shown in Figure 3.1d where the soot shell 

is distorted due to combined effects induced by the retraction of hot wires and the 

droplet drifting motion during combustion.  

While an elliptical AOI is used to outline the boundaries of the droplets and 

soot shells, the ellipse is placed at the outer edge of the boundary that consists of a 

“grey transition area” whose thickness depends on the sharpness of the BW image. 

The existence of such a “grey transition area” is due to the digitization of a definite 

boundary. Figure 3.2 shows the transition area of the droplet boundary for the same 
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image in Figure 3.1a and where the AOI ellipse should be placed during the 

measurement. 

 

 

Figure 3.2: Illustration of where the AOI boundary is placed and thus how the droplet 

boundary is identified. The image is the same image as shown in Figure 3.1a. 
 

A number of BW images for AHRD, AHRJ, iso-octane, and 50/50 n-

heptane/iso-octane are also analyzed by a computer-based algorithm developed 

previously [186]. This program automates the extraction of droplet diameters for a 

series of consecutive images. However, this automated approach for droplet diameter 

extraction cannot be used extensively in the study because the part of the droplet 

boundary is often obscured by soot aggregates. Soot often obscure the droplet 

boundary due to either the sooty nature of the fuels examined (e.g., gasoline, #2 diesel, 

and Jet-A), or the formation of soot tails that later obscure the droplet boundary during 

ISS experiments. As such, manual measurements that involve placing an ellipse to fit 

the AOI are extensively adopted in the course of extracting droplet diameters. 
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Moreover, manual measurements are always adopted for measuring the soot shell 

diameters in this study as no tool currently exists for automating the measurements of 

soot shell diameters. 

In terms of the quantitative presentation of the measurements in this study, the 

evolution of droplet diameter are presented using coordinates from the quasi-steady 

theory of droplet burning [45] in which a scaled droplet diameter is (D/Do)2 and a 

scaled time is t/Do
2. The slope in the scaled coordinates is then the burning rate K. 

according to Equation (1.1). Soot shell diameters are plotted as soot standoff ratio (i.e., 

Ds/D) against the scaled time, t/Do
2. 

Regarding measurement uncertainty, the number of pixels that an image 

encompasses is used to provide an estimate. For BW images recorded during the GB 

experiments, an initial droplet diameter value of 0.53 mm is found to comprise 

approximately 262 pixels as obtained by visual observations from what is best judged 

as the outer edge of the droplet boundary. As shown in Figure 3.2, the outer edge of a 

droplet consists of a diffuse boundary whose thickness depends on the sharpness of an 

image. The thickness for reported GB images is approximately 5 pixels. As a result, 

the uncertainty of the boundary of a droplet before it is ignited, in terms of pixel count, 

is ± 5 pixels (i.e., counting the thickness of a boundary on both ends of a diameter) or 

approximately ± 1.9% (i.e., +267/262, -257/262). At the other end and well into a 

burning event, the smallest droplet diameter measured in this study is found to 

encompass approximately 40 pixels. Using again 5 pixels as the transition area, the 

uncertainty of the smallest droplet diameters reported here is approximately ± 12.5%. 
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For ISS droplet diameter measurements, the boundary thickness for the droplet 

is about 3 to 5 pixels. With different droplet sizes investigated in this study, the pixel 

value for the droplet diameter range between 27 (for a 0.80 mm droplet) and 162 (for a 

4.80 mm droplet) pixels. As such, the uncertainty for measuring the initial droplet 

diameters ranges approximately between ± 11.1% (i.e., i.e., +30/27, -24/27) and ± 

1.9% (i.e., +165/162, -159/162), taking 3 pixels as the boundary thickness for this 

calculation as this value is valid for most of the ISS images reported here. At the other 

end of the burning history, the smallest ISS droplet diameter measured is about 20 

pixels. Taking again 3 pixels as the boundary thickness, the associated uncertainty is 

approximately ± 15.0% (i.e., +23/20, -17/20). 

Regarding the measurement uncertainty of soot shell diameter, the largest soot 

shell measured from GB images consists of about 609 pixels and the smallest soot 

shell measured encompasses approximately 241 pixels. The soot shell boundary 

thickness is less well defined compared to the droplet boundary, and approximately 20 

pixels is considered to be representative of the soot images reported. The uncertainty 

of soot shell measurements is then about ± 3.3% at the upper size and ± 8.3% at the 

lower size.  

For ISS images, the boundary thickness of a soot shell consists of 

approximately 5 pixels. The largest and smallest soot shell measured from ISS images 

encompasses about 348 and 53 pixels, respectively. As such, uncertainty of soot shell 

measurements for ISS images ranges from ± 1.4% (i.e., +353/348, -343/348) to ± 

9.4% (i.e., +58/53, -48/53). Note that the the drifting of the droplet and thus the 

surrounded soot particle during ISS experiments, or the influences of the large soot tail 
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on the shape of a soot shell could result in a larger thickness boundary of the soot shell 

(i.e., as large as 15 pixels). In this case, the measurement uncertainty of the soot shell 

from ISS images can be as large as 18.8%. 

3.2 Quantitative measurements of flame diameters 

Flame diameters are measured from images recorded by the color camera for 

both the GB and ISS experiments. The droplet flame structure typically consists of an 

inner yellow core and a fainter outer blue zone (see Figure 3.3a). The inner yellow 

zone is due to incandescence of soot aggregates residing between the droplet and the 

flame. The boundary of a droplet flame is defined by the outer boundary of the blue 

flame zone in the present study.  

The AOI function in Image-Pro Plus v6.3 is used to manually measure the 

flame diameters. A virtual ellipse is placed around the outer edge of the blue zone. The 

flame diameter is then obtained as Df = (H × W)0.5, where the width (W) and height (H) 

of the virtual ellipse are from the software. Figure 3.3 shows several flame images and 

where the virtual ellipse, indicated by the white dotted lines, is placed to obtain the 

flame diameter. Figure 3.3a to c show the flames from fiber-supported experiments 

performed in the GB drop tower. The lateral glows are due to the interaction between 

the fibers and the flame. Figure 3.3a shows the flame diameter measurement for 

relatively less sooty AHRD using an ellipse. The spherically symmetry of the inner 

yellow core is slightly distorted due to the formation of soot aggregates, but the outer 

blue flame zone remains spherical. Figure 3.3b and c present luminous flames where 



 

50 

the blue flame is still visible and thus flame diameters are measured, indicated by the 

white dotted line. 

Figure 3.3d shows an iso-octane droplet flame from free-floating experiments 

performed onboard the ISS. Both the inner yellow zone and outer blue zone are clearly 

visible in Figure 3.3d. The white dotted circle outlines the AOI measurement from the 

blue flame boundary. Figure 3.3e is another ISS iso-octane droplet flame in the middle 

of a burning event where the inner yellow core almost disappears and thus the 

diameter for the clear blue flame can be easily measured. 

The flame diameter measurements are presented in flame standoff ratio (Df/D) 

which is plotted against the scale time, t/Do
2, in the following chapters.  

Regarding the measurement uncertainty for flame diameters, the largest flame 

measured from GB images comprises approximately 291 pixels. With a boundary 

thickness of about 8 pixels, the uncertainty of the maximum flame pixel count should 

be approximately ± 2.7% (i.e., +299/291, -283/291). The smallest flame diameter 

comprises about 130 pixels, taking again a flame boundary thickness of 8 pixels, the 

uncertainty of a GB flame diameter is approximately ± 6.2% (i.e., +138/130, -

122/130). 

For ISS color images, the boundary thickness of a flame ranges from 5 to 8 

pixel, with 5 pixels being more representative of most of the data reported in this study. 

The largest and smallest flame diameter measured from ISS images consists of about 

207 and 50, respectively. Using the flame boundary thickness of 5 pixels, the 

uncertainty of flame diameter measurements for ISS images ranges from ± 2.4% (i.e., 

+212/207, -202/207) to ± 10.0% (i.e., +55/60, -65/60). 
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Figure 3.3: Selected color images showing spherical droplet flames with flame 

diameters indicated by the white dotted circle for: (a) GB AHRD (Do = 0.52 mm), (b) 

GB 50/50 AHRJ/Jet-A (Do = 0.55 mm), (c) GB 50/50 AHRD/#2 diesel (Do = 0.55 

mm), (d) ISS iso-octane (Do = 2.91 mm), and (e) ISS iso-octane (Do = 2.82 mm). 
 

3.3 Calibration of the length scale for D, Ds, and Df measurements 

For GB image analyses, a scale factor is applied to the digital images by a 

0.794 mm tungsten-carbide calibration ball (Salem Specialty Ball Company) so that 

the dimensions (in pixels) of droplets, soot shells, and flames obtained from Image-

Pro or the MATLAB program [186] can be converted to millimeter. The calibration 

ball is photographed after each experiment with the same settings (e.g., magnification, 
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position from lens, and lighting conditions) as during the free-fall experiment. Figure 

3.4 shows the image of the calibration ball recorded by the BW and color camera. The 

diameter of the calibration ball is extracted using the identical image analysis process 

as discussed previously. The calibration ball comprises around 390 pixels for BW 

images and 58 pixels for the color images (though these values vary slightly for each 

test run as the experimental settings might differ in each experiment). These scale 

factors are used to obtain the D, Ds, and Df data obtain from GB experiments reported 

in the present study. 

 

 

Figure 3.4: Image of the calibration ball recorded by the (a) BW camera and (b) color 

camera from GB experiments. 
 

For images recorded during ISS experiments, the scale factors are provided by 

the NASA Glenn Research Center as follows: 

ISS BW images: 

 1024 pixels = 30.22 mm for x-direction, or 30.31 mm for y-direction 
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ISS color images: 

 640 pixels = 93.2 mm. 

These calibration factors are obtained based on images for solid spheres 

recorded under four different lighting conditions [177]. 

3.4 Definition of the initial burning condition 

The quantitative measurements of diameters are presented in scaled 

coordinates (e.g., (D/Do)2 vs. t/Do
2 for droplet diameters) so that it is extremely 

important to identified the initial droplet diameter, or the time “zero” point. 

For GB BW images, the droplet distortion induced by the sparks is used to 

define t = 0. During GB experiments, the minimum spark energy is always used to 

ignite the fuel droplet. However, the shape of the droplet is still slightly distorted (see 

Figure 3.5b) because of physical influence of the sparks on the fuel droplet. This 

distortion is an evidence of the firing of the sparks and usually lasts slightly longer 

than the spark itself. As such t = 0 and thus D = Do point is defined as the one image 

frame prior to the frame in which the droplet distortion is first observed. Figure 3.5 

shows three consecutive BW images for a gasoline test run. The frame in Figure 3.5b 

is the first frame in which we can observe the droplet distortion, so that the frame in 

Figure 3.5a is defined as the time zero point, or the ignition point, from which the 

initial droplet diameter is measured. Note that the direct observation of the spark itself 

from the BW images is not used to define the ignition point because the spark is not 

always recorded in the BW images with the current camera setting and recording 

speed as discussed by Liu [177].  
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Figure 3.5: Three consecutive images recorded by the GB BW camera illustrating the 

droplet distortion from which the time zero image is identified: (a) the defined t = 0 

point, (b) the first image in which the droplet distortion is observed, and (c) one image 

frame after (b). Images are from a GB experiment with gasoline (Do = 0.62 mm). 
 

The BW and color cameras used in the GB experiments are not synchronized 

so that the time zero point for color images needs to be determined independently. The 

“t = 0” point is assigned to the image frame prior to the frame in which the droplet 

flame is first observed. Figure 3.6 illustrate this process with three consecutive image 

frames recorded by the color camera. Figure 3.6b shows the first image in which the 

flame is observed, and the time zero point is assigned to the image shown in Figure 

3.6a (i.e., one frame earlier than the frame in Figure 3.6b). 
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Figure 3.6: Three consecutive color images recorded by the GB color camera showing 

the appearance of a flame from which the time zero point is identified: (a) the frame 

that is identified as time zero, (b) the first frame in which the droplet flame appears, 

and (c) the droplet flame continues to develop. Images are from a GB 25/75 AHRJ/Jet-

A experiment (Do = 0.56 mm). 
 

The definition of the ignition, or time zero, point for ISS experiments are very 

different from what discussed previously for GB experiments. The main reason for 

this difference comes from the ignition settings (ISS uses hot-wire ignition, rather than 

spark ignition utilized for GB experiments). For hot-wire ignition, the droplet does not 

deform during the ignition process because the impacts of the hot-wire igniters on the 

droplet are purely thermal without any physical influences. As such, an alternative 

approach is needed to identify the ignition point for ISS experiments.  

For BW images recorded during ISS experiments, the time “zero” point (i.e., t 

= 0 and thus D = Do) is assigned to the image frame prior to the frame in which the 

soot cloud appears. The top panel of Figure 3.7 illustrates the process of identifying 

the “t = 0” point for ISS BW images. Soot particles are visible around the droplet 

starting from the BW image 126 and thus BW image 125 is assigned to be the time 



 

56 

zero point from which the initial droplet diameter is measured. Note that the image 

numbers, appeared on the bottom left corner of each image in Figure 3.7, are assigned 

by NASA when images are saved and downlinked after ISS experiments. 

 

 

Figure 3.7: Consecutive BW (the top panel) and color (the bottom panel) images near 

the ignition point for an iso-octane ISS experiment (Do = 1.74 mm). Both BW and 

color images are recorded at 30 fps. Numbers on the bottom left corner of each image 

are image numbers assigned by NASA when the images are saved for the ISS 

experiments.  
 

When identify the “t = 0” point for ISS flame diameter measurements, one 

option is to use the appearance of the droplet flame in color images as the benchmark 

for the ignition. However, this approach does not always work for ISS experiments 

because the igniters appear very bright when they are charged so that the timing when 

the droplet flame starts to appear can be difficult to identify. As shown in the bottom 

panel of Figure 3.7, a very bright “ball” appears in color images (combining the 

signals from both flame and igniters) from 123 to 126, and it is extremely difficult to 

tell when the flame starts to appear from these images. 
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Moreover, one cannot simply assume that the image numbers for the BW and 

color images are the same for the “t = 0” point. The HiBMs and the color camera 

onboard the ISS operates separately and thus when a color image has the same image 

number as the BW image, it is not guaranteed that they have the same assigned time 

relative to the “t = 0” point. For example, BW image 125 is assigned as the ignition 

point for BW images, but it does mean that color image 125 (i.e., same image number 

as the BW image) will be the ignition point in color images. 

In this study, the retraction movement of the hot-wire igniters is used to time 

synchronize the BW and color image data, so that the “t = 0” point for color images 

can be identified with the known ignition point of the BW images. Take again the test 

run shown in Figure 3.7 for example, the hot-wire igniters start to retract in BW image 

127 and in color image 125, from which we know that these two images are recording 

the burning event at the same instant. As such, the difference between BW and color 

image number is two for the purpose of time synchronization. With BW image 125 

being identified as “t = 0,” the time zero or ignition point in color images will be 123 

(i.e., 125 - 2). 

It is also noted that using the retraction of igniters as the benchmark for the 

ignition point (i.e., t = 0) does not work for the ISS test runs reported in this study. In 

an extreme case, for example, the hot-wire igniters do not retract after 44 frames (i.e., 

1.467 s) after the soot cloud appears around the fuel droplet. Therefore, defining the 

ignition point at the time when igniters retract will cause an error in calculating the 

initial droplet diameter. 



 

58 

3.5 Measurements of the soot volume fraction 

The backlit lighting for the HiBMs camera in MDCA onboard the ISS is 

provided by a laser diode with a wavelength of 653 nm. The light is collimated before 

it passes through the droplet and the soot-containing region, after which the light is 

attenuated and then projected onto the sensors of the HiBMs camera. This diagnostic 

technique facilitates the measurements of soot volume fraction (SVF, fv) based on the 

principles of the full-field light extinction method (FFLEM). 

3.5.1 Full-field light extinction method 

Figure 3.8 provides a schematic of the FFLEM to quantitatively obtain SVF 

within the MDCA for the spherically symmetric droplet combustion configuration. 

The laser beam is collimated and the parallel light then travels through the soot-

containing region that contains small particles. When the light passes through a 

medium having small particles, the incident light beam is attenuated by processes of 

absorption and scattering [187]. These two processes result in a combined attenuation 

of the light, which is called extinction. The attenuated light beam is projected onto the 

camera sensor that is orthogonal to the incident light along the line-of-sight (LOS, i.e., 

y-direction in Figure 3.8). With the condition of spherical symmetry, the recorded 

intensity on BW images is radially symmetric to the center of the fuel droplet. As such, 

a ray-of-interest (ROI) would start from the center of the droplet in order to investigate 

the projected light intensity. The variation of the light intensity in recorded images I(r), 

as a function of the radial direction r, is negatively related to the transmittance of the 

light beam through the soot-containing region. This projected light intensity data 
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depend on the symmetric distribution of the SVF. Therefore, tomographic inversion 

techniques can be applied to reconstruct the spatial distribution of the SVF with light 

intensity data on the BW images and other parameters related to the experimental 

setup as discussed later. The main assumptions of this process include the symmetric 

field distribution [188] and soot particles are small so that the Mie theory is applicable 

[189]. 

 

 

Figure 3.8: Schematic of the full-field light extinction method for soot volume fraction 

measurements. 
 

The so-called line-of-sight projection data, P(r), is a mathematical parameter 

that can be expressed as the integration of the field distribution of SVF [188]: 

 2 2 ,( ) ( )
 

 

   v vP r f R dy f r y dy  (3.1) 

where R is a direction of interest in the three-dimensional space, r is the projection of 

R onto the x-z plane (i.e., the same plane of the camera sensor and thus the BW 

images), y is the direction along the light beam, and fv is the soot volume fraction. 
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Figure 3.9 presents the coordinate system related to Equation (3.1) to better illustrate 

the relationship between R and r. 

 

 

Figure 3.9: Schematic of the coordinate system under investigation for fv 

measurements. 
 

In order to perform the tomographic inversion and thus calculate soot volume 

fraction, the value of P in Equation (3.1) is needed. Performing a discretization in both 

y- and z-directions, as shown in Figure 3.10, facilitates the process of obtaining a 

mathematical expression of P. We use m (i.e., k = 1, 2, 3 … m) and n (i.e., j = 1, 2, 

3 … n) elements to represent the domain in z- and y-directions, respectively, as shown 

in Figure 3.10. Note that x-direction can be discretized in the same fashion as z-

direction, but it is not necessary to do so because of the spherical symmetry condition 

on the x-z plane (cf. Figure 3.8). As such, the analysis here only concerns the z-
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direction on the x-z plane. After the discretization in the y-direction, the integral form 

of Equation (3.1) can be expressed by a summation: 

 2 2
,

1
( ) ,





  
n

v v j j
j

P r f r y dy f L  (3.2) 

where fv,j, Lj are soot volume fraction and the path length of the attenuated light in the 

j-th element, respectively. 

 

 

Figure 3.10: Illustration of discrete domains in y- and z-directions. 
 

For each element (e.g., j) in the y-direction, the light beam of intensity Ij is 

incident on the medium and the light beam is then attenuated as it passes through the 

medium due to extinction (see Figure 3.11). The intensity of the transmitted light, Ij+1, 

and the incident light, Ij, is related by a modified form of Bouguer’s Law [190, 191]: 
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where the small particle Mie theory [189] gives the expression of the coefficient κ as 
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λ is the wavelength of the laser light, and Ke is the extinction coefficient [192]. 

 

 

Figure 3.11: The attenuation of the light beam in the y-direction while it passes 

through the j-th element. 
 

With Equation (3.3), we can get that 
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K
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Plugging Equation (3.5) into Equation (3.2) yields 
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We use Io and I to present the incident light intensity prior to the first element (i.e., I1 = 

Io as shown in Figure 3.11) and the transmitted light intensity after the last element 

(i.e., In+1 = I in Figure 3.11), respectively. Therefore, Equation (3.6) can be written as 

 ln
( ) .  o

e

I I
P r

K


 (3.7) 

The values of P can be calculated along the ROI (i.e., r-direction in Figures 3.8 

and 3.9) with Equation (3.7). In the present study, the ratio of light intensity, I/Io, is 

evaluated from two images: one is the background image prior to ignition that 

provides the incident light intensity Io and the other is soot attenuated image recorded 

during the burning that gives the transmitted light intensity I. 

With measured P values, the field values that correspond to soot volume 

fraction can be determined by a purely mathematical technique: three-point Abel 

inversion technique as recommended by Dasch [188] for the specific application 

related to the present study. The field distribution fv(ri) can be then found at a finite 

domain using 

1

1( ) ( ),
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 (3.8) 

where ri = i·Δr is the radial distance from the center of the droplet on the x-z plane 

(i.e., on the recorded BW soot-attenuated image), Δr is the data spacing, Dik is the 

operator coefficients for the three-point Abel inversion [188], P(rk) is the discretized 
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form of P(r) and is calculated using Equation (3.8). Note that there are a number of 

typos in the article (i.e., [188]) that provides Dik, and that the errata can be found in 

[193]. 

The tomographic inversion technique based on Equation (3.8) to obtain the 

quantitative measurements of soot volume fraction has been widely used for droplet 

combustion experiments performed under low gravity [60, 62, 194, 195]. However, no 

open source program is currently available to extract soot volume fraction from 

consecutive digital images. Moreover, there is no program available that has the 

capacity to extract soot volume fraction when the droplet drifts during combustion 

since previously reported experiments for such measurements are fiber-supported [62, 

194, 195]. 

In the present study, an automated program based on MATLAB is developed to 

analyze the sooting images and thus quantitatively extract soot volume fraction. This 

program is called “CornellSVF,” and it can analyze images with both fixed and free-

floating droplets during a burn. The program, with some of the descriptions, can be 

found in Appendix C. In the following sections, some practical considerations on how 

to select ROIs using the program “CornellSVF” are discussed.  

3.5.2 Extracting soot volume fraction using CornellSVF 

Selecting appropriate ROIs to extract the measurements of soot volume 

fraction is very important so that reliable data can be generated from the program 

CornellSVF. As discussed previously, both incident light intensity from a background 

image and transmitted light intensity from a soot-attenuated image along the ROIs are 
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needed to perform the calculation. With an ideal spherically symmetric configuration 

as illustrated in Figure 1.3b, one can select any ROI as the configuration under 

investigation is one-dimensional. However, some restrictions do exist that are related 

to the experimental setup, including the existence of hot-wire igniters on the 

background image and the influence of soot tails formed during combustion on the 

soot-attenuated image. 

Figure 3.12 shows an original image for one of the ISS n-heptane (Do = 2.63 

mm) test runs. Two hot-wire igniters appear on this image (and all other images with 

time zero, i.e., prior to ignition, for every ISS test run). As such, there are some 

directions in which we are unable to extract the incident light intensity from such a 

background image (i.e., the background information is blocked by the two hot-wire 

igniters). Those directions need to be avoided when selected ROIs as shown in Figure 

3.12. 

 

 

Figure 3.12: Illustration of a background image on which hot-wire igniters appear and 

thus some directions need to be avoided when selecting ROIs. 
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The other situation in which the ROI needs to be selected carefully involves 

the effects of large soot aggregates formed during combustion. Figure 3.13 shows a 

soot-attenuated image in which soot aggregates form in a tail-like shape and the soot 

shell is distorted. The two soot tails shown in Figure 3.13 are developed from soot 

particles formed around igniters during ignition. When the hot-wire igniters are 

charged, soot particles can form around the igniters. With the retraction of igniters, 

soot particles can be dragged along with the igniters and a tail-like structure can be 

formed when soot particles continue to form and aggregate. With the formation of the 

soot tail and the dragging effect of hot-wire retraction, the soot shell can be distorted 

and thus becomes elliptical as shown in Figure 3.13. In this case, the ROI should be 

selected to pass through the spherical portion of the soot shell (i.e., the portion where 

the dotted circle overlaps with the soot shell). It is suggested that one should select 

ROIs along the direction that is perpendicular to the direction in which the soot shell is 

distorted (see ROIs 1 and 2 in Figure 3.13). 
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Figure 3.13: Illustration of selecting ROIs for a soot-attenuating image (ISS n-heptane 

test run, Do = 3.10 mm, at 0.25s/mm2) on which soot shell is distorted by soot 

aggregates. Each ROI starts from the center of the droplet.  
 

Figure 3.14 shows the soot volume fraction for ROI 1, ROI 2, and averaged 

profile for the image shown in Figure 3.13. The coordinates in Figure 3.14 are 

traditionally used for plotting the SVF distributions [62, 195]: x-axis is the non-

dimensional radius (i.e., r/ri, defined as the spatial radius dived by the radius of the 

droplet, and r/ri = 1 indicates the position of the droplet surface) and y-axis is soot 

volume fraction. The order of magnitude of soot volume fraction obtained here is 

usually -6 and thus soot volume fraction is reported in parts per million (ppm) in the 
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present study. As shown in Figure 3.14, the profiles for two ROIs are consistent with 

each other and the averaged profile can be easily obtained to illustrate the SVF 

distribution for the image shown in Figure 3.13. It is evident in  Figure 3.14 that fv 

exhibits a peak (fv, max) which coincides with the soot shell after which it decreases due 

to soot oxidation.  

 

 

Figure 3.14: Soot volume fraction profile for two ROIs illustrated in Figure 3.13, as 

well as the averaged SVF profile for these two ROIs. 
 

In free-floating droplet experiments performed onboard the ISS, the influence 

of the soot aggregate on the soot shell could sometimes be worse than the case shown 
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in Figure 3.13. Figure 3.15 presents a situation where the soot tail is passing through 

the soot shell in an instant during the burning. As the formation of the soot tail is an 

unwanted situation in an experiment that affects the spherical symmetry, any ROI that 

pass through the soot tail should be avoided when calculating the soot volume fraction. 

Figure 3.16 shows the soot volume fraction profile for six ROIs, among which three of 

them (i.e., ROIs 1 to 3) are passing through spherical portion of the soot shell and the 

other three (i.e., ROIs 4 to 6) are touching the soot tail, to illustrate the effects of soot 

tails on the SVF profile. 

As shown in Figure 3.16a, the fv profiles for ROIs 4 to 6 have multiple peaks 

and the data enclosed by the dotted ellipse are result from the ROIs passing through 

the soot tail structure. These scattering data are purely due to the influence of the 

ignition and hot-wire retraction and thus they are not reflecting spherically symmetric 

configuration of interest. On the other hand, fv profiles for ROIs 1 to 3 in Figure 3.16b 

shows relatively “clean” distributions where only one peak is observed for one ray and 

such a peak occurs at the location of a soot shell. Therefore, only data for ROIs 1 to 3 

should be selected to represent the fv profile for the image shown in Figure 3.15. The 

averaged fv profile obtained using ROIs 1 to 3 is also plotted in Figure 3.16b. From the 

averaged profile in Figure 3.16b, the maximum soot volume fraction can be obtained 

for the instant depicted in Figure 3.15. 
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Figure 3.15: Illustration of a soot-attenuating image (ISS n-heptane test run, Do = 2.63 

mm, at 0.30 s/mm2) where the soot “tail” is passing through the soot shell. 
 

 

Figure 3.16: Soot volume fraction distributions for the image illustrated in Figure 3.15: 

(a) fv along six ROIs; (b) fv along three ROIs and their average.  
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The averaged profile shown in Figures 3.14 and 3.16b is only for one instant in 

a certain burning event. In order to investigate the temporal effects on fv,max, one 

should analyze all the images for a certain test run (i.e., one initial droplet diameter) 

following the protocol discussed previously (Figures 3.12 to 3.16). We take one n-

heptane test run with Do = 2.88 mm to illustrate this process and Figure 3.17 shows the 

results. The fv distributions are plotted in Figure 3.17a from 0.10 to 0.50 s/mm2. Each 

of the fv profile in Figure 3.17a has a peak value that indicates the maximum soot 

volume fraction for each instant (i.e., each image). The maximum soot volume 

fraction is then plotted again the normalized time in Figure 3.17b. It is clear that the 

fv,max first increases until a peak value is reached (i.e., 14.76 in Figure 3.17b) at around 

0.35 s/mm2, after which fv,max decreases. Therefore, if one is interested in obtaining the 

maximum fv for a particular test run (i.e., one particular Do), it is not required to scan 

every single image in the test. Alternatively, one should find the trend depicted in 

Figure 3.17b and identify the time when fv,max starts to decrease. As long as the similar 

trend in Figure 3.17b is clearly observed, the scan can be then stopped. For all the n-

heptane images analyzed in this study, analyzing images up to 0.5 s/mm2 is sufficient 

to reveal the trend in Figure 3.17b and thus identify the fv,max for a certain test run.  

The trends of the soot volume fraction shown in Figures 3.14, 3.16, and 3.17 

are consistent with results published previously [62, 195]. More importantly, the 

maximum fv values identified in this study are quantitatively consistent with 

previously reported values considering some influences of the initial droplet diameter 

[62].  
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Figure 3.17: (a) Soot volume fraction distributions for 0.10 to 0.50 s/mm2 in 0.05-

s/mm2 increments for a heptane droplet with Do = 2.88 mm. The arrows point to fv,max 

for each time instant. (b) The maximum soot volume fraction obtained in (a) as a 

function of normalized time. The dotted line indicates the evolution of fv,max as a 

function of time. 
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CHAPTER 4                                                                                            

COMBUSTION OF N-BUTANOL, GASOLINE, AND N-BUTANOL/GASOLINE 

MIXTURE DROPLETS 

4.1 Introduction 

Experimental results are reported in this chapter concerning combustion 

characteristics of an 87 octane (ethanol-free) gasoline, and a mixture of gasoline (0.9, 

v/v) and n-butanol (0.l, v/v, Bu10), along with pure n-butanol. The initial droplet 

diameters here range from 0.52 to 0.63 mm. 

There is no basis to a priori expect that the combustion properties of n-butanol 

would resemble those of gasoline owing to significant differences between gasoline 

(e.g., as a highly multi-component, non-oxygenated, and sooting fuel) and butanol (as 

a single-component, oxygenated, and non-sooting fuel). Nonetheless, the results 

reported here suggest otherwise in one respect. 

4.2 Fuel systems 

Representative fuel properties are listed in Table 4.1. The n-butanol is 

purchased from Sigma-Aldrich with 99.8% purity as specified by the manufacturer. 

Since gasoline is known to exhibit some seasonable variations of composition, a fresh 

supply of 87 octane gasoline was obtained in 2013 for the present study (from a 

SavOn gas station, Oneida, NY). 
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Table 4.1: Selected properties of gasoline, n-butanol, and Bu10. 

Property Gasoline Bu10 n-Butanol 

Formula C8.26H15.50
a - C4H10O 

Stoichiometric coefficient 
νb 12.135 - 6.0 

Molecular weight MW 
(g/mole) 114.8 - 74.12 

Boiling point (bp, K)c 

305.7 (initial bp) 
327.3 (10% distilled) 
378.7 (50% distilled) 
432.8 (90% distilled) 

471.6 (final bp) 

305.4 (initial bp) 
331.2 (10% distilled) 
375.3 (50% distilled) 
430.7 (90% distilled) 

467.0 (final bp) 

390.9d 

Liquid density ρL (kg/m3)e 726 734 805 

Anti-knocking indexf 87 - 91.5g 

Burning rate K (mm2/s)h 0.532 0.524 0.512 

Flame temperature (K)i 2243 - 2233 
 
aFrom [45]. bAssuming one mole of fuel and products of CO2 and H2O. cBoiling points 

for gasoline and Bu10 are from [196]. dFrom [197]. eMeasured using a digital density 

meter (Mettler Toledo DA-100M) at 297.6 K. fAnti-knocking index (AKI) = (research 

octane number (RON) + motor octane number (MON))/2. gFrom [198, 199]. 
hEstimated from Figure 4.5. iFrom [95]. 

 

To determine the chemical composition of gasoline and to confirm that the 

examined gasoline does not contain ethanol, a GC-MS analysis is performed for 

gasoline using the procedures discussed in Section 2.4.1. Results are shown in Figure 

4.1. They indicate a highly multi-component mixture that consists of n-alkanes, 

aromatics, branched alkanes, and no oxygenated compounds (e.g., ethanol). 
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Figure 4.1: GC-MS measurements for gasoline examined in this study. 

The main peaks are as follows: (A) isobutane, (B) butane, (C) 2-methylbutane, (D) 

pentane, (E) 2-methyl-1-butene, (F) 2,2-dimethylbutane, (G) 2-methylpentane, (H) 3-

methylpentane, (I) hexane, (J) 3-methyl-2-pentene, (K) (Z)-3-methyl-2-pentene, (L) 

methylcyclopentane, (M) 1-methylcyclopentene, (N) benzene, (O) 2-methylhexane, (P) 

2,3-dimethylpentane, (Q) 3-methylhexane, (R) iso-octane, (S) heptane, (T) 

methylcyclohexane, (U) 2,5-dimethylhexane, (V) 2,4-dimethylhexane, (W) 2,3,4-

trimethylpentane, (X) 2,3,3-trimethylpentane, (Y) 2,3-dimethylhexane, (Z) toluene, () 

2,4-dimethylheptane, () 2,2,5-trimethylhexane, () octane, () 2,5-dimethylheptane, 

() ethylbenzene, () 1,3-dimethylbenzene, () 1,2-dimethylbenzene, () nonane, () 

(1-methylethyl)benzene, () propylbenzene, () 1-ethyl-3-methylbenzene, () 1,2,3-

trimethylbenzene, () 1-ethyl-2-methylbenzene, () 1,3,5-trimethylbenzene, () 1,2,4-

trimethylbenzene, () 1-methyl-3-propylbenzene, () 1-methyl-2-(1-

methylethyl)benzene, () 4-ethyl-1,2-dimethylbenzene, () 1,2,3,5-tetramethylbenzene, 

() 2,4-dimethylstyrene, and () naphthalene. 
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The multi-component nature of gasoline observed in Figure 4.1 is qualitatively 

consistent with the detailed composition reported previously [200]. It was reported 

that the 87-octane gasoline consists of 9.5% n-alkanes, 42.3% iso-alkanes, 16% cyclo-

alkanes, 4.7% alkenes, and 26.4% aromatics [200]. 

Previous studies [51, 83] examined the combustion dynamics of an 87 octane-

grade gasoline [acquired in 2009 from a local service station (a Mobil dealer in Ithaca, 

NY)] and n-butanol. Those data, along with the new measurements for gasoline, are 

compared here to data for a gasoline/butanol mixture. The gasoline/butanol mixture 

are prepared on a volume basis. 

4.3 Results and discussions 

4.3.1 Photographs of droplet burning 

Figure 4.2 shows representative color images of gasoline, Bu10, and butanol 

[83] droplets (Figure 4.2a to c, respectively) while Figure 4.3 shows backlighted 

images of these same fuels. The numbers give the times after ignition. The horizontal 

glows (Figure 4.2) on either side of the flames are due to interactions between the 

flame and support fibers. 
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Figure 4.2: Selected color images showing evolutions of spherical droplet flames: (a) 

gasoline (Do = 0.52 mm), (b) Bu10 (Do = 0.61 mm), and (c) butanol [83] (Do = 0.56 

mm). The scale is indicated in the last image of each sequence. 
 

The flame structures in Figure 4.2a and b consist of bright yellow cores 

because of soot incandescence and much fainter outer blue zones (because of emission 

from CH radicals). The butanol flame structure (Figure 4.2c) is comprised mainly of a 

relatively dim blue zone, indicating a virtually non-sooting flame in keeping with the 

atmospheric pressure conditions of the burning environment (at elevated pressures, 

alcohols can form soot [201]). 

Figure 4.3 shows droplet and soot configurations from backlighted images. The 

schematic of Figure 1.3b is qualitatively consistent with the images in Figure 4.3a and 

b. Particularly large soot aggregates accumulate later in the burning process and drift 

outwardly (Figure 4.3b at 0.5 and 0.6 s). This effect may be due to the stability of the 

aggregates at the trapped position. Larger aggregates are predicted to be less locked 

into a radial location, where the forces on them balance, compared to smaller 

aggregates [202]. The large aggregates will then be more susceptible to small 
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perturbations of the burning process that initiate drifting of the agglomerates away 

from the droplet. 

 

 

Figure 4.3: Selected backlit BW images showing evolutions of droplet size and soot 

dynamics: (a) gasoline (Do = 0.52 mm), (b) Bu10 (Do = 0.61 mm), and (c) butanol [83] 

(Do = 0.56 mm). The scale is indicated in the last image of each sequence. 
 

Although the fiber diameter is small (Do/Dfiber > 36 initially), the fiber still 

exerts some influence on the soot structure, as shown in Figure 4.3 where aggregates 

accumulate on the fiber. Nonetheless, the photographs do not show the sort of 

microconvective effects observed previously in fiber-supported experiments of large 

droplets [173]. 

As the aggregates grow during burning, they can obscure part of the droplet 

boundary, as shown for gasoline and Bu10 in Figure 4.3a and b. The analysis of such 

images is more problematic and accomplished by the manual approach discussed in 

Section 3.1. The images for the butanol burning sequence in Figure 4.3c are especially 
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clear and well suited to the data analysis algorithm previously developed [186] for 

extracting measurements of D. 

4.3.2 Quantitative data 

Figure 4.4 shows the measured evolution of droplet diameter for gasoline, 

butanol [83], and Bu10, and Figure 4.5 presents these data as averages. Figure 4.5 also 

includes data from previous studies [51, 83] which shows the consistency of the 

present results. Linearizing the measurements in Figure 4.5 over the range 0.2 ≤ t/(Do
2) 

≤ 1.3 s/mm2 gives the burning rates listed in Table 4.1 which differ by about 4%. This 

difference is well within the uncertainty of the burning rate measurements. 

Gasoline is a highly multi-component fuel (Figure 4.1) consisting of 

constituents with a range of boiling points, heats of vaporization, and sooting 

tendencies. As a result, it might be anticipated that a preferential vaporization effect 

could occur in which the mixture components are transported to the droplet surface 

and evaporate in the order of their volatilities. K would then change during the burning 

process as one species becomes depleted from the surface, while others (with different 

properties) are transported there and evaporate. The data in Figures 4.4 and 4.5 do not 

suggest this conjecture because K shows no evidence of changing during burning. 

Moreover, the evolution of D for the “binary” Bu10 also exhibits a monotonic and 

essentially linear variation with time. On the other hand, if the evaporation process is 

very fast and overwhelms transport by mass diffusion, the mixture components will 

only evaporate when the surface regresses to expose them. The droplet composition 

then remains frozen during burning [203]. In this event, K may be considered a sort of 
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compositionally averaged value and an apparent single value of K would result. This 

seems to be the case for the data in Figures 4.4 and 4.5. A detailed numerical model of 

droplet combustion [34, 52, 83] would best reveal the physical mechanism responsible 

for the trends shown in the data. 

 

 

Figure 4.4: Evolution of the droplet diameter from individual experiments for all fuels 

investigated in this chapter. 
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Figure 4.5: Evolution of the average droplet diameter for data in Figure 4.4. 
 

The confluence of the droplet diameter data in Figures 4.4 and 4.5 is interesting 

considering that the fuels have different sooting propensities (Figure 4.3). Soot 

formation was previously speculated to exert a plethora of physical and chemical 

effects on burning [53, 58]. However, Figures 4.4 and 4.5 suggest that soot formation 

might in fact not have a strong influence on the burning rate for the small droplet sizes 

examined here because the sooting propensities for gasoline and butanol are vastly 
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different yet their burning rates are virtually identical. This possibility could also 

explain why a DNM of the configuration of Figure 1.3b that does not include soot 

formation achieved high fidelity predictions of the burning process of n-heptane 

droplets which formed soot and soot shells [52]. 

The relative position of the droplet to the flame, Df/D, is shown in Figure 4.6, 

which also includes previous results [51, 83]. It is evident that the distance of the 

flame to the droplet increases with time during burning. This trend is typical [51, 52] 

and is a result of thermal buffering of the far-field. 

The time dependence of Df/D indicates that the burning process is not quasi-

steady, because consideration of only the burning rate might otherwise lead one to 

conclude that it is quasi-steady. Figure 4.6 also shows that the gasoline used here 

produces droplet flames that are positioned from the droplet surface at a location 

consistent with prior work (previous flame images [51] are reanalyzed to produce the 

data shown in Figure 4.6).  

It is seen in Figures 4.5 and 4.6 that the droplet burning characteristics for the 

87 octane gasoline examined are virtually identical to results from the previously used 

[51] gasoline sample. These samples were obtained at significantly different periods 

when it might have been expected that there would be seasonable variations in 

performance. As shown in Figures 4.5 and 4.6, however, this appears not to be the case 

because the burning rates and relative positions of the flame to the droplet are almost 

identical. 
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Figure 4.6: Evolution of the flame standoff ratio (Df/D) for the fuels investigated in 

this chapter. 
 

The trends noted above are explained by a scale analysis similar to one 

previously carried out [68]. It is based on neglecting soot formation and radiation, 

assuming constant properties, and drawing on the quasi-steady theory of droplet 

burning for how the burning rate depends upon parameters. 

From the classical theory of droplet burning [45], we can write that 
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For unity Lewis number, kg/cp,g = g Dg, and noting that [197]  

 1/2
g g D f ,D C MT   (4.2) 

where the flame temperature is used, Equations (4.1) and (4.2) combine to give  
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L
,

MT
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  (4.3) 

apart from a constant.  

Only gasoline and butanol need to be compared because they bound the 

burning rate of Bu10, as shown in Figures 4.4 and 4.5. Defining bu tanol
K

gasoline

K
K

  , we can 

write 
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  (4.4) 

Using the property values in Table 4.1 in Equation (4.4) gives K  0.95. For the 

measured burning rates in Table 4.1, K  0.96. Considering the approximations 

involved with this simple scaling, these results are remarkably close, to both each 

other and unity, which is consistent with the data in Figures 4.4 and 4.5. It is 

significant that soot formation is neglected in this scaling, which points to other 

influences (gas diffusion and temperature) as being responsible for the similarity of 

the droplet burning rates.  

For the relative position of the droplet to the flame, a modification of a 

formulation developed by Aharon and Shaw [204] show that for gasoline and butanol 
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  (4.5) 

Using property values from Table 4.1, Equation (4.5) gives F  0.82 (which is 

realized at about t/Do
2 ≈ 1.0 s/mm2 in Figure 4.6). More importantly, F < 1, which is 

qualitatively consistent with the data in Figure 4.6 that shows gasoline droplet flames 

being farther from the droplet surface than butanol droplet flames. These simple 

developments show the importance of scale analysis to explain the experimental trends 

and to suggest the physics behind the experimental results. 

The soot shell standoff ratio, Ds/D, is shown in Figure 4.7. There are no data 

for butanol because butanol does not produce soot under the conditions examined (cf. 

Figure 4.3c). The Ds/D data for gasoline reported here are consistent with previous 

results [51] (also shown in Figure 4.7), which further support the observation noted 

previously that the two gasoline supplies (the present and earlier [51]) are consistent 

enough to yield very similar burning characteristics. Also, near the end of burning, 

soot aggregates typically agglomerated for gasoline into a self-supported “crust”, so 

that a freely levitated shell could not be considered as arising from a balance of forces 

on the aggregates. It is for these reasons that the Ds/D data in Figure 4.7 terminate at 

about t/Do
2 ≈ 1.5 s/mm2 while Figures 4.4 and 4.6 show data for D and Df extending to 

t/Do
2 ≈ 1.75 s/mm2. 

 



 

86 

 

Figure 4.7: Evolution of the soot standoff ratio (Ds/D) for the fuels investigated in this 

chapter. 
 

On the basis of Figures 4.6 and 4.7, the soot shell clearly resides between the 

droplet and flame (i.e., Ds/D < Df/D) because soot will form only on the fuel-rich side 

of the droplet diffusion flame. Ds/D also follows the time dependence of Df/D: as the 

flame expands, so too does the soot shell. There are no theories currently available to 

compare the soot standoff ratios for gasoline and Bu10, but the measurements in 
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Figure 4.7 are important to provide a more complete picture of the droplet burning 

process and for their potential to be incorporated in a DNM of droplet burning that 

would include soot formation. 

4.4 Conclusions 

The droplet combustion characteristics of gasoline, butanol, and a 

gasoline/butanol mixture are compared for the base case of droplet burning in an 

environment that promotes spherical droplet flames. The results show that butanol and 

Bu10 burning rates are indistinguishable from gasoline despite significant differences 

in sooting propensities and that gasoline and Bu10 droplet flames reside farther from 

the droplet surface than butanol droplet flames. The similar burning rates suggest the 

possibility that soot may not exert as strong an influence on the combustion rate as 

might have been expected on the basis of the thermal and chemical processes involved 

with soot formation. 

Although the data show significant deviations from the quasi-steady theory of 

droplet burning that neglects soot formation, scale arguments from that theory suggest 

that gas diffusion effects through flame temperature and liquid density are more 

important and consistent with the experimental trends and that soot formation may not 

exert as strong an influence on burning as previously conjectured for the small droplet 

sizes examined in this study. 

The results presented are also consistent with n-butanol being an attractive 

additive to gasoline to minimize consumption of gasoline (in particular) given their 

similar combustion rates, and reduced particulate emissions would be expected 
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through blending based on the lower sooting propensity of n-butanol compared to 

gasoline. 

 

 



 

89 

CHAPTER 5                                                                                                    

DROPLET COMBUSTION CHARACTERISTICS OF ALGAE-DERIVED 

RENEWABLE DIESEL, CONVENTIONAL #2 DIESEL, AND THEIR MIXTURES 

5.1 Introduction 

This chapter describes the results obtained concerning the combustion 

characteristics of hydroprocessed renewable diesel fuel produced from heterotrophic 

microalgae (i.e., AHRD). The results are compared to #2 diesel fuel (i.e., DF2) and an 

equivolume mixture of AHRD and #2 diesel (i.e., RD50) as a representative of 

blending. RD50 is selected to follow prior engine studies [26, 152] that evaluated 

performance of equivolume mixtures. 

5.2 Fuel systems and chemical analysis 

Representative fuel properties of the AHRD and DF2 fuels are listed in Table 

5.1. DF2 is purchased from LGC Standards (Manchester, NH), while the AHRD is 

provided by Solazyme, Inc. (now TerraVia Holdings, Inc., San Francisco, CA). The 

50/50 DF2/HRD mixture is prepared in-house on a volume basis. 

To determine the chemical compositions of #2 diesel and AHRD investigated 

here, GC-MS analyses are performed for these two fuels using the method described 

in Section 2.4.2. 

The #2 diesel fuel is found to contain both saturated (73%) and aromatic (27%) 

hydrocarbons, as shown in Table 5.2 and Figure 5.1. Just two components comprised 

70% of the saturated hydrocarbon (SHC) content: tetradecane (50%) and pentadecane 

(20%). The remaining SHCs were hexadecane (3%) and a very complex mixture of 
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branched hydrocarbons. The aromatic hydrocarbon (ArHC) component in largest 

abundance is mesitylene (1,3,5-trimethylbenzene, 24% of total ArHC). The remaining 

ArHCs are comprised of other C8 to C10 alkylbenzenes (48%), and alkyl substituted 

benzyl and biphenyl derivatives (28%), predominantly with molecular ions with m/z 

240 (C17). A trace amount of naphthalene is also detected. This composition is 

consistent with the highly sooting propensity of diesel fuel.  

 

Table 5.1: Selected properties of #2 diesel, AHRD, and RD50. 

property #2 diesel RD50 AHRD 

formula C14.0H24.1
a  C15.4H32.7

b 

stoichiometric coefficient, νc 20.025  23.575 

molecular weight, MW (g/mol) 192.1  217.5 

H/C ratio (moles) 1.72  2.12 

boiling point (bp, K) 423-653d  433-655e 

liquid density, ρL (kg/m3)f 816 794 772 

lower heating value (LHV, kJ/kg) 42670a  44000g 

cetane number 41.2a  ~75g 

burning rate, K (mm2/s)h 0.459i 0.477j 0.498k 
 
aFrom [25]. bFrom [205]. cAssuming 1 mole of fuel and products of CO2 and H2O. 
dFrom [206]. eFrom [207]. fMeasured at 296.05 K using a digital density meter 

(Mettler Toledo DA-100M). gFrom [85]. hEstimated from Figure 5.8. iComputed over 

the range of 0.30 ≤ t/Do
2 ≤ 0.73 s/mm2. jComputed over the range of 0.30 ≤ t/Do

2 ≤ 

0.80 s/mm2. kComputed over the range of 0.30 ≤ t/Do
2 ≤ 0.80 s/mm2. 
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Table 5.2: Composition of #2 diesel determined by GC-MS. 

Compound class 
Component 

Composition of fuel 

% of compound class % of Total 

Saturated Hydrocarbons – 73% 

Tetradecane 50% 37% 

Pentadecane 20% 15% 

Hexadecane 3% 2% 

Other 27% 20% 

Aromatics – 27% 

Mesitylene 24% 7% 

Other alkylbenzenes 44% 12% 

Alkylated biaromatics 32% 8% 
 

Table 5.3: Composition of algal renewable diesel determined by GC-MS. 

Series Total 
Composition of series 

Straight Chain Methyl Branched Other 

C8 trace – – – 

C9 1.3% – – – 

C10 1.1% – – – 

C11 0.9% – – – 

C12 0.7% – – – 

C13 0.7% – – – 

C14 0.3% – – – 

C15 10.8% 44.0% 30.9% 25.1% 

C16 10.1% 38.6% 46.2% 15.2% 

C17 50.4% 44.5% 30.7% 24.8% 

C18 22.5% 51.0% 33.9% 15.2% 

C19 1.2% – – – 
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Figure 5.1: Total ion chromatogram of GC-MS analysis of #2 diesel fuel at 300V 

detector voltage. Peaks labeled with retention times represent straight chain 

hydrocarbons. 
 

The total ion chromatogram (TIC) of GC-MS of algal renewable diesel is 

shown in Figure 5.2 and the composition is listed in Table 5.3. The AHRD contains 

exclusively saturated hydrocarbons with no detectable aromatic components, even at 

trace level. C15 to C18 SHCs constitute 95% of the sample with C17 as the predominant 

component (51%) followed by C18 (23%) as well as C15 and C16 (10% each). The 

sample also contains minor (<2%) amounts of C8 to C14 as well as C19 HCs. Within 

each SHC series, the straight chain isomer is dominant (40-50%) followed by a 

uniform distribution of all possible methyl-branched isomers (30-45% combined) and 

smaller amounts of more highly branched isomers (15-25%). 
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Figure 5.2: Total ion chromatogram of GC-MS analysis of algal hydrotreated 

renewable diesel fuel at 300V detector voltage. Peaks labeled with retention times 

represent straight chain hydrocarbons. Cn indicates isomers of saturated hydrocarbons 

with 'n' carbon atoms. 
 

5.3 Results and discussions 

Figure 5.3 compares flame-illuminated images at 0.1 s intervals for AHRD, 

RD50, and DF2, while Figure 5.4 shows backlighted images of these fuels. 
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Figure 5.3: Selected color images showing spherical droplet flames for: (a) AHRD (Do 

= 0.52 mm), (b) RD50 (Do = 0.55 mm), and (c) DF2 (Do = 0.53 mm). The horizontal 

glows on either side of the flames arise from the flame contacting the support fibers. 
 

The flame structure consists of an inner yellow zone and a fainter outer blue 

zone. The yellow zone, observed to varying extent in all experiments, is due to 

incandescence of soot aggregates that reside between the droplet and the flame. Flame 

brightness, a qualitative measure of the sooting propensity, is shown in Figure 5.3, and 

is highest for DF2, in the order (high to low) of DF2 > RD50 > AHRD. This 

observation is consistent with clear differences in the amount of soot formed for 

droplets of ostensibly the same size as shown in Figure 5.4. The different aromatic 

content can be responsible for this difference. The chemical analysis discussed 

previously shows a high concentration of aromatic species, well known soot-forming 

constituents, in DF2 (27%), whereas AHRD has virtually none. As such, greater 

apparent thickness of the soot shell and brighter flame for DF2 are observed. 
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Figure 5.4: Selected BW images highlighting droplet and soot dynamics: (a) AHRD 

(Do = 0.52 mm), (b) RD50 (Do = 0.55 mm), and (c) DF2 (Do = 0.53 mm). 
 

Some initial asymmetry of the droplet flames exists (e.g., Figure 5.3b and c, 

RD50 and DF2 at 0.1 s respectively) due to gas motion induced by spark ignition and 

electrode retraction. This asymmetry could cause the formation of large soot 

aggregates which are less susceptible to stay locked in the soot shell and can drift 

outward, as shown in Figures 5.3c and 5.4c (DF2 at 0.2 s). But this initial asymmetry 

does not affect the spherically symmetry in the later portion of the burning history. 

Two horizontal needle-like glows observed on either side of the flames are caused by 

the interaction between the flame and the support fibers. 

Figure 5.4 shows droplet and soot structures that are consistent with the 

schematics in Figure 1.3b. The development of the soot shell is clearly indicated. Soot 
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aggregates are trapped between the droplet and the flame, where forces acting on them 

balance [53]. This effect is shown in Figure 5.4. As burning proceeds, the aggregates 

become so numerous that they form connected structures and lose their character as 

free-floating entities. 

Figure 5.5a shows the measured evolution of droplet diameter for one AHRD 

test. Droplet diameter measurements are presented using the coordinates from the 

quasi-steady scaling of droplet burning [45]: (D/Do)2 for size and t/Do
2 for time. The 

initial fluctuations seen in this run within first 0.15 s/mm2 are due to droplet 

deformation induced by spark energy at the onset of this burning. However, this initial 

disturbance does not affect the reminder of burning. In addition, the slight increase 

observed in the droplet diameter within the first 0.25 s/mm2 is a result of initial droplet 

heating. 

The trend in Figure 5.5 shows that the scaled diameter decreases until a certain 

time after which the droplet sizes start to slightly increase. At a certain point (e.g., time 

‘‘B” in Figure 5.5a and b), droplet diameter dramatically decreases, suggesting a 

sudden mass ejection from the fuel droplet. This behavior is like the microexplosion 

effect, which has been previously discussed [80, 208]. In the present study, we believe 

that this effect is due to formation of a bubble within the droplet, most likely on the 

support fiber, that ejects mass in the process. Figure 5.5b presents consecutive images 

recorded by the BW camera illustrating this effect, which is observed in all of the 

experiments in this study for all three fuels examined. Note that such an event is not 

predictable. It could occur either in the middle of the droplet burning process or near 

the end of a burn. 
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Figure 5.5: Illustration of an internal bubbling and mass ejection events for a AHRD 

droplet (Do = 0.52 mm): (a) measured evolution of the droplet diameter, (b) 

consecutive BW images showing internal bubbling and mass ejection, and (c) 

schematic of the droplet diameter evolution with and without internal bubbling. 
 

Figure 5.5c schematically illustrates the effect of this internal bubbling in the 

D2 plot. The fuel droplet is burning and the diameter is decreasing in the initial portion 

of the burning history. Then there is a slight increase in the evolution of droplet 

diameter (as indicated by the red line), suggesting the bubble formation and growth 

inside the fuel droplet. The droplet diameter will then dramatically decrease due to the 

ejection of mass from the fuel droplet. If there were no internal bubbling, the evolution 
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of the droplet diameter will follow the trend of the blue dash line and the droplet will 

burn to completion without any sudden decrease of the diameter. 

It is interesting that the bubble formation and mass ejection observed here did 

not seem to happen for gasoline (bp 305.7–471.6 K) [174] nor Jet-A (bp, 478–573 K) 

[86] with the same experimental setup and procedure. A potential explanation of this 

behavior is provided as follows and Figure 5.6 is a schematic to illustrate this process. 

The range of the boiling point for fuels examined in this study is wider (i.e., Table 5.1, 

DF2, bp 423–653 K, with a bp range of 230 K and AHRD, bp 433–655 K, with a bp 

range of 222 K) compared to gasoline (with a bp range of 165.9 K) and Jet-A (with a 

bp range of 95 K). In addition, one could envision an approximate range of boiling 

point for RD50 (with a range of ~ 230 K) based on boiling points of HRD and DF2 

since RD50 is an equi-volume mixture of them. This wide range of boiling points for 

all fuels investigated in this study would facilitate bubble nucleation and growth inside 

the fuel droplet since a preferential vaporization effect can occur and the temperature 

of the fuel droplet will change (likely to increase) throughout the burning history. At 

some point, if one constituent does not evaporate completely when the temperature of 

the droplet is at its boiling point, with a continuous increase of the temperature at the 

droplet surface, this constituent will be trapped inside the droplet and start to boil 

forming bubbles inside the fuel droplet [79]. The presence of the support fiber 

facilitates the formation of bubbles since it provides the sites where bubbles can 

initially form (cf. Figure 5.6b). The bubble formed inside the droplet will continue to 

grow (Figure 5.6c) with the burning of the droplet until it finally ejects mass from the 

fuel droplet as shown in Figures 5.5b and 5.6d. This mass ejection process can distort 
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the spherical symmetry of the soot shell (as shown in Figures 5.5b and 5.6d) since soot 

particles can be blown away during the mass ejection event. 

Figure 5.7 shows the measured evolution of droplet diameter from all 

experiments performed for AHRD, RD50, and DF2. In Figure 5.7, the data are also 

presented using scaled coordinates as discussed previously such that the slope would 

correspond to the burning rate if the process followed the classical D2 law [45]. As 

shown in Figure 5.7, the mass ejection event is observed for each individual 

experiment in this study. Prior to this event, results on the same fuel show the 

repeatability of the experiments. 

 

 

Figure 5.6: Schematic of the internal bubbling and mass ejection events: (a) a burning 

droplet prior to the bubble formation; (b) a bubble formed inside the fuel droplet, (c) 

bubble growth inside the droplet, and (d) mass being ejected from the fuel droplet. 
 

Due to the presence of internal bubbling, which introduces significant scatter 

in the data, averaging the droplet diameters for all experiments performed on the same 

fuel for the purpose of comparing the various fuels with one another is not appropriate. 
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Instead, only one representative test is selected from each of the fuels, and the 

evolutions of droplet diameter of the three different fuels are compared. Figure 5.8  

presents the evolution of droplet diameter for these selected results. The black arrows 

show the mass ejection events for each test. The bubble growth period for the AHRD 

test is also indicated in Figure 5.8. 

 

 

Figure 5.7: Evolution of the droplet diameter from individual experiments for all fuels 

examined in the present chapter. 
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Figure 5.8: Evolution of the droplet diameter from one selected experiment for each 

fuel examined in the present chapter. Black arrows indicate the reduction of droplet 

diameter due to internal boiling that ejected mass during the burning process. 
 

Linearizing the measurements from 0.3 s/mm2 to the time prior to the time 

when the data starts to tail off gives the burning rates listed in Table 5.1. Different end 

times are selected for this linear fit to obtain burning rates since the ejection occurs at 

different times for each fuel. The time ranges for the linearization of results for each 
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fuel are given in Table 5.1. AHRD appears to have a slightly higher burning rate than 

DF2. The tests plotted in Figure 5.8 are selected because the mass ejection occurs near 

the end of a burning history (after 1.25 s/mm2) which permits a linear fit of the droplet 

diameter data over a long period of time (0.3 to ~ 0.8 s/mm2, as presented in Table 5.1) 

for each fuel to obtain a reliable comparison of burning rates. The experiments 

performed on each fuel are fairly repeatable prior to the mass injection event, as 

shown by measurements of droplet diameters from different test runs for the same fuel 

(i.e., Figure 5.7). 

The flame standoff ratio (i.e., Df/D) is shown in Figure 5.9. It is clear that the 

relative position of the flame to the droplet increases with time during the droplet 

burning history. The slight the decrease of FSR in Figure 5.9 observed after 1.5 s/mm2 

is due to the influence of bubble formation and mass ejection events, prior to which 

measurements of D slightly increases because of bubble growing inside the droplet, 

resulting in a decrease of flame standoff ratio. As shown in Figure 5.9, AHRD 

produces flames that are slightly further away from the droplet compared to DF2 

droplet flames. The FSR for RD50 resides in between AHRD and DF2. 
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Figure 5.9: Evolution of the flame standoff ratio for all fuels examined in the present 

chapter. 
 

The trends noted above can be explained by a scale analysis as discussed 

previously in Chapter 4. The quasi-steady burning rate is proportional to fuel 

properties as shown in Equation (4.1). Both AHRD and DF2 are hydrocarbon fuels (cf. 

Figures 5.1 and 5.2) whose thermal properties are not substantially different. As such, 

the liquid density in Eq. (4.1) becomes the controlling parameter: K ~ 1/ρL. 
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Defining K = KAHRD/KDF2, we can write 

L,DF2
K

L,AHRD

~ .





 (5.1) 

Using the liquid density values in Table 5.1 gives K ~ 1.06. With the 

experimentally measured burning rates in Tables, K ~ 1.08. Given the simplifications 

involved in the scaling analysis and uncertainty of the burning rate measurements, 

these results are found to be consistent with one another. More importantly, the scaling 

analysis confirms that the burning rate of AHRD is slightly higher than that of DF2, 

which is consistent with the observations in Figure 5.8 . Note that only AHRD and 

DF2 are compared because they bound the burning rate of RD50 as shown in Figures 

5.7 and 5.8. 

It has been previously reported that n-butanol, also known as a bio-derived fuel, 

has a very similar burning rate to gasoline [174]. In this study, the burning rate of 

AHRD is found to be similar to #2 diesel. These results are interesting since they may 

suggest that bio-derived fuels have the capability to match the burning characteristics 

of real transportation fuels. 

Regarding the flame standoff ratio, the classical theory of FSR as extended by 

Aharon and Shaw [204] show that  

L,AHRDf AHRD AHRD AHRD DF2
F

f DF2 L,DF2 DF2 DF2 AHRD

(D / D) K MW~ ( )( )( )( ).
(D / D) K MW

 
 

 
 (5.2) 

With values from Table 5.1, we find that F ~ 1.07. This result suggests that AHRD 

should have a slightly higher FSR than DF2, which is consistent with Figure 5.9, 

though the differences in Figure 5.9 are much smaller. This may be due to the 
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approximate nature of the theory and/or uncertainties in estimating the variable values 

in Eq. (5.2). 

The relative position of the soot shell to the droplet (SSR, Ds/D), is shown in 

Figure 5.10. As expected and on the basis of Figures 5.9 and 5.10, the soot shell 

resides between the droplet and the flame (i.e., SSR < FSR) since soot will only form 

on the fuel-rich side of the droplet diffusion flame. The SSR also follows the time 

dependence of FSR: as the FSR increase with time during the burning, so too does the 

soot standoff ratio. As shown in Figure 5.10, the SSR is also slightly affected by 

internal bubbling effect (e.g. AHRD at ~ 1.7 s/mm2).  
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Figure 5.10: Evolution of the soot standoff ratio for all fuels examined in the present 

chapter. 
 

5.4 Conclusions 

The droplet combustion characteristics of hydrotreated renewable diesel 

derived from algae, conventional #2 diesel, and an algal renewable diesel/#2 diesel 

mixture are compared. The results show that AHRD and RD50 droplets have burning 

rates that are very close to the #2 diesel and that AHRD and RD50 droplet flames 
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reside farther from the droplet surface than #2 diesel droplet flames. Scaling analyses 

from the quasi-steady theory suggest that fuel properties are important in evaluating 

the burning rate and flame position of the fuels. The results from the scale arguments 

are consistent with the experimental trends obtained. The sooting propensities of fuels 

examined are in the order of (high to low) #2 diesel > RD50 > AHRD, which is 

consistent with the observations of flame brightness, with #2 diesel having the 

brightest flame. 

The results presented here are consistent with AHRD being an attractive 

additive, or even a drop-in replacement, to petroleum-based diesel fuel. The results 

also suggest that the AHRD may reduce particulate emissions during the combustion 

based on its lower sooting propensity compared to #2 diesel owning to the reduced 

aromatic content. 
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CHAPTER 6                                                                                                    

BURNING OF DROPLETS OF RENEWABLE JET FUEL DERIVED FROM 

ALGAE, JET-A, AND THEIR MIXTURES 

6.1 Introduction 

The droplet combustion characteristics of AHRJ are investigated in this chapter. 

Experimental data reported include droplet, soot shell, and flame diameters. Results of 

Jet-A (POSF 4658) reported previously [86] are also provided as a comparison. Three 

blends of AHRJ and Jet-A, containing 25%, 50%, 75% AHRJ in volume (denoted 

RJ25, RJ50, RJ75, respectively) are also examined. The equal-volume blend is studied 

to follow prior engine and flight tests [20, 158] that evaluated the performance of 

aviation biofuel blends at this fractional amount. The other two blends (i.e., RJ25 and 

RJ75) are examined to provide a more complete picture of the influence of the AHRJ 

fractional amount on the combustion of AHRJ/Jet-A blends. 

6.2 Fuel systems and chemical analysis 

Jet-A (POSF 4658) is obtained from the Wright Patterson Air Force Base 

(Dayton, OH, USA). Solazyme, Inc. (now TerraVia Holdings, Inc., San Francisco, CA) 

provides the AHRJ. The 25/75, 50/50, and 75/25 AHRJ/Jet-A blends are prepared in-

house on a volume basis. Some representative fuel properties are listed in Table 6.1. 
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Table 6.1: Selected properties for AHRJ, Jet-A, and their mixtures. 

Property 
Jet-A 

(POSF 4658) 
RJ25 RJ50 RJ75 AHRJ 

Formula C10.174H19.913 [9]    C11.5H25 [87] 

Stoichiometric 
coefficient, νa 15.15    17.75 

Molecular 
weight, MW 

(g/mol) 
142.3    163.3 

H/C ratio 
(moles) 1.96    2.17 

Boiling point 
(bp, K) 478-573 [5]    421-573 [209] 

Liquid density, 
ρL (kg/m3)b 800 788 775 762 749 

Lower heating 
value (kJ/kg) 43150 [87]    43200 [87] 

Burning rate, K 
(mm2/s)c 0.56 0.57 0.59 0.62 0.63 

 
aStoichiometric coefficients are calculated assuming one mole of fuel and products of 

CO2 and H2O. bDensities are measured here at room temperature using a digital 

density meter (Mettler Toledo DA-100M). cBurning rates of Jet-A/AHRJ systems are 

estimated from Figure 6.5a by a linear fit of the data from 0.40 s/mm2 to 1.50 s/mm2. 

 

We determine the chemical compositions of Jet-A and AHRJ by GC-MS 

analyses using the method described in Section 2.4.3. The GC-MS total ion 

chromatograms of Jet-A and AHRJ are depicted in Figures 6.1 and 6.2, respectively. 

From Figures 6.1 and 6.2, detailed compositions of Jet-A and AHRJ can be obtained. 

Results are shown in Tables 6.2 and 6.3 for Jet-A and AHRJ, respectively. The 
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comparison of major compositional groups between Jet-A and AHRJ is provided in 

Table 6.4.  

 

 

Figure 6.1: Total ion chromatogram of GC-MS analysis of Jet-A. Cn indicates 

hydrocarbons with 'n' carbon numbers. 
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Figure 6.2: Total ion chromatogram of GC-MS analysis of AHRJ. Cn indicates 

hydrocarbons with 'n' carbon numbers. 
 

 

 

 

 

 

 

 



 

112 

Table 6.2: Composition of Jet-A determined by GC-MS. 

Series Total 
Composition of Series 

Straight 
Chain 

Branched 
(Methyl) 

Branched 
(Others) 

Cyclic Aromatics 

C6 Trace - - - - - 

C7 0.4% - - - - - 

C8 1.4% - - - - - 

C9 4.2% 23.1% 16.9% 8.4% 34.8% 16.8% 

C10 10.1% 22.5% 21.6% 14.6% 22.6% 18.6% 

C11 18.1% 18.8% 16.9% 17.8% 27.2% 19.4% 

C12 18.4% 20.8% 19.3% 19.9% 21.1% 19.0% 

C13 18.2% 17.4% 25.5% 15.8% 24.5% 16.9% 

C14 14.4% 16.9% 28.7% 13.8% 26.7% 13.9% 

C15 8.7% 15.4% 28.7% 15.0% 30.3% 10.5% 

C16 4.1% 15.1% 29.3% 14.3% 28.7% 12.6% 

C17 1.5% - - - - - 

C18 0.5% - - - - - 
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Table 6.3: Composition of AHRJ determined by GC-MS. 

Series Total 
Composition of Series 

Straight 
Chain 

Branched 
(Methyl) 

Branched 
(Others) 

Cyclic 

C8 0.2% - - - - 

C9 7.8% 13.4% 56.7% 27.6% 2.2% 

C10 12.4% 8.1% 50.4% 40.7% 0.8% 

C11 12.6% 7.2% 36.2% 56.6% - 

C12 13.2% 9.2% 32.4% 58.4% - 

C13 12.6% 7.2% 31.1% 61.7% - 

C14 8.4% 14.0% 16.9% 69.1% - 

C15 14.7% 12.0% 16.9% 71.0% - 

C16 18.0% - - 100.0% - 
 

Table 6.4: Comparison of the compositions between Jet-A and AHRJ. 

 Straight 
Chain 

Branched 
(Methyl) 

Branched 
(Others) 

Cyclic Aromatics 

Jet-A 18.8% 23.1% 15.8% 26.0% 16.3% 

AHRJ 8.1% 27.4% 64.1% 0.4% 0 
 

Jet-A is found to contain saturated (57.7%), cyclic (26.0%), and aromatic 

hydrocarbons (16.3%) as shown in Table 6.4. The saturated hydrocarbons are 

comprised of straight chain (18.8%), methyl branched (23.1%), and other branched 

(15.8%) hydrocarbons. For the chemical composition in terms of carbon numbers, C9 

to C16 hydrocarbons constitute 96.2% of the sample (Table 6.2). The remaining 3.8% 

of hydrocarbons are C6 to C8, C17, and C18, each of which represents minor amounts of 

the total composition (1.5% or less). The predominant compounds are C11 through C13 
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(about 18% each), followed by C14 (14.4%), C10 (10.1%), C15 (8.7%), as well as C9 

and C16 (about 4% each). 

AHRJ contains almost exclusively saturated hydrocarbons (99.6%) without 

detectable aromatic contents, as shown in Table 6.4. The remainder 0.4% composition 

of AHRJ is cyclic hydrocarbons. The saturated hydrocarbons of AHRJ are found to be 

very heavily branched (Table 6.3). Branched hydrocarbons account for 91.5% of the 

total composition in AHRJ, among which methyl branched HCs are 27.4% and other 

branched HCs are 64.1%. The straight chain hydrocarbon content in AHRJ is 8.1%. 

Trace amounts of cyclic hydrocarbons are also detected from C8 to C10. The 

predominant component of is found to be C16 (18.0%), which is entirely branched 

(other) HCs in content. This component is followed by C15 (14.7%), C10 though C13 

(ranging from 12.4% to 13.2%), as well as C9 and C14 (about 8% each). 

6.3 Results and discussions 

6.3.1 Flame structure and sooting dynamics 

Figure 6.3 compares the flame structure and sooting dynamics for AHRJ and 

AHRJ/Jet-A blends examined. The Jet-A photographs are taken from Liu et al. [86] for 

comparison. For each fuel system, the flame image shown in Figure 6.3 has the 

maximum illumination. The times for the BW images are referenced to the 

approximate ignition point. 
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Figure 6.3: Selected color (maximum illumination) and BW images of (a) Jet-A (Do = 

0.59 mm) [86], (b) RJ25 (Do = 0.56 mm), (c) RJ50 (Do = 0.55 mm), (d) RJ75 (Do = 

0.57 mm), and (e) AHRJ (Do = 0.56 mm). Flame images are selected for maximum 

illumination in a burning event. 
 

Similar to the gasoline droplet flames shown previously in Figure 4.2, the 

flames in Figure 6.3 consist of bright yellow cores and fainter outer blue zones. 

Considering flame brightness as a qualitative measure of the sooting propensity, we 

expect that the sooting propensities are in the approximate order (high to low) of Jet-A 

> RJ25 > RJ50 > RJ75 > AHRJ. This observation is consistent with clear difference in 

the amount of soot formed shown in backlit images of Figure 6.3 for droplets of 

ostensibly the same size. The different aromatic content as noted previously can be 

responsible for this difference. The chemical analysis discussed previously shows that 

Jet-A has 16.3% of aromatics, well know soot-forming constituents, while AHRJ has 
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virtually no aromatic species. As such, brighter flame and greater apparent thickness 

of the soot shell are observed for Jet-A. 

The droplet and soot shell structures shown in BW images in Figure 6.3 are 

consistent with the schematic of Figure 1.3b. The development of the soot shell is 

clearly illustrated. In some cases, large soot aggregates (e.g., Figure 6.3b and d, RJ25 

and RJ75 at 0.3 s, respectively) are formed. As discussed in Chapter 4, the formation 

of these soot aggregates are the consequence of an initial asymmetry in the droplet 

flame induced by gas motion caused by spark ignition, electrode retraction, or a 

combination of both. As illustrated in Figure 6.3b and d, this initial asymmetry may 

grow into larger soot tails towards the end of a burning event. In other cases where 

initial gas motion does not introduce asymmetry, soot aggregates become numerous as 

burning proceeds so that they form connected shell structures and lose their character 

as free-floating entities (e.g., Figure 6.3a). 

6.3.2 Quantitative measurements 

Figure 6.4 shows the measured evolution of droplet diameter for AHRJ, Jet-A, 

and three AHRJ/Jet-A blends. Three repetitions are carried out for AHRJ to confirm 

the repeatability of the experiments. The droplet diameters for the three AHRJ runs 

align almost perfectly throughout the entire burning process, which suggests that the 

experiments performed are very repeatable in this study. As such, only one experiment 

is performed for each of AHRJ/Jet-A blend (i.e., RJ25, RJ50, and RJ75). Results of 

Jet-A test runs are taken directly from a previous study [86]. These previously 
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published results of Jet-A are used here in this study to benchmark the burning 

characteristics of AHRJ and AHRJ/Jet-A blends. 

Burning rates extracted from Figure 6.4 should be independent of time 

according to the quasi-steady theory of droplet combustion [45]. However, some 

effects of initial droplet heating are evident in Figure 6.4 as shown by the slight 

increase observe in the droplet diameters within the first 0.20 s/mm2. In addition, some 

initial fluctuations are also seen within the first 0.15 s/mm2, which are the result of 

droplet deformations induced by the sparks at the onset of the burning. But this initial 

disturbance dies out rather quickly and thus does not affect the reminder of the 

burning event. 
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Figure 6.4: Evolution of the droplet diameter from individual experiments for all fuels 

studied. Jet-A results are taken from a previous study [86] as an average. 
 

The AHRJ measurements show a slightly faster burning process (higher K) 

compared to Jet-A and the AHRJ/Jet-A blends. Figure 6.5a more clearly compares the 

AHRJ examined with Jet-A with AHRJ data averaged from Figure 6.4. It is clearly 

shown that the burning rates are in the approximate order (high to low) of AHRJ > 

RJ75 > RJ50 > RJ25 > Jet-A. 
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Following the procedures described in Chapter 3, measurements in Figure 6.5a 

is linearized over the range of 0.4 s/mm2 ≤ t/(Do)2 ≤ 1.5 s/mm2 to obtain the burning 

rate values for each fuel examined here. These results are listed in Table 6.1 and 

plotted in Figure 6.5b. The burning rate of “pure” AHRJ is approximately 13% higher 

than Jet-A. This difference is still not especially substantial to disqualify AHRJ as a 

drop-in additive to reduce the consumption of Jet-A and also reduce particulate 

emissions (cf. Figure 6.3). Performance tests in engines would more conclusively 

assess this potential. 

 

 

Figure 6.5: (a) Evolution of the average droplet diameter for data in Figure 6.4. (b) 

Average burning rate as a function of volume percent of AHRJ in the AHRJ/Jet-A 

blends (0% and 100% AHRJ indicate Jet-A and AHRJ, respectively). The red line is a 

linear fit of the data, which is included to illustrate the trend.  
 

The trend found in Figure 6.5 for the burning rate can be explained by the scale 

analysis similar to what described in Chapters 4 and 5. From the perspective of the 

classical droplet burning theory [45], the quasi-steady burning rate is predominantly 
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proportional to fuel properties as shown in Equation (4.1). It is assumed that thermal 

properties in the gas phase are not substantially different since both AHRJ and Jet-A 

are hydrocarbon fuels (cf. Figures 6.1 and 6.2), so that the liquid density in Eq. (4.1) 

becomes controlling as K ~ 1/ρL. 

We define K = KAHRJ/KJet-A so that 

L,Jet A
K

L,AHRJ

~ .



 (6.1) 

The liquid density for AHRJ used in this study (cf. Table 6.1) is slightly lower 

than that of Jet-A, indicating higher burning rates for AHRJ. Using the liquid density 

values in Table 6.1 gives K ~ 1.07. For the experimentally measured burning rates in 

Table 6.1 and Figure 6.5b, K ~ 1.13. These results are close. The scale analysis does, 

though, confirm that the burning rate of AHRJ is higher than that of Jet-A, which is 

consistent with experimental observation in Figure 6.5. 

The relative positions of the soot shell to the droplet (soot shell standoff ratio, 

SSR = Ds/D) and the flame to the droplet (flame standoff ratio, FSR = Df/D) are shown 

in Figure 6.6. The reported FSR and SSR data for AHRJ and Jet-A are averaged results 

from three test runs, while those for AHRJ/Jet-A blends are from individual test runs. 

Results for Jet-A are from a previous study [86] with the same experimental set-up and 

conditions. As shown in Figure 6.6, there is no compositional effects on SSR as all the 

data are overlapping with each other. 

The evolution of FSR is shown in Figure 6.6. The trend is typical [36, 51, 52] 

whereby the FSR increases as combustion proceeds. As shown in Figure 6.6, AHRJ 
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produces droplet flames that are slightly further away from the droplet compared to 

Jet-A. The FRSs for three AHRJ/Jet-A blends are between AHRJ and Jet-A.  

Insights into the influence of fuel properties are obtained from the classical 

theory of FSR as extended by Aharon and Shaw [204], as discussed in Chapter 4, 

which shows that 

L,AHRJf AHRJ AHRJ AHRJ Jet A
FSR

f Jet A L,Jet A Jet A Jet A AHRJ

(D / D) K MW~ ( )( )( )( ).
(D / D) K MW



   

 
 

 
 (6.2) 

With the values from Table 6.1, FSR ~ 1.08 so that AHRJ should have a slightly 

higher FSR than Jet-A, which is consistent with the data in Figure 6.6. 
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Figure 6.6: Evolution of flame and soot standoff ratios for the AHRJ/Jet-A blends 

examined. 
 

6.4 Conclusions 

The droplet burning characteristics of a renewable jet fuel derived from algae 

and three AHRJ/Jet-A blends are compared to those of a conventional aviation fuel. 

The results show that AHRJ and AHRJ/Jet-A blends have burning rates that are 

slightly higher than that of Jet-A, and that AHRJ and AHRJ/Jet-A mixture droplets 
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have flames positioned further away from the droplet surface compared to Jet-A 

droplet flames. 

Scale analyses based on the quasi-steady droplet combustion theory suggest 

that thermal properties of the fuels are important in evaluating burning rates and flame 

positions, and the results from the scaling are consistent with the experimental 

observations. The sooting propensities are in the order of (high to low) Jet-A > RJ25 > 

RJ50 > RJ75 > AHRJ, which is consistent with the observations of flame brightness, 

with Jet-A having the brightest flame. 

The results presented show that the spherically symmetric droplet combustion 

configuration provides a useful platform to compare the burning characteristics of 

algae-derived biofuels and conventional transportation fuels. The experimental results 

suggest that AHRJ can be an attractive additive to petroleum-based aviation fuel. The 

results also suggest that AHRJ and AHRJ/Jet-A blends may reduce particulate 

emissions during burning based on their lower sooting propensities compared to Jet-A. 
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CHAPTER 7                                                                                                               

THE COMBUSTION OF ISO-OCTANE DROPLETS WITH INITIAL DIAMETERS 

FROM 0.5 TO 5 MM: EFFECTS ON BURNING RATE AND FLAME 

EXTINCTION 

7.1 Introduction 

This chapter examines experimentally the influence of Do on iso-octane 

droplets burning in the standard atmosphere over the range of 0.5 mm < Do < 5 mm. 

The purpose is to examine how the combustion process of iso-octane droplets 

responds to varying Do over such a wide range, in particular the burning rate, flame 

extinction and transitions to combustion regimes that would potentially be strongly 

influenced by radiative effects. In addition, a scaling approach based on energy 

balances at the droplet and flame is used to explain the observed trends. 

The iso-octane used in the experiments is purchased from Sigma-Aldrich with 

a purity of 99.8%. Representative properties are given in Table 7.1.  

Table 7.1: Selected properties of iso-octane. 

Formula C8H18 

Stoichiometric coefficient ν 12.5 

Molecular Weight (g/mole) [210] 114.229 

Boiling point Tb (K) [210] 372.35 

Liquid density ρL (@Tb, kg/m3) [51] 638 

Heat of vaporization (@Tb, kJ/kg) [210] 269.4 

Cetane number [170] 15 

Lower heating value (MJ/kg) [84] 44.31 

Adiabatic flame Temperature (K) [211] 2233.3 
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7.2 Results and discussions 

Figure 7.1 shows selected color and BW images from both GB and ISS 

experiments (separated by the vertical dashed line). The needle-like glows on either 

side of GB droplet flames are the result of interactions between the flame and fiber. 

The images are cropped and centered to the droplet (in reality the ISS droplets move 

somewhat due to the deployment process). 

 

 

Figure 7.1: Selected color (a) and BW (b) images from GB and ISS iso-octane 

experiments. Numbers on top represent Do (mm) and vertically are normalized time 

(s/mm2). Flame color transitions from yellow to blue for Do = 2.91 mm. Indicated 

scales for GB and ISS photographs are different. Image 2.91:0.8 in ‘a’ is contrast-

enhanced to better show the flame.  
 

The flame color in Figure 7.1a arises from incandescence of soot particles, 

formed on the fuel-rich side of the flame, that pass through the flame and burn in the 
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reaction zone. Based on the flame temperature that exists, the resulting yellow glow of 

the droplet diffusion flame is due to the collective wavelength of the soot 

incandescence and the sensitivity of the imaging optics to the visible spectrum. 

Without soot, the dominant flame color is blue due to CH radicals that emit in the blue 

region of the spectrum. Note that the blue flame is not caused by the deficient 

diffusion of oxygen in the apparatus since the volume of the droplet flame is only a 

tiny potion (~0.014% maximum) of the MDCA chamber volume. 

The flame intensity (Figure 7.1a) qualitatively decreases with increasing Do 

and a flame extinction process is clearly revealed (2.91:0.4 to 2.91:1.2) by 

disappearance of the visible flame. No such process is observed in any of the GB 

experiments. Instead, the GB droplet flames first expand then grow progressively 

dimmer and disappear with burnout. Figure 7.1b shows selected BW images that 

highlight the sooting dynamics. The soot shell is more intact and spherical throughout 

the burning history for the GB droplets because their motion is restricted by the 

support fiber. The unsupported ISS droplets are allowed to drift about in the 

combustion chamber. Drifting can affect the shape of the soot shell as shown in Figure 

7.1b. However, the velocities of such drifting are too low to influence K based on 

standard convective corrections. 

The evolution of droplet diameter for selected experimental runs in scaled 

coordinates is shown in Figure 7.2. Two broad regimes are shown: an initial regime for 

Do < 2.7 mm where the evolution of scaled diameter is linear until burnout (some data 

are not shown for clarity) and the burning rate is essentially constant; and a second 

regime for larger droplets (Do > 2.7 mm) where K decreases (the tail-off effect shown 
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in Figure 7.2), which coincides with disappearance of the visible flame (cf. 2.91:0.8 

and 2.91:1.2 in Figure 7.1a). We believe these trends are due to radiative losses that 

are absent in the small droplets examined (taking the cutoff for radiation at about Do 

∼1 mm [61]) but present in the large droplets. 

 

 

Figure 7.2: Evolution of droplet diameter for iso-octane for selected Do. 
 

In the first regime, the trends in Figure 7.2 do not show extinction-like effects 

and the droplet flames are visible throughout burning. In the second, post-extinction 
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regime, K decreases considerably and ultimately achieves a value commensurate with 

evaporation (i.e., no combustion). The data labeled ‘evaporation’ is shown for 

reference, though at a different Do. However, the trends of the post-extinction data in 

Figure 7.2 suggest convergence to the same asymptotic evaporation rate. 

Note that the evaporation rate without combustion for one droplet size (Do = 

1.74 mm) is used to provide the reference for all iso-octane test runs with different Do 

in the present study. One concern is whether the evaporation rate (without combustion) 

would depend on the initial droplet size. Unfortunately, Do = 1.74 mm is the only iso-

octane test that records the evaporation, rather than combustion, of an iso-octane 

droplet among all tests performed for iso-octane in our test matrix. In order to examine 

the dependence of evaporation rate with no combustion on the droplet size, Figure 7.3 

shows evolution of the droplet diameter for three n-decane tests where the droplet is 

evaporating without burning. These tests are performed by NASA in their study of the 

combustion of n-decane droplets onboard the ISS. The data for three droplet sizes 

shown in Figure 7.3 align almost perfectly during the evaporation process, indicating 

that the evaporation rate (without combustion) of fuel droplets in the MDCA are not 

dependent on the droplet size. Therefore, it is appropriate to use the evaporation rate 

for Do = 1.74 mm to benchmark the evaporation for all other iso-octane tests in this 

study. 
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Figure 7.3: Evolution of droplet diameter for n-decane droplets with three different 

sizes without combustion. 
 

Two extinction mechanisms to consider are radiative and diffusive (in the 

sense of fuel leakage through the flame). The potential for a fuel leakage extinction 

mechanism can be assessed by examining the product of DextK (where Dext is 

extinction diameter), which should be constant [212]. To estimate K we take an 

average value (i.e., K = Kavg), obtained by linearizing the measurements (Figure 7.2) in 

the pre-extinction regime and Figure 7.4 shows the results. Though the data in Figure 
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7.2 exhibit a slight variation with time (most likely due to droplet heating effects that 

persist throughout burning [213]) and we do use this time variation later to estimate 

the evolution of flame temperature (Tf), it is sufficient here to use a single average 

value to determine DextKavg. Figure 7.5 shows that DextKavg strongly depends on Do. As 

such, it is unlikely that diffusive and fuel leakage effects will characterize the 

extinction mechanism for the data reported here. 

 

 

Figure 7.4: Dependence of Kavg obtained from the most linear portion of the burning 

history on Do for iso-octane where the correlation equation is valid for Do > 2 mm. 
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Figure 7.5: Variation of DextKavg with Do for iso-octane. 
 

The relative positions of the flame to the droplet (flame standoff ratio, FSR = 

Df/D) and the soot shell to the droplet (soot standoff ratio, SSR = Ds/D) for data 

corresponding to Do > 1 mm are shown in Figure 7.6. As expected, SSR < FSR 

because soot forms on the fuel-rich side of the flame. The SSR appears to increase 

slightly with increasing Do though the trend is not significant. An explanation is 

uncertain as it involves a balance of the forces acting on the aggregates [53] which 
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depend not only on the temperature gradient and hence Tf but also K and other 

properties. 

 

 

Figure 7.6: Evolution of flame and soot standoff ratios for iso-octane investigated in 

this study. Results presented here are for selected test runs where radiation effects are 

important during the burning history. 
 

For a given Do, the variation of FSR with time shown in Figure 7.6 is typical 

[36, 51, 52] whereby the flame moves away from the droplet as burning proceeds. 
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This trend contrasts with the classical theory of burning [45] which leads to the FSR 

being constant. 

As shown in Figure 7.6, the FSR decreases with increasing Do. As Do 

increases, radiation to the surrounding increases as well so that the flame has to move 

closer to the droplet to sustain fuel evaporation that maintains burning. The flame 

temperature (Tf) should figure prominently in this process as it is expected to be 

strongly dependent on Do. We do not have a direct numerical model of the droplet 

burning process for iso-octane that would allow establishing the relationship between 

Tf and variables. A simple estimate for Tf can, though, be obtained with the aid of scale 

analysis of an energy balance at the droplet surface that equates the energy to 

evaporate the fuel with the energy conducted to the droplet (neglecting radiation in the 

inner region between the droplet and flame). The result shows that [69] 

~ 1
8

 
 
 

 L fg f
f b

p

h K D
T T

k D


 (7.1) 

where Tb, L  hfg, and kp, are fuel boiling point, liquid density, latent heat of 

vaporization, and gas thermal conductivity, respectively. 

To evaluate Tf (for purposes of explaining the influence of Do on Df/D), we will 

estimate a ‘maximum’ flame temperature, Tf,max, to correspond to the highest flame 

standoff ratio and burning rate, and assume K = Kavg in Eq. (7.1). For Df/D, we use the 

value just prior to burnout or extinction (i.e., last data entry for the indicated Do in 

Figure 7.6 which gives the highest Df/D value for a given Do). The liquid density and 

heat of vaporization in Eq. (7.1) are evaluated at Tb, kp is evaluated at Tp = (Tf + Tb)/2 

[45] (so Tf,max is determined iteratively from Eq. (7.1)) with kp = 0.4ki-O + 0.6kair 
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(where ki-O and kair are thermal conductivity of iso-octane and air, respectively), 

assuming a fuel mole fraction χ = 0.4 [214]; ki-O is obtained using the Roy/Thodos 

method suggested by Reid et al. [197], and kair is computed from correlations 

developed from data reported by Incropera and DeWitt [215]. 

Figure 7.7 shows that the predicted Tf,max using Eq. (7.1) decreases with 

increasing Do. The cooler flame places the flame closer to the droplet as expected so 

that Df/D decreases with increasing Do, which is consistent with Figure 7.6. It is also 

evident from Figure 7.7 that for Do < 1 mm, Tf,max ~ 2200 K which is consistent with 

the predicted Tf for sub-millimeter droplets [36, 57]. With a large enough increase in 

Do, Tf can conceivably drop below the soot inception temperature [72] so the flames of 

large droplets could show the characteristic dim blue color indicative of reduced 

sooting [59]. This trend confirms that with larger droplet size, radiative losses lower 

the flame temperature. 

The previously reported scaling [69] based on an energy balance for a control 

volume encompassing the flame shows that when radiation is a dominant energy loss 

mechanism, K~Do
-n where n≈2/7. The decreased Tf,max in Figure 3b with increasing Do 

will lower K which is broadly consistent with the trends in Figure 7.4. For Do < 2 mm, 

radiation is not dominant and this scaling does not apply to smaller drops. In 

particular, the GB data show little influence of Do on K which is consistent with a 

negligible influence of radiation [61, 68, 70, 202]. 
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Figure 7.7: Variation of 'maximum' flame temperature (Tf,max) with Do for iso-octane 

examined in this chapter. 
 

Figure 7.8 provides a closer examination of the extinction process for one 

particular droplet diameter (Do = 2.82 mm). Included are measurements of wideband 

and narrowband radiative emissions. Note that the radiometer data are calibrated in 

such a way that radiation caused by the igniter coils is subtracted so that the data are 

representative of actual flame radiation. Since narrowband emissions saturate the 

radiometer from 0.18 to 1.00 s/mm2, there are no narrowband radiometer data in this 

range. The photographs in Figure 7.8b correspond to the times indicated in Figure 
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7.8a. The flame images in Figure 7.8b are contrast-enhanced to better reveal the flame 

dynamics at extinction. 

 

 

Figure 7.8: (a) Evolution of droplet diameter and flame radiance for Do = 2.82 mm 

iso-octane test; (b) selected images corresponding to the times (A, B, etc.) in ‘a’: A, 

onset of igniter retraction; B, end of igniter retraction; C, onset of flame open-up; D, 

flames opens to the maximum angle; E, end of flame close-back; F, disappearance of 

the visible flame. Color photos C, D, E in ‘b’ are contrast-enhanced to better show the 

flame. 
 

Before time “A”, the droplet is ignited but the coils are not yet retracted. From 

A to B the coils are retracted and radiative emissions increase and remain constant 

from B to C where wideband emissions are nearly constant. A point is reached where 

fuel flow to the droplet by evaporation cannot keep pace with radiative losses and the 
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flame begins to extinguish. The images C, D, and E show the flame dynamics that 

result. The flame opens (D) then closes (E). Concurrently, the flame radiance shows 

evidence of oscillating. 

The oscillatory flame motion (e.g., as noted in [69, 216]) and evolution of 

droplet diameter shown in Figure 7.8 is not thought to share the same mechanism as in 

previous studies where flame oscillations were predicted under certain conditions and 

identified with LTC regimes of burning. For example, simulations of n-decane droplet 

burning in an ambient of 600 to 1100 K [78] showed that the transition from high to 

low temperature burning was accompanied by an oscillating flame temperature. And, 

burning at elevated pressures was predicted to be accompanied by oscillating flames in 

some cases, though oscillations were not predicted for burning at atmospheric pressure 

[75]. An alternative explanation analyzed the complex oxygen transport to moving 

droplets and showed that only when droplets move in a regime where radiative 

transport is important will flame oscillations occur for burning in the standard 

atmosphere: stationary droplets burning under such conditions will apparently not 

oscillate [217]. Such motion can be set up as an artifact of the droplet deployment 

process. In the present study, the flame in Figure 7.8 appears more to ‘flicker’ than 

‘oscillate’ as burning transitions to a post-extinction regime. 

The data in Figure 7.8a show that there is no abrupt change in narrowband 

emissions after visible flame extinction (time F), nor does K remain constant for a time 

in the post-radiative extinction regime as would be typical of a LTC regime of 

burning. Rather, K changes gradually and eventually reaches a value that is close to 
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the pure evaporation limit. These trends [57, 69, 76, 77, 183, 218] point to the absence 

of a LTC regime of burning for iso-octane. 

To explore the extent to which the post-visible flame extinction regime may 

exhibit LTC behavior, Eq. (7.1) is used to estimate Tf from the instantaneous K values 

obtained based on D2 data shown in Figure 7.8a. K is determined by taking derivatives 

based on two adjacent data points in the D2 plot and the trend is processed by moving 

average and smooth functions in MATLAB to reduce the noise and obtain a smooth 

curve of K. In the post-extinction regime where the flame is not visible after ~0.9 

s/mm2 (e.g., 2.91:1.2 in Figure 7.1), we use the approximation that Df/D  3.2 in the 

LTC region [57, 219]. The results are depicted in Figure 7.9. Kavg marked by 

horizontal dashed line in Figure 7.9 indicates the averaged K from the most linear 

portion of D2 data prior to extinction. Here Kavg equals to 0.555 mm2/s which is 

consistent with the value presented in Figure 7.4 for Do = 2.82 mm. 

The trends shown in Figure 7.9 illustrate that in the region t/Do
2 < 0.9 s/mm2, 

predicted Tf are rather high and indicative of typical hot-flame combustion. The 

maximum Tf of ~1600 K in Figure 7.9 is consistent with Tf,max in Figure 7.7 for Do = 

2.82 mm. However, the drop in K associated with flame extinction results in Tf 

decreasing to ~700 K at ~1.1 s/mm2 and continues to drop in a rather monotonic 

regime. Even though the scale analysis results in Figure 7.9 are consistent with 

detailed predictions of LTC burning for other fuels [77, 219] that reported Tf similar to 

what is displayed in Figure 7.9, such a trend is not especially indicative of entering an 

LTC burning regime [183] as an elevated temperature in the post-extinction regime is 

not sustained. Eventually the predicted Tf drops to values more typical of evaporation 
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in a warm ambient (i.e., 426 K). Though the results discussed above are based on data 

for Do = 2.82 mm, the trends are observed for all the large iso-octane droplets in the 

present study that exhibit extinction. 

 

 

Figure 7.9: Temporal evolution of computed flame temperature for Do = 2.82 mm iso-

octane test. K is obtained from taking derivatives of the D2 data in Figure 7.8a 

(reproduced here by the gray symbols). The vertical red dashed line indicates the time 

for radiative extinction (cf. Figure 7.8a). 
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7.3 Conclusions 

The burning histories of iso-octane droplets show a clear dependence on Do 

with K decreasing as Do increases. For Do > 2 mm, an inverse power law correlates the 

measurements in the form K ~ Do
-0.274 which is consistent with a scale analysis based 

on an energy balance on the flame. Droplets with Do ≥ 2.7 mm radiatively extinguish 

as shown by a significant drop of flame radiance and burning rates rather abruptly 

decrease to values approaching pure evaporation in the post-extinction burning regime. 

The results indicate that iso-octane droplets do not enter an LTC regime of burning in 

the post-radiative extinction regime because K and predicted Tf gradually decrease 

rather than remaining relatively constant in this regime. The FSR is found to decrease 

with increasing Do for large droplets due to significant radiative losses and a predicted 

lowering of Tf. Furthermore, the SSR increases with increasing Do, perhaps because of 

a weakened thermophoretic force as Do increases though this trend is not fully 

understood. 
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CHAPTER 8                                                                                         

INITIAL DIAMETER EFFECTS FOR COMBUSTION OF N-HEPTANE/ISO-

OCTANE MIXTURE DROPLETS 

8.1 Introduction 

Results of a study concerning droplets of n-heptane/iso-octane mixtures are 

reported in this chapter. The importance of these fuel species is discussed in Chapter 1. 

Heptane and iso-octane are constituents of a Primary Reference Fuel [160] as well as 

surrogates for some transportation fuels. Little is known about their fundamental 

droplet burning characteristics, for example the influence of the initial droplet 

diameter and composition on the combustion performance. This chapter addresses 

both of these matters. 

Concerning the influence of composition, a prior study [51] showed that 

‘small’ n-heptane and iso-octane droplet (Do of about 0.5 mm) have almost identical 

burning rates as a consequence of their close thermophysical properties and phase 

equilibrium behavior. As such, only one mixture fraction, an equivolume mixture, is 

examined. On the other hand, only one initial droplet diameter was studied – on the 

order of 0.5 mm – while it is known that initial diameter has a strong influence on 

radiative transport between the droplet and flame that can markedly influence the 

burning rate and combustion chemistry [69]. It was previously shown that increasing 

the initial droplet diameter from sub-millimeter values to up to 5 mm could make 

relevant radiation and the transition to low temperature combustion processes. 
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As a result of the above considerations, we examine the droplet burning 

process of n-heptane/iso-octane mixtures with initial diameters from about 0.5 mm to 

almost 5 mm. Experiments for droplets over 0.8 mm are carried out in the MDCA 

onboard the ISS as discussed in Chapter 2, while experiments with Do less than 0.8 

mm are carried out in the drop tower at Cornell. Furthermore, one mixture fraction is 

examined – 50/50 – for droplets with Do from 3.1 mm to 3.3 mm (essentially 

considering this small range to be indicative of a mean value since precise control of 

the initial droplet size is not possible in the facilities of the MDCA) to complement the 

small diameter measurements of Liu et al. (2016) [51]. Representative properties of n-

heptane and iso-octane are listed in Table 8.1, with some of the iso-octane properties 

taken from Table 7.1.  

Table 8.1: Selected properties of n-heptane and iso-octane. 

Property n-heptane iso-octane 

Formula C7H16 C8H18 

Stoichiometric coefficient ν 11.0 12.5 

Molecular Weight (g/mole) [210] 100.202 114.229 

Boiling point Tb (K) [210] 371.53 372.35 

Flash point (K) [210] 269 261 

Liquid density ρL (@298 K, kg/m3) [210] 679.5 692.0 

Liquid density ρL (@Tb, kg/m3) [51] 608 638 

Heat of vaporization (@Tb, kJ/mol) [210] 31.77 30.79 

Lower heating value (MJ/kg) [84] 44.566 44.31 
 

The efforts described in this chapter departs from the heavy emphasis of this 

dissertation on experimental observations by comparing the data reported here with 
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simulations that the author participated in developing to predict the burning behaviors 

of n-heptane/iso-octane mixtures. This effort is pursued in collaboration with 

Professors Tanvir Farouk (University of South Carolina) and Frederick Dryer 

(Princeton University) using a code adapted for this purpose and developed by the 

collaborators. Several test cases are carried out for the n-heptane/iso-octane system 

corresponding to the conditions of the experiments and the simulations are compared 

with the data in this chapter. An outline of the numerical model is provided in Section 

8.2. 

8.2 Numerical modeling 

The numerical simulations are carried out using a detailed numerical model of 

the spherically symmetric burning process. The code incorporates complex chemistry 

along with fully transient liquid and gas phase transport as well as radiative heat 

transfer and multi-component miscible effects. The liquid phase (droplet) is assumed 

to be well-mixed in deference to the manner in which test droplets are deployed 

experimentally. The n-heptane/iso-octane system is a near ideal liquid mixture, which 

is assumed in the model. 

The numerical model does not consider the influence of soot formation. This 

rather drastic assumption follows the excellent agreement noted in a prior study [52] 

between measured and simulated burning rates for heptane – a sooting fuel that 

produces distinct soot shells as noted in [51]. The results suggest that soot formation 

may not be strongly influenced by fluid and thermal transport that controls droplet 

burning. Hence, formation of soot aggregates is neglected in the simulation. However, 
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as the model incorporates detailed combustion chemistry, it also predicts the formation 

of soot precursors (e.g., acetylene) so that it is possible to predict the concentration of 

soot precursors in the solution domain, and thus where aggregates are likely to be 

present. Here, we emphasize simulating the burning rate and flame position, and 

comparing the simulations to measurements, as well as using the simulations to infer 

the likelihood of a transition of burning to low temperature combustion [37]. 

The code used to simulate the burning process of n-heptane/iso-octane has 

been described in some recent literature [33-35, 37, 57]. A brief outline is presented 

here. 

The governing equations are those of energy and species in both phases in the 

form (subscript "+" denotes the gas phase and "-" the liquid) 
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and for energy conservation 
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where the jump conditions across the liquid (droplet) and gas are 
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T T  , i,
i,gas

Y 1  , and i,
i,liquid

Y 1  . (8.5) 

The heat flux Q has contributions from conduction, diffusion, Dufour effects and 

radiation: Q = Qcond + Qdiff + Qdufour +Qrad. Formulations for these quantities are given 

in [57]. 

Chemical reactions in the gas phase are described using a detailed and 

comprehensive n-heptane and iso-octane mechanism consisting of 298 species and 

1916 reactions capable of resolving the high and low temperature kinetic regimes. It 

consists of a reduced n-heptane kinetic model [57] with an embedded iso-octane 

subset taken from Mehl et al. [168]. The model also includes an appended PAH sub-

mechanism taken from Raj et al. [169] to consider the potential for the formation of 

high molecular weight species (i.e. soot precursors in the gas phase). 

In the solution domain, an inner zone represents the condensed phase liquid 

(droplet) and an outer zone represents the gas phase ambient. The far field is taken to 

be about two hundred times the initial droplet diameter. To avoid oscillatory solutions, 

a “staggered grid” approach is used in the solution. Numerical integration of the 

discretized equations is performed using a backward difference formula with a 

variable order of up to fifth order and a variable time step utilizing a fully implicit 

multipoint interpolation, which is appropriate for the large range of time scales and 

stability constraints imposed by chemically reacting systems. 

The results reported in this chapter for large droplets greater than about a 

millimeter involve a grid arrangement having 50 points in the liquid and 250 points in 

gas phase. For small, sub-millimeter, solutions are generated using a 30 points in the 
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liquid and 120 points in the gas grid configuration. Grid independent solutions are 

confirmed for the aforementioned grid configurations.  An interface tracking adaptive 

grid methodology is employed where re-meshing of the 1-D grid is performed at every 

time step. 

8.3 Results and discussions 

Figure 8.1 shows selected flame images for burning 50/50 n-heptane/iso-

octane droplets from both GB and ISS experiments, which are separated by the 

vertical dashed line. It is shown in Figure 8.1 that all ISS droplets are free floating, 

while GB droplets are fiber-supported. As discussed in Chapter 4, the needle-like 

glows on either side of the flames from the GB flames are the results of interactions 

between the flame and fiber. Though the flame/fiber interactions are real, it has 

previously been reported that support fibers minimally influence the droplet burning in 

the current configuration. [173, 213]. 

As shown in Figure 8.1, the flame intensity qualitatively decreases with 

increasing initial droplet diameter for Do > 1 mm. With such a decreasing luminosity 

for large droplets, a radiative extinction phenomenon [220] is observed for droplets 

with Do > 3 mm for 50/50 n-heptane/iso-octane in this study, which is characterized by 

the disappearance of the visible flame (Figure 8.1, 3.15:0.4 to 3.15:1.2 and 3.77:0.4 to 

3.77:0.8) that is never observed for small droplets (Do < 1 mm). This extinction effect 

is likely due to radiative losses from the large droplet flames which limit soot 

formation through radiation effects to the ambient that cool the flame down. 
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Figure 8.1: Selected color images from GB and ISS 50/50 n-heptane/iso-octane 

experiments. Images for Do = 0.52 mm are taken from Ref. [51]. Numbers on top 

indicate Do (mm) and vertically represent normalized time (s/mm2).  
 

Figure 8.2 shows selected BW images that highlight droplet and soot dynamics 

for 50/50 n-heptane/iso-octane droplets. The soot shell is more intact throughout the 

burning history for relatively small droplets (Do < 2 mm). For larger droplets (Do > 2 

mm), the soot shell appears to be thinner and less intense as Do increases, which is 

consistent with the flame brightness being fainter with increasing Do. 
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Figure 8.2: Selected BW images from GB and ISS 50/50 n-heptane/iso-octane 

experiments. Images for Do = 0.52 mm are taken from Ref. [51]. Numbers on top 

indicate Do (mm) and vertically represent normalized time (s/mm2). 
 

The evolution of droplet diameter for selected 50/50 n-heptane/iso-octane test 

runs is shown in Figure 8.3 in scaled coordinates. The quantitative measurements are 

obtained from image analyses of individual video frames in the droplet burning 
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sequence, with the data for the sub-millimeter droplet taken from a previous study [51]. 

The results of numerical simulations (at identical conditions of the experiments) are 

shown by the solid lines. 

 

Figure 8.3: Evolution of droplet diameter for 50/50 n-heptane/iso-octane with selected 

Do. Symbols and lines represent experimental measurements and numerical 

predictions, respectively. The measured and predicted data for Do = 0.52 mm are from 

[51] and [37], respectively. 
 

Two broad regimes are shown in Figure 8.3. A high temperature burning 

regime occurs exclusively for Do < 3 mm where the evolution of scaled droplet 
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diameter is linear until burnout and the burning rate K (i.e., the absolute value of the 

slope for data shown in Figure 8.3) is essentially constant. Another regime is a low 

temperature burning regime that is only seen for Do > 3 mm where the burning rate 

decreases and the combustion transitions from high temperature burning to LTC, also 

referred to as the “Cool Flame” burning, after the hot flame radiatively extinguishes. 

In the first regime, there is no evidence of extinction-like effects for the trends shown 

in Figure 8.3 and the flames are visible throughout the burning process. In a second 

regime following radiative extinction, the burning rate decreases considerably and no 

visible flame is present. 

In general, the burning rate decreases with increasing Do in the hot-flame 

regime. This trend is associated with increased radiative losses and thus reduced flame 

temperature for larger initial droplet sizes. Figure 8.4 shows the variation of an 

average value of K (i.e., Kavg) for all runs as a function of Do. Kavg is obtained by 

linearizing the normalized droplet diameter history over the most linear portion (i.e., 

from 0.2 s/mm2 to the end of the hot flame burning) of the entire burning period. The 

predicted Kavg data shown in red in Figure 8.4 are obtained through time-averaging 

instantaneous K values over 10% and 90% of the total burning time. Both trends show 

that Kavg decreases with increasing Do. This trend is affected by increased energy 

losses through both radiative and diffusive processes and it can be said that diffusive 

losses are dominant in the cool flame droplet burning mode, while radiative processes 

dominate in the high temperature combustion mode. 
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Figure 8.4: Dependence of Kavg on Do where the correlation equations are valid for Do 

> 2 mm. 
 

A scale analysis previously showed [69] that for an energy balance on a control 

volume that encompasses the flame, and when radiation is the dominant energy loss 

mechanism from the flame, that Kavg ~ Do
-n where n ~ 2/7 (0.286). The experimental 

and predicted data in Figure 8.4 is qualitatively consistent with the results from the 

scale analysis. 

Discrepancies shown in Figures 8.3 and 8.4 between experimental and 

numerical results may be caused by several effects. One of the major sources for the 
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observed discrepancy is the evaporation of the fuel droplet during its formation to the 

desired diameter. Typically forming a droplet to its desired large size requires 

hundreds of seconds during which a fuel vapor layer can be readily formed 

surrounding the droplet. This vapor layer when exposed to the ignition source forms a 

soot cloud comprised of soot aggregates but later is burnt out in the flame structure 

during the initial transient. Experimentally, the soot forming from the pre-vaporized 

fuel would participate radiatively and decrease the flame temperature. The model does 

not consider the initial soot structure and therefore exhibits a slightly faster initial 

transient. Even though there exists some variation in the initial transient processes, for 

many instances the measured and predicted burn rates are almost identical (cf, Do = 

1.24 mm run as shown in Figure 8.4). Drifting of the droplet due to droplet 

deployment can also be attributed as a possible source of the observed discrepancy. 

The drifting motion would induce a convection effect during the burning process, 

which could result in a larger K. This might be the reason for slightly larger 

experimental burn rates for larger droplets compared to the simulations. 

Regarding the extinction process observed in Figure 8.3 for large droplets, 

Figure 8.5 provides a closer examination of such a process for one particular droplet 

diameter (Do = 4.80 mm). Figure 8.5 depicts the evolution of the droplet diameter for 

Do = 4.80 mm from both experimental measurements (black symbol) and numerical 

predictions (olive solid line). The droplet diameter measurements for Do = 4.11 mm 

are shown as a reference for the evaporation without combustion. Measurements of 

wideband and narrowband radiative emissions are also included in Figure 8.5a. Note 
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that narrowband emissions saturate the radiometer from 0.1 to 0.35 s/mm2, so that 

there are no narrowband emission data in this range. 

The first vertical dashed line in Figure 8.5a corresponds to the disappearance 

of the visible flame and thus the end of the hot flame burning regime. It is measured 

that the flame disappears at 0.234 s/mm2 with a radiative extinction diameter of 4.64 

mm. The rapid decrease of the wideband radiance is consistent with the disappearance 

of the visible flame. After radiative extinction, the burning enters to a LTC or “Cool 

Flame” burning regime. The abrupt change in the slope of wideband and narrowband 

radiometer data at around 0.371 s/mm2 indicates the end of the “Cool Flame” burning, 

which is marked by the second vertical dashed line in Figure 8.5a. The droplet is then 

just evaporating without the existence of combustion. It is expected that the flame 

temperature is maintained at a nearly constant value in the post-visible flame 

extinction regime. Since there are no direct measurements of flame temperature in the 

present study, we look at the numerical predictions to verify the existence of the 

second stage cool flame burning. 
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Figure 8.5: (a) Evolution of droplet diameter and flame radiance for 50/50 n-

heptane/iso-octane (Do = 4.80 mm). (b) Predicted flame temperature, burning rate, and 

evolution of droplet diameter (insert) from the numerical modeling. 
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Figure 8.5b depicts the predicted flame temperature and instantaneous burning 

rate for Do = 4.80 mm test run. The insert of Figure 8.5b shows the predicted evolution 

of droplet diameter for the same test run. The trends shown in Figure 8.5b illustrate 

that in the region of t/Do < 0.19 s/mm2, predicted Tf are rather high and indicative of a 

hot flame burning regime. The flame temperature decreases before 0.19 s/mm2 as a 

result of radiative losses from the flame to the ambient. After the hot flame extinction, 

the predictions in Figure 8.5b show a characteristic feature of “Cool Flame” droplet 

burning [37]. At 0.19 s/mm2, the flame temperature and burning rate rapidly decrease, 

indicating that the burning enters to the second-stage LTC burning regime. At this 

second stage, the flame temperature maintains at about 700 K for a few seconds. The 

second rapid drop of Tf and K at 0.369 s/mm2 in Figure 8.5b suggests the end of the 

“Cool Flame” burn. The burning ceases at this point and the droplet is just evaporating 

in a hot ambient.  

The extinction diameter of the hot flame burning is predicted to be 4.62 mm 

from Figure 8.5b. This predicted extinction diameter is very close to the experimental 

measurements from Figure 8.5a (i.e., 4.64 mm). The slight difference of predicted and 

measured extinction diameter is likely due to the asymmetric conditions existed in 

experiments, as well as assumptions and simplifications made for the model, as 

discussed previously. 

Although the results discussed above are based on data for Do = 4.80 mm, the 

trends are observed for all large 50/50 n-heptane/iso-octane droplets in this study that 

exhibit radiative extinction (Do > 3 mm). Figure 8.6 shows variation of extinction 

diameter when radiative extinction occurs with initial droplet diameter for 50/50 n-
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heptane/iso-octane with 3 mm < Do < 5 mm, which corresponds to the range where 

radiative extinction is observed in the present study. For Do < 3 mm, the fuel droplets 

burn into completion so that radiative extinction is not observed. It is seen that the data 

from experiments and numerical predictions match quite well, considering existing 

asymmetric conditions for the experiments. 

 

 

Figure 8.6: Variation of radiative extinction diameter with initial droplet diameter for 

50/50 n-heptane/iso-octane droplets. Symbols are experimental measurements and 

solid line is from numerical predictions. 
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The trend in Figure 8.6 shows that the extinction diameter increases with the 

initial droplet size in a nearly linear manner. This observation is explained by the 

radiative heat losses from the droplet flames. As Do increases, the associated radiative 

losses become more significant [34]. With increased radiative loss from the flame, the 

flame temperature further reduces and thus the droplet burning has a faster transition 

to the second stage “Cool Flame” burning. An increased extinction diameter would 

then result for larger droplets. 

Figure 8.7 shows the relative position of the flame to the droplet surface (i.e., 

the flame standoff ratio (FSR = Df/D)), for selected data corresponding to Do > 2 mm. 

It is clear that for a given Do, the FSR increases throughout the burning process in the 

hot combustion regime. This trend is typical [51, 52] and is a result of thermal 

buffering of the far-field. However, a continuously increasing FSR only occurs for 

droplets that undergo only hot flame burning. 

The predictions for Do > 3 mm in Figure 8.7 also show a characteristic feature 

of “Cool Flame” droplet burning [37]. This second stage burning, captured by 

numerical predictions, only occurs for relatively short durations for the large 50/50 n-

heptane/iso-octane droplets investigated in this study. For the droplets where Do > 3 

mm, the FSR sharply decreases as the droplet undergoes radiative extinction and 

transitions to the second stage “Cool Flame” burn. During the “Cool Flame” burning, 

the FSR is significantly smaller than that of the first stage and maintains an almost 

quasi-steady value. Recent work using an averaging technique from UV images taken 

from similar tests performed with n-decane, suggests a FSR of approximately 3 for the 



 

158 

low temperature burning regime [219], which confirms predicted second stage FSR 

data shown in Figure 8.7. 

 

 

Figure 8.7: Evolution of flame standoff ratios for selected 50/50 n-heptane/iso-octane 

runs. Symbols and lines represent experimental measurements and numerical 

predictions, respectively.  
 

It is clear that the first stage FSR is independent of Do and FSR undergoes an 

almost identical temporal trajectory irrespective of Do. However, the Do dependency is 



 

159 

observed for the second stage FSR, with larger droplets having a smaller second stage 

FSR. This is due to the increased diffusive heat losses and incomplete oxidation of the 

vaporized fuel leading to a “flame position” closer to the droplet surface. There exists 

a variation between the measured and predicted FSR in Figure 8.7 which could result 

either from uncertainty in detecting the flame edge as well as from limitations in the 

chemical kinetics and associated transport properties. 

Previously reported experimental data [51] showed that sub-millimeter n-

heptane, iso-octane, and 50/50 n-heptane/iso-octane droplets burn almost identically 

with no evidence of preferential vaporization for the mixture droplets. The initial 

diameters are not exactly the same but they are close enough to assess mixture effects 

for a given Do. The reason for their similar burning characteristics is that n-heptane 

and iso-octane have very similar thermo-physical properties. Figure 8.8 shows the 

evolution of droplet diameter for large n-heptane [69], iso-octane [176], and 50/50 n-

heptane/iso-octane droplets (Do ~ 3.3 mm). The simulations are consistent with the 

measurements in both regimes, show that droplet burning is universally unaffected by 

the mixture fraction. It is a known fact that the branched structure of iso-octane results 

in significantly less two-stage behavior in comparison to n-heptane at atmospheric 

pressure conditions. This fact is reflected in both the simulations and the experiments. 

Increasing iso-octane fraction is found to inhibit “Cool Flame” droplet burning in 

comparison to that for n-heptane (Figure 8.8). n-Heptane has the smallest extinction 

diameter and longest second stage burning time. With an increase of iso-octane 

content in the fuel droplet, the final burning extinction diameter increases and the 

second stage burning time decreases. 
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Figure 8.8: Evolution of droplet diameter for varying fuel blends. Symbols and lines 

represent experimental measurements and numerical predictions, respectively. Arrows 

indicate times when radiative extinction occurs in the experiments. 
 

The numerical model employed in this study does not incorporate a model for 

predicting soot formation. As such, understanding the initial diameter effects on soot 

formation solely relies on the experimental side of the present study. Using the 

program and protocol developed in Section 3.5, n-heptane images from ISS 

experiments reported previously [69] are analyzed to obtain the maximum soot 
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volume fraction for each Do, and Figure 8.9 shows the results. Images for n-heptane 

are selected here to obtain the soot volume fraction because the extinction coefficient 

for n-heptane is known. Furthermore, soot shells for n-heptane images are more intact 

compared to those of iso-octane images in Chapter 7 and 50/50 n-heptane/iso-octane 

images in this chapter. 

Figure 8.9 shows that fv,max decreases with increasing Do. This result is 

consistent with visual observations of less soot formed and dimmer flame brightness 

as Do increases in Figures 7.1, 8.1, and 8.2. The trend shown in Figure 8.9 is likely to 

be associated with flame temperature and thus the tendency to form soot. With the 

increased initial droplet size, the radiative losses from the droplet flames reduce the 

flame temperature. The reduced flame temperature would then decrease the tendency 

to soot (i.e., limit soot formation) as pyrolysis reactions that produce soot precursors 

have a greater temperature dependence than the reactions that attack on the soot 

precursors [221, 222]. 
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Figure 8.9: Dependence of the maximum soot volume fraction on Do for n-heptane. 
 

8.4 Conclusions 

Experimental data for 50/50 n-heptane/iso-octane mixture droplet combustion 

(0.52 mm ≤ Do ≤ 4.80 mm) are reported. The burning histories of the mixture droplets 

show a clear dependence on Do with the overall Kavg decreases as Do increases. For 

Do > 2 mm, an inverse power law correlates the measurements in the form Kavg, expt ~ 

Do
-0.492, which is similar to a scale analysis for the energy balance of the flame. 
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Droplets with Do > 3 mm radiatively extinguish with burning rates abruptly decrease. 

The FSR is found to increase with time during burning prior to extinction, and no 

strong dependence of FSR on Do in the hot flame burning regime is observed. 

Numerical simulations of these experiments are conducted using a transient 

spherosymmetric model with detailed chemistry including both high and low 

temperature kinetics. Predictions are in good agreement with experimental 

measurements, with some differences arising from both asymmetric behaviors in 

experiments and modeling assumptions. Furthermore, numerical predictions are 

consistent with experimental measurements that the overall average K is independent 

of fuel composition in the hot flame burning regime. Numerical simulations also show 

that iso-octane fraction acts to reduce cool flame droplet burning behavior relative to 

that observed for pure n-heptane droplets. 
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CHAPTER 9                                                                                            

CONCLUDING REMARKS 

9.1 Summary of achievements 

In this work, experiments are performed to advance our knowledge of how 

combustion dynamics evolve when fuel composition or initial droplet size varies. The 

configuration employed here is a multi-phase configuration, which is amenable to 

detailed numerical modeling. This is the first study that examines burning 

characteristics of butanol/gasoline, AHRD/#2 diesel, as well as AHRJ/Jet-A blends for 

this configuration. This is also the first study to examine the droplet combustion 

process over the widest range (i.e., 0.5 mm < Do < 5 mm) for near one-dimensional 

droplet flames for iso-octane and 50/50 n-heptane/iso-octane droplets. Moreover, the 

first open-source program based on MATLAB to extract the soot volume fraction is 

developed here. The program has the capability to analyze images for both fiber-

supported and free-floating droplets. Details on the contributions throughout this work 

are discussed as follows.  

To better understand the combustion dynamics of n-butanol in the context of 

gasoline, experiments are performed to examine the isolated droplet combustion 

characteristics of an 87 octane (ethanol-free) gasoline and a mixture of gasoline (0.9, 

v/v) and n-butanol (0.l, v/v), along with n-butanol. Measurements of the evolution of 

the droplet diameter show that butanol and Bu10 droplets have burning rates that are 

almost identical to gasoline, even though other features of the burning process, such as 

soot formation and the relative position of the droplet and flame, are quite different. 
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With butanol mixed with gasoline, the flame of the mixture are comparatively closer 

to the droplet than that of gasoline. A scale analysis is developed that expresses the 

droplet burning rate in terms of temperature-dependent properties. The results support 

the experimentally observed similarity of burning rates for butanol, gasoline, and their 

mixtures, even though soot formation is neglected. 

Droplet combustion characteristics of AHRD are obtained, and results are 

compared to #2 diesel fuel and an equi-volume mixture of AHRD and #2 diesel as a 

representative of blending. The results show that combustion rates and relative 

positions of the flame and soot aggregates to the droplet surface of AHRD droplets are 

quite close to RD50 and DF2 in spite of their significant chemical and sooting 

differences. These trends are explained based on similarities in the thermal properties 

of the fuels. Sooting propensity of #2 diesel is greater than that of AHRD, with the 

mixture falling qualitatively in-between. The results suggest that AHRD can 

potentially be considered a drop-in replacement for DF2 or serve as an additive to DF2. 

AHRJ droplets are burned with spherical symmetry, and results are compared 

to those of Jet-A, as well as three AHRJ/Jet-A blends. The results show that AHRJ 

droplets burn slightly faster than Jet-A and produce droplet flames that are slightly 

further away from the droplet surface compared to Jet-A and AHRJ/Jet-A blends. 

However, these differences do not disqualify AHRJ as an attractive additive to Jet-A to 

reduce the consumption of petroleum-based jet fuels. More importantly, sooting 

propensity of AHRJ is less than that of Jet-A, with the blends falling qualitatively in-

between. This observation indicates that AHRJ has the potential to reduce particulate 
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emissions when blended with Jet-A, further suggesting that microalgae can be used as 

viable feedstocks for biofuel production.  

Experimental results obtained from both a GB drop tower and a space-based 

platform (ISS) are used to provide an environment to examine the influence of Do on 

the burning of iso-octane and 50/50 n-heptane/iso-octane droplets. The Do examined 

(0.5 mm < Do < 5 mm) encompasses regimes where radiation does not have an effect 

on burning to where it does. For Do < 2.7 mm, the droplets burned to completion 

without extinction. Larger droplets evidenced extinction due to radiative emissions 

from the flames to the ambient that produced a two stage burning process. 

Concurrently, radiation emissions dropped by two orders of magnitude and ‘flickering’ 

flames are noted during the transition.  

For the large iso-octane droplets, burning enters a regime where K gradually 

decreased with time and approached values commensurate with evaporation in a 

heated environment (i.e., no combustion). Energy balances based on scale analyses 

relate K and Tf to Do. A balance at the flame including radiation losses leads to the 

scaling K ~ Do
−n in reasonable agreement with the data for Do > 2 mm. An energy 

balance at the droplet surface shows that Tf quickly drops from ~1600 K to ~700 K 

after flame extinction, followed by a gradual reduction of Tf to near ambient 

temperature. 

For n-heptane/iso-octane mixture droplets, the droplet mixture fraction is 

observed to have little effect on early burning behavior, but result in earlier extinction 

for larger initial droplet sizes containing iso-octane. Detailed spherically symmetric, 

isolated droplet model predictions are compared with and used to interpret the 



 

167 

experimental observations. The simulations indicate that depending on the initial 

droplet diameter, two distinctly different combustion behaviors are observed for the 

50/50 n-heptane/iso-octane blend. Smaller droplets undergo a single stage burn to 

completion. At larger droplet sizes, the initial burning is observed to transition through 

radiative extinction to a “Cool Flame” droplet burning mode driven by negative 

temperature coefficient kinetics. The “Cool Flame” droplet burning period is 

decreased as iso-octane fraction is increased and is completely suppressed for pure 

iso-octane conditions. The flame standoff ratio for cool flame droplet burning 

conditions exhibits an inverse dependence on initial drop diameter, consistent with 

increasing heat loss from the reaction zone. 

Soot formation is an important observation from the experiments. In this work, 

an open-source program based on MATLAB is developed to extract the soot volume 

fraction from consecutive digital images. It is based on one-dimensional tomography 

to reproduce the radial distribution soot inside the flame based on the image recorded 

by the camera. One of the most important features of the algorithm developed here is 

that it has the capability to extract useful information when the fuel droplet (and the 

soot cloud) is drifting during combustion. A protocol of how to use the program is also 

provided, considering practical issues directly related to ISS experiments performed 

here (e.g., influence of the hot-wire igniters, effects of soot aggregates on selecting 

proper ROIs). This effort provides the necessary groundwork for further studies of 

quantitative measurements of sooting dynamics in the spherically symmetric droplet 

combustion configuration. Preliminary results of studying the dependence of the 

maximum soot volume fraction on the droplet size are presented using n-heptane 
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images. Results show that fv,max decreases with increasing Do because the reduced 

flame temperature prohibits soot formation. 

9.2 Future perspectives 

The FFLEM technique is currently only available in the MDCA onboard the 

ISS, but is not available in the hardware arrangement in the GB drop tower described 

in Section 2.2. Incorporating the FFLEM to measure soot volume fraction in GB 

experiment will be helpful in generating more comprehensive and useful 

measurements. In the GB drop tower experiments, the fuel droplet is usually fiber 

supported, which results in a more intact soot shell structure compared to ISS free-

floating experiments (cf. Figure 7.1). This intact soot shell will facilitate the use of the 

program to obtain soot volume fraction measurements. Furthermore, having the 

capability to measure fv for the blends of bio-derived and transportation fuels is very 

much helpful to evaluate the potential of biofuels to reduce particulate emissions in a 

quantitative manner.  

The experimental hardware discussed in Section 2.2 does not have the 

capability to measure flame temperature during the droplet burning process. The Thin-

Filament Pyrometry (TFP) [223, 224] can be incorporated in the current experimental 

design to expand the measurement capabilities. It is a relatively simple technique to 

measure the flame temperature with low cost. This technique involves correlating the 

radiance of the glowing SiC fiber used to support the fuel droplet to a calibrated 

temperature so that the gas temperature during combustion can be determined. Such a 
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measurement will also help to validate the flame temperature predicted by numerical 

simulations. 
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APPENDIX A                                                                                           

LITERATURE REVIEW OF DROPLET COMBUSTION EXPERIMENTS 

PERFORMED AT LOW GRAVITY 

 
This appendix briefly reviews isolated droplet combustion experiments carried 

out at low gravity. A literature table developed previously [177, 179-182] is updated in 

the end of this appendix to list all the literature of droplet combustion experiments 

performed at low gravity as of June 2017. 

The first droplet combustion experiments under low gravity were performed by 

Kumagai and coworkers in Japan [225, 226]. A closed wooden box was used as the 

freely falling combustion chamber where the combustion took place to achieve the 

spherically symmetric conditions. A counter-weight was used to control the 

acceleration of the chamber through a pulley system. Fuel droplets examined included 

n-heptane and ethanol, with initial diameter ranging from 0.9 mm to 1.5 mm. The fuel 

droplets were supported by a vertical silica filament and ignited using an electric spark. 

The observed droplet flames were distorted (i.e., not spherical) due to either the 

residual gravity or the influence of the support fiber. In order to reduce the effects of 

air drag and thus to improve the spherical symmetry of the flame shape, a streamlined 

shape falling apparatus were used in later studies by Kumagai and coworkers [227, 

228]. 

Kumagai et al. [228] performed the first droplet combustion experiments 

without a fiber support in 1971. The motivation of this work was to compare the 

results from the free and fiber supported droplets and thus investigate the effects of the 
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fiber on the burning process. The measured burning rates for free droplets were found 

to be higher than those for fiber supported droplets. It was speculated that the fiber can 

have two kinds of influence on the burning rates of suspended fuel droplets [228] by 

(1) increasing the burning rate by heat transfer from the flame to the droplet through 

the support filament, or (2) decreasing the burning rate by acting as a heat sink. For 

the first effect (i.e., burning rate enhancement), the support fiber must be highly 

conductive (e.g., metal filaments). In their experiments, a silica filament was used, 

which is a low-conductivity material. As such, the fiber supported droplets resulted in 

lower burning rates. 

Later studies performed by Avedisian and coworkers [53, 58, 172] utilized a 

single vertical quartz fiber with diameter ranging from 57 to 330 microns with a 

beaded tip for their droplet combustion experiments of n-heptane. It was shown that 

when small fibers were used (e.g., fiber diameter of 50 μm), the droplet distortion and 

burning rate discrepancies were reduced between fiber-supported and free droplets. 

However, the asymmetry of the soot shell, induced by the support fiber, was found 

towards the end of the burning history, especially for the larger fibers (with diameters 

larger than 57 μm). Similar vertical beaded support fiber arrangement was widely used 

in other studies [64, 125, 126, 229-235]. 

A “stretched horizontal single fiber” was first used by Lebedev and Marchenko  

[236] to further improve the support fiber configuration. It was also adopted in several 

later studies [59, 62, 67, 74, 194, 237-245]. One of the main problems of this single 

stretched horizontal fiber was that the fuel droplet often glides on the fiber. This 

problem was later solved by utilizing two fibers crossed in an X shape. Different cross 
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angles were adopted, e.g., 17° (with 12 μm SiC fibers [213]), 45° (with 12 microns 

SiC fibers [246]), 60° (with 12 microns SiC fibers [47, 66, 247, 248]), and 90° (with 7 

μm carbon fibers [249], and with 2.5 μm ceramic fibers [250]). Bae and Avedisian [47] 

showed that the burning rates of submillimeter n-nonane droplets remained unaffected 

by the two 12 μm support fibers crossing at 60°. A later study [173] also reported that 

the support fibers had minimal influence on the burning of n-decane droplets with 

droplet diameter of ~0.5 mm and SiC fiber diameter of 14 μm crossing at 60°. 

Table A.1 summaries droplet combustion experiments conducted at low 

gravity from 1956 to 2017. This table is expanded from previous literature reviews on 

this subject [177, 179-182] and currently includes all the experimental studies for 

droplet combustion at low gravity before June 2017. 
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Table A.1: List of previously reported droplet combustion experiments under low gravity conditions. 

fuel configuration ambient Do (mm) g/go reference 

ethanol, heptane suspended 0.1 MPa 0.9 – 1.3 - 
Kumagai 1956 [225], 
Kumagai and Isoda 1957 [226], 
Isoda and Kumagai 1958 [227] 

benzene, heptane, 
hexadecane, iso-octane suspended 0.1-0.4 MPa 0.7 – 1.8 - 

Faeth and Olson 1968 [171], 
Faeth et al. 1969 [251], 
Lazar and Faeth 1971 [252] 

heptane free & 
suspended 0.1 MPa 0.8 – 1.8 - Kumagai et al. 1971 [228] 

ethanol, heptane free 0.1 MPa 0.8 – 1.8 ~10-4 Okajima and Kumagai 1975 [253], 
1976 [254] 

benzene, heptane, 
octane free, array 0.1 MPa 1.2 – 2.2 - Brzustowski et al. 1979 [255], 1981 

[256] 

decane, heptane free 
0.1 MPa & 
reduced, 

(variable O2) 
1.1 – 1.2 ~10-6 Knight and Williams 1980 [257] 

benzene, heptane suspended 0.1 MPa 1.3 – 1.4 ~10-5 Okajima and Kumagai 1982 [258] 
benzene, ethanol, 

heptane 
suspended, 

array 0.1-0.5 MPa 1.5 – 1.8 ~10-5 Okajima 1985 [259], 
Okajima and Hara 1988 [260] 

hydrazine/oil, water/oil suspended 0.1 MPa 0.8 – 1.3 ~10-5 Okajima et al. 1985 [261],  
Kimura et al. 1986 [262]  

decane free 0.1 MPa 0.9 – 1.5 ~10-5 Shaw et al. 1986 [263], 1988 [264], 
Haggard and Kropp 1987 [265] 

heptane, toluene free 0.1 MPa 0.4 – 0.5 ~10-3 Yang et al. 1987 [266], 1990 [267], 
Avedisian et al. 1988 [178] 
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Table A.1 (Continued) 

methanol free 0.1 MPa, 
(variable O2) 

0.8 – 1.1 ~10-6 Choi et al. 1988 [268],  
Choi et al. 1990 [269] 

heptane suspended 0.1 MPa 1.1 – 1.4 ~10-2 
Gökalp et al. 1989 [270], 1990 [271] 
Chauveau and Gökalp 1989 [272], 
Chauveau and Monsallier 1989 [273] 

n-alkanes, ethanol free 0.1 MPa 0.07 – 0.9 ~10-5 Hara and Kumagai 1988 [274], 1989 
[275], 1991 [276], 1994 [277] 

heptane/hexadecane free 0.1 MPa 0.4 – 0.5 ~10-3 Yang and Avedisian 1989 [278] 
heptane free 0.1 MPa 1.7 – 1.8 - Ristau et al. 1989 [279] 

decane, heptane free 
0.1 MPa & 
reduced, 

(variable O2) 
0.7 – 2.5 ~10-6 

Haggard et al. 
1989 [280], 1990 [281], 1991 [282], 
Card and Choi 1990 [283] 

heptane, octane suspended 0.1-10 MPa 1.0 ~10-5 Sato et al. 1990 [284], 1990 [229] 
n-alkanes, benzene free 0.1 MPa 0.1 – 0.5 ~10-3 Sung and Wang 1989 [285] 

heptane suspended 0.1 MPa 1.0 – 1.1 ~10-3 Chandra and Avedisian 1990 [286] 

decane, heptane free 
0.1 MPa & 
reduced, 

(variable O2) 
0.8 – 1.5 ~10-6 Choi et al. 1991 [46], 1992 [287], 

1993 [288] 

methanol/toluene free 0.1 MPa 0.4 – 0.6 ~10-3 Jackson et al. 1990 [289], 1991 [290] 
octane suspended 0.1-3.8 MPa 0.6 – 1.0 ~10-5 Sato et al. 1990 [229] 

methanol/dodecanol free 0.1 MPa 0.4 – 0.6 ~10-3 Yang et al. 1991 [80] 
chloro-alkanes, 

heptane, their mixtures 
free & 

suspended 0.1 MPa 0.4 – 1.1 ~10-3 Jackson & Avedisian 1991 [291], 
Jackson et al. 1992 [53] 

heptane suspended 0.1 MPa 1.0 – 2.0 ~10-2 Chauveau et al. 1993 [292] 
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Table A.1 (Continued) 

chloro-octane, 
heptane 

free & 
suspended 0.1 MPa 0.4 – 1.1 ~10-5 Jackson and Avedisian 1994 [58], 

Avedisian and Jackson 2000 [172] 

heptane/hexadecane suspended 
0.4-3.0 MPa, 

N2/O2 
(12, 13% O2) 

1.0 ~10-5 Mikami et al. 1993 [230] 

decane, ethanol, 
heptane, hexadecane, 

methanol, octane 
suspended 

0.1-10 MPa, 
air & N2/O2 
(12% O2) 

0.8 – 1.0 - Sato 1993 [293] 

binary and ternary 
mixtures of various 
alkanes & alcohols 

suspended 0.033-0.3 MPa 0.4 – 1.8 ~10-6 Shaw et al. 1995 [294] 

methanol suspended 0.1-5 MPa 1.5 ~10-2 Chauveau et al. 1995 [295] 
heptane, hexane, 
methanol, octane suspended 0.1-12 MPa 1.5 ~10-2 Chauveau et al. 1996 [296] 

heptane/hexadecane, 
methanol, 

methanol/dodecanol, 
methanol/water 

suspended 0.1 MPa 2.0 – 5.0 ~10-6 Dietrich et al. 1996 [59] 

methanol, 
methanol/water suspended 

0.1 MPa, 
N2/O2 (18-35% 

O2) 
1.0 – 1.5 ~10-6 Marchese et al. 1996 [297] 
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Table A.1 (Continued) 

decane porous 0.025 - 0.1 
MPa 3.7 – 6.1 10-2 ~ 

10-4 Struk et al. 1996 [298] 

dodecane, 
dodecane/water suspended 0.1 MPa 2.0 10-5 Tsue et al. 1996 [299] 

ethanol, heptane, 
hexane, methanol, 

octane 
suspended 0.1-12 MPa ~1.5 ~10-2 Vieille et al. 1996 [300] 

heptane/hexadecane suspended, 
 1.0 - 6.0 MPa 1.0 ~10-5 Mikami et al. 1997 [301], 1998 [302] 

heptane/hexadecane suspended 0.033 - 0.3 
MPa 0.47 – 1.5 ~10-6 Aharon and Shaw 1998 [237] 

heptane/water free 0.1 MPa 0.58 – 0.74 ~10-5 Jackson and Avedisian 1998 [208] 

octadecanol suspended 1.4 MPa 1.0 – 2.5 10-2, 10-

4 Kadota et al. 1998 [303] 

methanol, 
methanol/water suspended 0.1 MPa 2.0 – 7.0 ~10-6 Marchese et al. 1998 [61] 

heptane suspended 
0.1 MPa, 

He/O2 
(variable O2) 

2.0 – 5.0 ~10-6 Nayagam et al. 1998 [74] 

heptane, hexadecane, 
their mixtures 

suspended, 
single & array 

1.0 - 3.5 MPa, 
N2/O2 (12% 

O2) 
0.8 – 1.0 ~10-4 Okai et al. 1998 [304],  

Okai et al. 2000 [305] 

nonane free 0.1 MPa 0.55 – 0.57 ~10-4 Callahan and Avedisian 1999 [306] 
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decane, heptane suspended 0.075 MPa 1.5 ~10-6 Manzello et al. 1999 [307] 

heptane free 
0.1 MPa, air & 

N2/O2 (25, 
30% O2) 

2.9 – 4.0 ~10-6 Marchese et al. 1999 [71] 

decane suspended, 
single & array 

0.5 MPa & 
reduced 1.0 – 1.7 ~10-6 Struk et al. 1999 [308], 2002 [309] 

nonane/hexanol suspended 0.1 MPa 0.46 – 0.57 ~10-4 Avedisian and Callahan 2000 [213] 

methanol suspended 0.1 - 14 MPa ~1.5 ~10-2, 
10-4 Chauveau et al. 2000 [310] 

heptane, 
heptane/hexadecane suspended 0.1 MPa 1.0 ~10-6 Chen and Shaw 2000 [311] 

heptane suspended 0.1 MPa 2.6 – 2.9 ~10-5 Manzello et al. 2000 [62] 
methanol, 

methanol/dodecanol 
suspended, 

single & array 0.1 - 9.0 MPa 0.9 ~10-5 Okai et al. 2000 [312] 

octadecanol, 
octadecane suspended 

0.1 - 20 MPa, 
N2/O2 & 
CO2/O2 

(variable O2) 

1.0 ~10-5, 
10-2 Segawa et al. 2000 [313] 

hexadecane/water suspended 0.1 MPa 2.5 ~10-5 Segawa et al. 2000 [314] 

nonane, hexanol suspended 
0.1 MPa, 

air & He/O2 
(30% O2) 

0.4 – 0.9 ~10-4, 
1 

Avedisian and Bae 2001 [315] 
Bae and Avedisian 2001 [316], 2001 
[317], 2003 [318]  

decane suspended 0.1 - 1.5 MPa 1.5 - Bolik et al. 2001 [319] 

ethanol suspended 
0.1-0.2 MPa, 
N2/O2 (21 - 

31% O2) 
1.9 – 3.0 ~10-4 Choi et al. 2001 [320], 

Yozgatligil et al. 2003 [321] 
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propanol/glycerol suspended 0.1 MPa ~ 1 10-6 Dee and Shaw 2001 [322], 2004 
[238] 

heptane, 
heptane/hexadecane suspended 0.1 MPa 0.25 – 5.2 ~10-5 Shaw et al. 2001 [323], 

Shaw and Harrison 2002 [324] 
ethanol/dodecanol, 

methanol/dodecanol suspended 0.1 MPa 0.8 – 1.2, 
4.2 – 5.4 ~10-6 Shaw et al. 2001 [325] 

JP8, JP8+100 suspended 
0.1 - 0.3 MPa, 
air & He/O2 
(30% O2) 

0.44 – 0.49 ~10-4, 1 Bae and Avedisian 2002 [247], 2003 
[326], 2003 [327] 

decane suspended, 
array 0.1 - 5.0 MPa 1.0 10-5 Kobayashi et al. 2002 [328] 

decane free, spray 0.1 MPa 0.001 – 1.0 10-5 Nunome et al. 2002 [329] 
ethanol, octane, 

toluene 
suspended, 

array 0.1 MPa 0.7 – 0.8 ~ 10-4 Ueda et al. 2002 [330] 

light diesel oil (LO), 
light cycle oil (LCO) suspended 0.1 MPa, 

(variable T) 0.6 – 1.7 ~10-5 Xu et al. 2002 [331] 

JP8, JP8/TPGME suspended 0.1 MPa 0.4 – 0.5 ~10-4 Bae and Avedisian 2003 [332], 
2004b [248], 2005 [333] 

decane suspended 0.1 MPa, 
(variable T) 0.8 – 1.6 ~10-5 Xu et al. 2003 [64], 2004 [231], 2004 

[232] 
JP8, JP8+100, 
JP8/hexanol, 

nonane 

free, 
suspended 

0.1 MPa, 
air & He/O2 
(30% O2) 

~ 0.5 ~10-4 Bae and Avedisian 2004 [47] 

propanol suspended 0.1 - 1.0 MPa ~ 1 10-4 Dakka and Shaw 2004 [334] 
decane suspended 0.1 MPa 1.5 10-6, 1 Dattarajan et al. 2004 [335] 
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hexane suspended 0.1 MPa 1.44 10-6 Manzello et al. 2004 [195] 

ethanol free, 
suspended 

0.1-0.2 MPa 
variable O2 

1.5, 3 10-6 Urban et al. 2004 [336] 

ethanol suspended 0.1 MPa 
21- 50 % O2 0.9 – 2.0 10-6 Yozgatligil et al. 2004 [65] 

hydroxylammonium 
nitrate/methanol/water suspended 0.1 - 1.0 MPa ~1 10-4 Wei and Shaw 2004 [337], 2006 

[338] 

methanol, heptane suspended 
v= 3,5,10 cm/s 0.1 MPa  2.17, 1.03 10-6 Ackerman and Williams 2005 [239] 

methanol, heptane 

suspended, 
v=0.125 – 4 

cm/s 
a=-10 to 10 

cm/s2 

0.1 MPa 1.8 – 2.5 10-6 Ackerman et al. 2005 [339] 

decane suspended 
0.013 - 1 MPa 

XO2 = 0.15, 
0.17, 0.19 

0.9, 1.7 10-6 Dietrich et al. 2005 [233] 

heptane/hexadecane suspended 0.1- 2.5 MPa 
600, 700 oC 1.1 – 1.3 - Ghassemi et al. 2005 [340] 

ethanol, octane, 
toluene 

suspended, 
electric field 0.1 MPa 0.8, 1.07 – 

1.46 - Imamura et al. 2005 [341], 2005 
[342], 2005 [343] 

decane suspended 
0.1 MPa 

300, 650, 750 
K 

0.86, 1.0 10-5 Kikuchi et al. 2005 [344], 
Mikami et al. 2006 [240] 

nonane, ethanol 
suspended, 
1,2 droplets 

v= 10,20 cm/s 
0.1 - 2 MPa ~1.2 10-6, 1 Kobayashi et al. 2005 [345], 

Mitsuya et al. 2005 [346] 
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decane suspended, 
array 0.1 MPa ~ 0.86, 1, 

1.5 10-6 Mikami et al. 2005 [347] 

1-octadecanol suspended, 
array 0.1 MPa 1.0, 1.2 10-5 Segawa et al. 2005 [348] 

1-octadecanol, 
hexadecane 

suspended, 
2D and 3D 

droplet cluster 
0.1 MPa 0.8 10-5 Segawa et al. 2005 [349] 

decane/hexadecane suspended 0.1 MPa ~1 10-4 Shaw and Dee 2005 [350] 

decane suspended, 
acoustic field 0.1, 0.5 MPa 1.5 10-5 Tanabe et al. 2005 [351] 

decane suspended, 
array 0.1 MPa  ~1 10-4 Wakashima et al. 2005 [352] 

nonane suspended 0.1 – 1 MPa 0.56 – 0.62 10-4 Bae and Avedisian 2006 [246] 
1-propanol suspended 0.1 – 1.0 MPa ~1 10-4 Dakka and Shaw 2006 [353] 

methanol suspended, 
acoustic field 0.1 MPa  ~1 10-6, 1 Dattarajan et al. 2006 [234] 

nonane suspended 
0.1 MPa 

30% O2/ 70% 
inert (He/N2) 

0.4 – 0.8 10-4 Bae and Avedisian 2007 [354] 

methanol, heptane suspended 

0.1, 0.3, 0.5 
MPa 

21% O2/ 0-
70% CO2/79-

9%N2 

1.81 – 2.24 10-6 Hicks et al. 2007 [241] 

eicosane suspended, 3D 
droplet cluster 90 kPa, 820 K 0.6 – 1.2 3×10-2 Segawa et al. 2007 [355] 
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propanol suspended 
0.03, 0.1, 0.3 

MPa 
Air/He,Xe,CO2 

1.2 – 1.3 10-4, 1 Shaw and Wei 2007 [356] 
Wei and Shaw 2009 [357] 

methanol, 
methyl butanoate suspended 0.1 MPa 

~1273 K 1.2, 1.7 - Vaughn et al. 2007 [358] 

ethanol suspended 

0.10 – 0.24 
MPa 

30% O2/ 
70%He, Ar, H2 

1.6 – 2.2 10-6 Park et al. 2008 [359] 

ethanol suspended, 
electric field 0.1 MPa  0.73 10-4 Yamashita et al. 2008 [360] 

octane suspended, 
electric field   0.1 MPa  1.0 10-4 Yamashita et al. 2008 [361] 

nonane suspended 

0.1 MPa 
Air 

30% 
O2/70%He 

0.4 – 0.95 10-4, 1 Bae and Avedisian 2009 [66]  

1-butanol 
suspended, 
v = 10 – 40 

cm/s 
0.4 MPa ~ 1 10-6 Jangi et al. 2009 [125] 

hexane, heptane 
nonane, decane suspended 75.9, 101.3 

kPa 1.46 – 1.53 10-6 Manzello et al. 2009 [242] 

decane suspended 0.1 MPa 
300 - 500 K 

1.0, 1.2, 
1.5 - Moesl et al. 2009 [362] 

heptane suspended, 
array 0.1 MPa 0.8 10-4 Nomura et al. 2009 [363] 
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decane suspended, 
array 0.1 MPa 1.0 10-5 Oyagi et al. 2009 [364] 

dodecane/hexadecane, 
biodiesel suspended 0.1 MPa ~ 0.5 10-2 - 

10-4 Pan et al. 2009 [249] 

ethanol suspended 

0.24 MPa 
30% 

O2/70%Ar 
35% 

O2/64%He 

1.6 – 2.2 10-6 Park and Choi 2009 [365], 
Park et al. 2009 [366] 

methanol suspended 
0.1 MPa 
21%O2/ 

79%(CO2/N2) 
1.25 – 1.72 10-5 Hicks et al. 2010 [220] 

1-butanol 
suspended, 

v = 2, 10, 40 
cm/s 

0.1 – 1.0 MPa 1.25 - Jangi and Kobayashi 2010 [367] 

decane suspended, 
acoustic field 0.1, 0.5 MPa  - 10-5 Tanabe 2010 [368] 

ethanol suspended, 
electric field 0.1 MPa ~1 - Imamura et al. 2011 [369], 2011 

[370]  

octane 
suspended, 

array, electric 
field 

0.1 MPa 0.84 – 1.12 - Imamura et al. 2011 [371] 

decane suspended, 
array 

0.1 MPa 
500 K  1.5 - Kikuchi et al. 2011 [372], 

Moesl et al. 2011 [373] 
soy methyl ester 

methyl oleate 
methyl decanoate 

suspended 0.1 MPa 
1300 K 1.0 – 1.2 10-5 Marchese et al. 2011 [374] 
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ethanol, decane suspended 

0.1 MPa 
21% O2/0-60% 
CO2/79-19% 

N2 

0.30 – 0.80 - Nakaya et al. 2011 [235] 

decane suspended, 
 array 

0.1 MPa 
Φg = 0.5 - 2 0.8 10-4 Nomura et al. 2011 [375] 

1-propanol, heptane suspended 0.1, 0.3 MPa 
He, CO2, Xe ~ 1 10-4, 1 Shaw and Wei 2011 [244] 

iso-octane/heptane 
/toluene 
gasoline 

suspended 0.1 MPa 0.50 – 0.53 10-4 Liu and Avedisian 2012 [51] 

gasoline, indolene suspended 0.1 MPa 0.47 – 0.59 10-4 Liu et al. 2012 [376] 
Jet-A, 

decane/iso-
octane/toluene 

dodecane/iso-octane/ 
1,3,5-trimethyl 

benzene/ 
propylbenzene 

suspended 0.1 MPa 0.52 – 0.61 10-4 Liu et al. 2012 [377], 
Liu et al. 2013 [86] 

heptane free, suspended 

0.07, 0.1, 0.2 
MPa 

Variable O2, 
CO2 

2.49 – 4.05 ~10-5 Nayagam et al. 2012 [76] 

methanol, 1-propanol suspended 0.1 MPa 
He,CO2,Xe ~ 1 10-4, 1 Shaw and Wei 2012 [245] 
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heptane/methanol, 
heptane/ethanol suspended 0.1 MPa 

variable O2, He 0.67 – 0.92 10-4 Aharon et al. 2013 [67] 

methyl butanoate suspended 0.1 MPa 0.53 – 0.55 10-4 Farouk et al. 2013 [52] 
methyl decanoate suspended 0.1 MPa 0.53 – 0.57 10-4 Liu et al. 2013 [36] 

Jet-A, 
Camelina HRJ 
Tallow HRJ 

suspended 0.1 MPa 0.54 – 0.63 10-4 Liu et al. 2013 [378] 

decane suspended, 
array 

0.1, 0.3 MPa 
600-720 K  1 - Moriue et al. 2013[379] 

ethanol, 1-butanol, 
decane suspended 

0.1 MPa 
Air, 

CO2, Ar 
0.41 – 0.82 10-4 Nakaya et al. 2013 [128] 

decane suspended, 
array 

0.1 MPa 
Φ g = 0 – 0.5  0.8 10-4 Nomura et al. 2013 [380] 

methanol, ethanol, 
2-propanol 

biodiesel/diesel 
suspended 0.1 MPa 0.46 – 0.53 10-2-10-4 Pan and Chiu 2013 [250] 

methanol free, suspended 0.07 - 0.1 MPa 1.5 – 4.0 ~10-5 Nayagam et al. 2013 [381] 
heptane, decane, 

hexadecane free 10-5 < Gr < 10-4 

1050-1150K 
0.270 – 
0.285 ~10-3 Shaw and Wang 2013 [382] 

heptane, methanol free, suspended 0.07-0.3 MPa 1.5 – 5.0 ~10-5 Dietrich et al. 2014 [183] 
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heptane, octane, 
decane free, suspended 0.1 MPa 0.5 – 5.0 

10-4, 
~10-5 
(ISS) 

Liu et al. 2014 [383], 2015 [173], 
2016 [69] 

heptane, octane, 
decane free 

0.05, 0.07, 0.1 
MPa, in O2, 
N2, CO2/O2, 

H2, N2 

1.5 – 5.0 ~10-5 Nayagam et al. 2014 [384], 2015 
[77]  

butanol suspended 0.1 MPa 0.56 – 0.57 10-4 Alam et al. 2015 [83] 

heptane suspended 
0.3 MPa 

O2/balance N2, 
varied CO2 

3.0 – 5.0 ~10-5 Farouk et al. 2015 [75] 

ethanol suspended 

0.1, 0.16 MPa 
(O2 varies 

from 21% to 
33%) 

1.6, 1.9 - Park and Choi 2015 [385] 

propanol/glycerol free, suspended 0.1, 0.3 MPa 2.0 – 5.0 ~10-5 Vang and Shaw 2015 [386] 
butanol, gasoline, their 

mixtures suspended 0.1 MPa 0.52 – 0.63 10-4 Xu and Avedisian 2015 [174]* 

butanol isomers suspended 0.1 MPa 0.52 – 0.56 10-4 Liu et al. 2016 [387] 

decane suspended 0.1 MPa 21% 
O2/79% N2 

1.8 – 4.4 ~10-5 Nayagam et al. 2016 [219] 

methanol, heptane free 0.07, 0.1 MPa 1.2 – 5.0 ~10-5 Shaw and Vang 2016 [388] 
algal HRJ, 

#2 diesel fuel, 50/50 
mixture of them 

suspended 0.1 MPa 0.52 – 0.55 10-4 Xu et al 2016 [175]* 
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Jet A, #2 diesel, 
blended with 

polymeric additive 
suspended 0.1 MPa 0.6 – 1.0  - Ghamari and Ratner 2016 [389] 

heptane, decane free 0.05-0.1 MPa 2.0 – 4.7 ~10-5 Cuoci et al. 2017 [390] 

decane/hexanol free, suspended 
0.05-0.3 MPa 
0.21 O2/ 0.79 

N2 
1.0 – 6.1 ~10-5 Dietrich et al. 2017 [224] 

50/50 n-heptane/iso-
octane free 0.1 MPa 3.51 ~10-5 Farouk et al. 2017 [37] 

hexadecane suspended 1.0-3.0 MPa 0.4 ~10-3 Nomura et al. 2017 [391] 

decane array & 
suspended 0.1 MPa 0.35 – 0.9 ~10-4 Suganuma et al. 2017 [392] 

ethanol single, 
suspended 0.35-0.60 MPa 0.005 – 

0.012 ~10-2 Thimothée et al. 2017 [393] 

iso-octane free, suspended 0.1 MPa 0.5 – 5.0 
10-4, 
~10-5 
(ISS) 

Xu et al. 2017 [176]* 

The references with an asterisk (*) are from chapters in this dissertation. 
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APPENDIX B                                                                                          

PROCEDURES FOR DROP TOWER EXPERIMENTS 

 
This appendix describes detailed step-by-step procedures for fiber-supported 

experiments in the drop tower, including preparations at normal gravity and 

experiments at low gravity. These steps are updated upon the experimental procedures 

written by Liu [177]. 

 

Preparations at normal gravity 

1. Assemble the droplet generator. 

 

2. Install the droplet generator in the combustion chamber and connect the wires for 

droplet generation to the pin connectors in the combustion chamber. 
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3. Install the fuel reservoir in the combustion chamber. Connect the fueling tube to 

the droplet generator. 

 

4. Fill the fuel reservoir to half of the full reservoir and close the lid of the reservoir. 

5. Take the electrode mount set and discard used fibers, if any, from the previous 

experiment. Remove the carbon deposition at the tips of all four electrodes by 

gently scratching them using a piece of sand paper until they look clean and 

polished. 

6. Install a fiber filament onto the fiber support posts. The process of how to install a 

fiber filament can be found on p. 339 of Liu (2013) [177]. 

7. Repeat the previous step to place another fiber onto the posts. One needs to make 

sure that the intersection of the two fibers has equal distances from the tips of all 

four electrodes.  

8. Turn on the pulse generator AV-1010-B. 
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9. Turn on the main power for the drop package by flipping the power switch up. 

 

10. Open the software “Camera Control” and “Pinnacle Studio 12” on the PC. They 

are for the BW camera and color camera, respectively. 

 

11. In “Camera Control”, click the “yellow wrench” icon to open the “Capture 

Settings” window. Set the “Exposure Time” to about 100 μs (this setting might be 

later changed depending on the fuel systems of interest) and “Speed” at 200 fps. 
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12. Click the “green light” icon to start recording the BW images. 

 

13. Tape the LED light bulb onto the wall of the combustion chamber against the BW 

camera. 

 

14. Fine tune the position of the LED light until the background intensity is uniform 

observed from the “Camera Control” displaying window. 

15. Install the electrode mount set in the combustion chamber and make sure the 

intersection of two fibers is at the center of the BW camera view. 
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16. Connect the wires for spark ignition and electrode retraction to the pin connectors 

in the combustion chamber. 

 

17. Adjust the focus of the BW camera by adjusting the traverse to focus on the fiber 

intersection. 

 

18. Generate a fuel droplet by pressing the “single pulse” button on the AV-1010-B 

pulse generator. Adjust the amplitude and pulse width to obtain the appropriate 

height of the droplet trajectory. 
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19. If the fuel droplet cannot be deployed on the fiber cross, connect the controller 

(Oriel Motor Mike Control, Model 18005) to the two traverse motors of the 2-D 

tilt stage underneath the droplet generator. Use this controller to control the two 

traverses and thus adjust the tilt angle of the droplet generator to obtain a good 

trajectory of the fuel droplet so that the droplet can be deployed onto the 

intersection of the support fibers. 

 

20. Measure the droplet size from the recorded BW images to determine how many 

droplets are needed for obtaining a droplet with the desired size. 

21. When the droplet of the desired size is deployed on the fibers, adjust the traverse 

for the color camera to obtain good focus/contrast of the droplet boundary from the 

color camera view. 
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22. Turn on the multi-channel digital signal composer QC-9618 and connect Channel 

2 and 3 to generate signals for the spark and retraction circuits, respectively, upon 

activation. 

 

23. Use the HP 54603B oscilloscope to check the sustain signal from the low voltage 

gray circuit box with the spark signal from QC-9618. A good sustain signal should 

have a signal from -15 V to 12 V with a width of the designated spark duration. If 

the signal does not go from -15 V to 12 V, the chip MC14538BCPG in the low 

voltage gray box should be replaced. Note that this chip is always being replaced 

after a free-fall due to a potential damage induced by the impact from the drop or 

the influence of the electromagnet. 
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24. Adjust the resistances of the three resistors that control the spark energy. Perform a 

droplet combustion experiment under normal gravity (i.e., without dropping the 

package) to find the lowest energy to ignite the fuel droplet. 

 

25. Replace the fibers after each test and repeat the previous step until the lowest 

energy is found. 

 



 

195 

Experiments at low gravity 

1. Replace the batteries of the LED light with fully charged batteries. 

2. Position the four spark electrodes by GENTLY pushing them towards the position 

of the droplet until the end.  

3. Double check that wires are connected for droplet generation, spark ignition, and 

retraction in the combustion chamber. 

4. Close the combustion chamber by bolting the chamber lid. 

 

5. Double check the connections in the instrumentation package between the 30 V 

power supply, low voltage gray box, and high voltage orange box. 

6. Bolt a crossing metal bar to the frames of the inner instrumentation package: one 

near the mirror for the color camera and the other one on the opposite side of the 

instrumentation package. This metal bar is to minimize the shake of the 

combustion during the free-fall. 
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7. Adjust the mirror if the electrodes look displaced from the color camera view as 

bolting the crossing metal bar in the previous step might slightly bend the frame on 

which the mirror is installed. 

8. Switch on the 30 V power supply (by flipping the switch up) and the charging for 

the high voltage box (by flipping the switch down). 

 
 

 

9. Put the transparent windows on four sides of the drag shield. 
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10. Turn on the power for the winch. 

 

11. Flip the winch controller to the “DOWN” position. 

 

12. Release a bit strand metal wire from the winch and remove the eyebolt screwed on 

the central metal plate of the instrumentation package.  
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13. Clean the central metal plate and the bottom of the electromagnet using paper 

towel (to make sure there are no dust, which would affect the performance of the 

electromagnet). 

14. Place the electromagnet on the central metal plate of the inner instrumentation 

package and line up the electromagnet with the two aluminum plates that are 

bolted on the metal plate for the purpose of alignment. 

 

15. Connect the winch hook to the electromagnet. 
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16. Double check the cable for the electromagnet is not tangled. 

17. Connect Channel 1 of QC-9618 to activate the 5 V signal for the magnet circuit. 

 

18. Turn on the power supply HP 6010A for the electromagnet and adjust the voltage 

to 100 V. 

 

19. Wait for 10 seconds so that the electromagnet completely grips the drop package.  

20. Flip the winch controller to the “UP” position. 
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21. Adjust the voltage on the variac to about 10 V so that the inner instrumentation 

package can be raised very slowly. Note that the voltage of the variac determines 

the speed and that the instrumentation package may be detached from the 

electromagnet if a voltage higher than 30 V is used in this step. 

 

22. When raising the instrumentation package, make sure that two cone-shaped metal 

pieces as well as the safety eyebolts on the inner instrumentation package are 

aligned with two holes on the outer drag shield package. 

 

23. Raise the entire drop package to about five inches above the cart and then adjust 

the variac to 0 V to stop the winch. 
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24. Count to three and then roll the sliding floor AS FAST AS POSSIBLE to open the 

free-fall shaft. 

25. Arrange the cable bundle to hang down from the bottom of the drop package. 

Make sure that part of the cable touches the center of the deceleration tank and that 

part of the cable sits on the wall of the deceleration tank. 

 

26. Stabilize the drop package.  

27. Lower the voltage of HP 6010A to 50 V for the electromagnet. 

 

28. Flip the switch up to turn on the ±15 V power supply to start charging the 

capacitors in the spark circuit. 
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29. Charge the spark capacitors for seven minutes. 

30. In the software “Pinnacle Studio 12,” click “1 Capture” and then “Start Capture.” 

Select a directory on the PC to save the video and type a file name for the color 

video. 

 

31. Click the “Start Capture” icon in “Pinnacle Studio 12” to start recording the color 

video.  

32. Shoot fuel droplets by pressing the “SINGLE PULSE” button on the AV-1010-B 

pulse generator and adjust the voltage to fine tune the height of the droplet 
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trajectory so that the droplet can be deployed on the intersection of the two fibers.  

33. Keep shooting fuel droplets until the droplet on the support fibers is with the 

desired size. Note that for a multi-component fuel droplet, it is preferable to deploy 

only one droplet with the desired size (e.g., 0.5 mm) on the fibers and proceed to a 

free-fall experiment as soon as possible to minimize the effects of preferential 

vaporization prior to ignition.  

34. In the software “Camera Control,” click “stop recording” and then “start 

recording.” This step is to make sure that the software does not stop recording BW 

images during a free-fall (since as there is a 10-minute timeout limit for recording). 

This step is crucial before the onset of a free-fall. 

 

35. Click the “RUN” button on QC-9618 to initiate the free-fall.  

36. Click “stop recording” button on “Camera Control” as soon as the drop package is 

landed on the deceleration tank. This step guarantees that the camera does not 

overwrite the images recorded during the free-fall in the camera RAM (since the 

memory storage for the camera only allows a 10-second recording time with 200 

fps and 3.9 MP resolution). This step is crucial to keep the recorded BW images 

during the drop experiment. 

37. Click the “Stop Capture” icon in “Pinnacle Studio 12” to stop recording the color 

video. 
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38. Turn off the HP 6010A and switch off the ±15 V power supply for the spark 

capacitors. Make sure that the main power for the drop package is still “ON.” 

   

 

39. Disconnect Channel 1 on QC-9618. 

40. Click the “download” button in “Camera Control” to download BW images from 

“Camera RAM to PC.” Enter the “start frame” and “end frame” after previewing 
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the images from the preview window. Choose the “Downloading Speed” as 5 fps 

(i.e., the minimum download speed, to avoid the failure of downloading all images 

when the PC RAM is full). Select “To hard Drive As JEPG” and input the desired 

directory for saving the images. 

 

41. Click “Start Capture” button in “Camera Control” to start downloading the BW 

images.  

42. Check the destination folder to make sure that both BW images and color video 

are properly saved. 

43. Close “Camera Control” and “Pinnacle Studio 12” on the PC. 

44. Turn off the pulse generator, QC-9618, and the main power for the drop package. 
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45. Lower down the electromagnet and take it off the winch hook. 

46. Lower down the winch hook until it reaches the top of the drop package that is 

now sitting on the deceleration tank. The maximum speed (i.e., 140 V for the 

variac) can be used in this step. 

47. Adjust the variac to 0 V when the winch hook reaches the drop package.  

48. Flip the winch controller to the “neutral” position (i.e., between “UP” and 

“DOWN”). 

 

49. Set the variac to 80 V, which will result in an appropriate speed to raise the drop 

package from the deceleration tank. 

50. Go to downstairs to get the drop package. Bring the eyebolt and screw it back to 

the central plate of the inner instrumentation package. Hold the white zip tie when 

screwing to prevent dropping the eyebolt inside the drop package. 
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51. Double check the cable bundle and winch wire to make sure they are not tangled. 

52. Raise the inner package using the direction controller near the deceleration tank. 

 

53. Adjust the position of the outer drag shield while raising the inner instrumentation 

package so that the two cone-shaped metal pieces on the inner package are aligned 

with the two holes on the outer package. 

54. Check the long cable bundle to make sure there is no scratch on it.  

55. Set the direction controller downstairs to “neutral” to stop the winch when the drop 

package is lifted about 5 ft above the deceleration tank.  

56. Make sure all the foam boards are back to their original position and clear up the 
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blanket. Double check the deceleration tank to make sure that it is ready for the 

next drop. 

57. Go upstairs and then flip the direction controller to “UP” for the winch. 

58. Raise the drop package using the maximum speed (i.e., 140 V on the variac). 

Reduce the speed when the package is lifted up to the position near the rolling 

floor. 

59. Zero the variac when the drop package is lifted up to the same position as prior to 

the drop experiment. 

60. Flip the winch controller to the “neutral” position. 

61. Close the sliding floor. Make sure the floor does not jam the cable bundle from the 

gap.  

62. Lower down the drop package slowly and adjust the position of the cart to make 

sure the drop package sits squarely on it. 

63. After the outer package sits on the cart, further lower down the inner package very 

slowly until it sits on the outer package.  

64. Take off the transparent windows from the outer package. 

65. Turn off the 30 V power supply and switch off the charging switch for the high 

voltage box. 

66. Remove the crossing metal bar inside the instrumentation package.  

67. Open the combustion chamber by unbolting the chamber lid. 

68. Take out the spark electrode mount set.  

69. Use a fan to flush air into the combustion chamber. 

70. Get ready for recording calibration ball bearing by turning on the main power for 
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the drop package, “Camera Control,” and “Pinnacle Studio 12.” 

71. Record calibration ball bearing images using the BW camera and “Camera 

Control” from three different angles. 

72. Record a color video of the calibration ball bearing also from three different angles 

using the color camera and “Pinnacle Studio 12.” 

73. Switch off the LED light and get ready for the next experiment. 

74. After daily set of experiments, take out the droplet generator and fuel reservoir 

from the combustion chamber and clean them using acetone. Disassemble the 

droplet generator after cleaning to make sure the acetone is evaporated prior to 

next experiment. This cleaning process is to prevent corrosive influences of fuels 

or chemicals on the O-ring seal in the droplet generator. 
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APPENDIX C                                                                                                   

MATLAB PROGRAM FOR SOOT VOLUME FRACTION MEASUREMENTS 

 
This Appendix provides the MATLAB code written that calculate soot volume 

fraction from digital images. The body of two “.m” files are provided: “CornellSVF” 

and “CornellAbel.” The former one is the main body of the program that processes the 

video images, selects ROIs, and obtains intensity profile along ROIs. The latter one 

performs the calculation of three-point Abel inversion that generates soot volume 

fraction data.  

The MATLAB code of “CornellSVF” is as follows. 

% CornellSVF.m  
% 
% This MATLAB code is designed to perform the Soot Volume Fraction (SVF) 
% measurements for droplet combustion experiments. The program is designed 
% to automatically find SVF for multiple axes within a given region. Public 
% functions within the image process toolbox: “imfindcircles.m” and 
% “improfile.m”, as well as the financial toolbox: “tsmovavg.m” are used in 
% the program.  
% 
% The original image and attenuated image will be converted into grayscale 
% intensity matrix with 8-bit unsigned integer. The user inputs a direction 
% of analysis angle by doing two mouse input, start and end accordingly. 
% The program separates the input range equally with spokes and obtain 
% the intensity of both original image and attenuated image. The 
% intensity profiles are sent to “CornellAbel.m” to calculate the SVF using 
% three-point Abel inversion. The results are stored into a matrix and 
% could be exported for further analysis.  
% 
% The program output the SVF profile image, spokes image, and a .CSV  
% document with SVF value through each spokes. 
% 
% 
%                       2017 Cornell University 
%******************************************************************* 
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close all 
clear all 
  
% Input image names, ex: E066C01A_00149, E066C01A_00153 to be analyzed, 
% enter 'E066C01A_00' for foldername and [149 153] for imgfiles. The 
% original image of the droplet must be the first file in the list.  
% 
% Please keep this program in the same directory with the images.  
foldername = 'E066C04A_00'; 
imgfiles = [130 194]; 
  
imgnum = size(imgfiles); 
filename = strings(imgnum) + foldername; 
  
for i = 1:imgnum(1,2) 
     
    filename(i) = filename(i) + imgfiles(i) + '.tif'; 
  
end 
  
% the number of image in the file list to be analyzed 
n=2 
  
% read the original image and the soot image 
original=uint8((imread(char(filename(1)))./256)); 
sootimg=uint8((imread(char(filename(n)))./256)); 
  
% identification of the center C and radius R of droplet in original image 
figure  
imshow(original); 
[CenterOrig,rOrig]=imfindcircles(original,[10,110],'ObjectPolarity','dark'); 
viscircles(CenterOrig,rOrig); 
CenterOrig=round(CenterOrig); 
  
% identification of the center C and radius R of droplet in the soot image 
figure 
imshow(sootimg); 
[CenterSoot,rS]=imfindcircles(sootimg,[30,110],'ObjectPolarity','dark'); 
viscircles(CenterSoot,rS); 
CenterSoot=round(CenterSoot); 
  
i2=length(CenterSoot); 
calibration=30.265/1024/1000; % parameter used in the Abel inversion 
  
% enter the number of spokes 
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SpoksNumber = 4; 
  
% single spoke analysis 
if SpoksNumber==1 
  
    close all 
     
    % obtain the spoke of interest in the soot image by inputting one point 
    % through mouse click. A(x2,y2) 
    figure 
    hold on 
    imshow(sootimg) 
    [x2,y2]=ginput(1); 
    x2=round(x2); 
    y2=round(y2); 
    linearrayx2=[CenterSoot(1), x2]; 
    linearrayy2=[CenterSoot(2), y2]; 
    line(linearrayx2,linearrayy2,'Color','r','LineWidth',1) 
    hold off 
     
    dx=x2-CenterSoot(1); 
    dy=y2-CenterSoot(2); 
    x1=CenterOrig(1)+dx; 
    y1=CenterOrig(2)+dy; 
    linearrayx1=[CenterOrig(1), x1]; 
    linearrayy1=[CenterOrig(2), y1]; 
  
    centerdist=sqrt((CenterSoot(1)-CenterOrig(1))^2+(CenterSoot(2)-CenterOrig(2))^2); 
  
    if centerdist >= (rOrig/5) 
        originalprofile=improfile(original,linearrayx2,linearrayy2); 
        figure 
        hold on 
        imshow(original) 
        line(linearrayx2,linearrayy2,'Color','r','LineWidth',1) 
        hold off 
    else 
       originalprofile=improfile(original,linearrayx1,linearrayy1); 
       figure 
       hold on 
       imshow(original) 
       line(linearrayx1,linearrayy1,'Color','r','LineWidth',1) 
       hold off 
    end 
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    % calculate the SVF profile through the spoke. 
    % using function “improfile” to obtain the intensity of the image. 
    % 
    % the calculation is based on Lambert Law, which offers the 
    % relationship between attenuation of light and the transmittance of 
    % material in the path.  
    %  
    % the intensity of original image and soot image is compared to get the 
    % transmittance (named as 'sootprofile'): 
    %                   T = I/I0 = exp[-u*L] 
    % the field distribution of Soot Volume Fraction (P_fv) is described as: 
    %                   P_fv = -(lamda/Ke)*ln(I/I0) 
    % with three-point Abel inversion (funciton “CornellAbel”), final soot 
    % volume fraction (sootintensity) is obtained.  
    sootimgprofile=improfile(sootimg,linearrayx2,linearrayy2); 
    sootimgprofile=tsmovavg(sootimgprofile,'s',4,1); 
    originalprofile=tsmovavg(originalprofile,'s',4,1); 
     
    sootprofile=sootimgprofile./originalprofile;    % I/I0 
    P_fv=-(653*10^(-9)/8.6)*log(sootprofile);       % P_fv  
    P_fv(1:5)=0; 
    sootintensity=CornellAbel(P_fv,calibration);    % Abel inversion 
    
    dist=0:1:(length(sootintensity)-1); 
    dist=dist*calibration; 
  
    rSmm=rS*calibration; 
    rOmm=rOrig*calibration; 
    dist1=dist/rOmm; 
    dist2=dist/rSmm; 
  
    tfdist=(dist1>=1); 
    sootintensity=smooth(smooth(sootintensity)); 
    sootintensity=sootintensity.*double(tfdist)'; 
  
    % output file 
    savingtable= {7}; 
    savingtable{1,1}={'Original Intensity'}; 
    savingtable{1,2}='SootImg Intensity'; 
    savingtable{1,3}='Soot Volume Fraction'; 
    savingtable{1,4}='Original droplet Center (x,y)'; 
    savingtable{1,5}='SootImg droplet center (x,y)'; 
    savingtable{1,6}='dx (pix)'; 
    savingtable{1,7}='dy (pix)'; 
    savingtable{2,1}=originalprofile; 
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    savingtable{2,2}=sootimgprofile; 
    savingtable{2,3}=sootintensity; 
    savingtable{2,4}=CenterOrig'; 
    savingtable{2,5}=CenterSoot'; 
    savingtable{2,6}=dx; 
    savingtable{2,7}=dy; 
  
    dist2=dist2'; 
    date=char(datetime('now','TimeZone','local','Format','d-MMM-y-HH_mm_ss')); 
    filename=char([date 'SVFOutputFile.txt']); 
    save(filename) 
  
    figure 
    plot(dist2,sootintensity) 
    xlabel('r/r_i') 
    ylabel('f_v [ppm]') 
    title('Soot Volume Fraction on given line segment') 
  
% multiple spoke analysis 
else   
    close all 
    figure 
    hold on 
  
    % obtain the range of interest in the soot image by inputting two points 
    % through mouse. A(x2,y2), B(X3,y3) 
    % the range must be inputted in anti-clock direction.  
    imshow(sootimg) 
    [x2,y2]=ginput(1); 
    [x3,y3]=ginput(1); 
    x2=round(x2); x3=round(x3); 
    y2=round(y2); y3=round(y3); 
  
    % show the range of interest 
    linearrayx2=[CenterSoot(1), x2]; 
    linearrayy2=[CenterSoot(2), y2]; 
    line(linearrayx2,linearrayy2,'Color','r','LineWidth',1) 
     
    linearrayx3=[CenterSoot(1), x3]; 
    linearrayy3=[CenterSoot(2), y3]; 
    line(linearrayx3,linearrayy3,'Color','b','LineWidth',1) 
    hold off 
    pause 
    fprintf('Paused, click any key to continue\n') 
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    % separate the range of interest equally with spokes.  
    % the crossing angle in the range of interest is calculated through Law 
    % of cosines.  
    distancebetorigin=sqrt((CenterSoot(1)-CenterOrig(1))^2+(CenterSoot(2)-
CenterOrig(2))^2); 
     
    if distancebetorigin >= (0.2*rOrig) 
        CenterAnalysis=CenterSoot; 
    else 
        CenterAnalysis=CenterOrig; 
    end 
     
    Radius=((x2-CenterAnalysis(1))^2+(y2-CenterAnalysis(2))^2)^0.5; 
    R2=Radius;                            % length of OA 
    R3=((x3-CenterAnalysis(1))^2+(y3-CenterAnalysis(2))^2)^0.5;  
                                          % length of OB 
    d=((x2-x3)^2+(y2-y3)^2)^0.5;          % length of AB 
    CosAngValue=(R2^2+R3^2-d^2)/(2*R2*R3); 
    CrossAngle=acos(CosAngValue); 
    DeltAngle=CrossAngle/(SpoksNumber-1); % angle between each two spokes 
    AngleIni=atan((CenterAnalysis(2)-y2)/(x2-CenterAnalysis(1))); 
                                          % initial angle between OA and x axis 
    
    % the profile of SVF vs. radius 
        figure 
        hold on 
        xlabel('r/r_i') 
        ylabel('f_v [ppm]') 
        title('Soot Volume Fraction on given line segment') 
        STORE={}; 
         
        currAngle=AngleIni; 
        currAnalysis1=CenterAnalysis(1); 
        currAnalysis2=CenterAnalysis(2); 
         
    % calculate the start point and end point of each spokes. each spoke 
    % has a another one located in the opposite of the range of interest.  
    for alpha=1:(2*SpoksNumber) 
        if alpha <= SpoksNumber 
            EndpointsX(alpha)=sqrt(Radius^2/((tan(currAngle))^2+1))+CenterAnalysis(1); 
            EndpointsY(alpha)=CenterAnalysis(2)-sqrt(Radius^2-(EndpointsX(alpha)... 
                -CenterAnalysis(1))^2); 
            currAngle=currAngle+DeltAngle; 
             
        else if alpha > SpoksNumber 



 

216 

                EndpointsX(alpha)= CenterAnalysis(1)-abs(CenterAnalysis(1)-
EndpointsX(alpha-SpoksNumber)); 
                EndpointsY(alpha)= CenterAnalysis(2)+abs(CenterAnalysis(2)-
EndpointsY(alpha-SpoksNumber)); 
            end 
        end 
    end 
   
    % calculate the SVF profile through each spoke. 
    % using function “improfile” to obtain the intensity in image. 
    % 
    % the calculation is based on Lambert Law, which offers the 
    % relationship between attenuation of light and the transmittance of 
    % material in the path.  
    %  
    % the intensity of original image and soot image is compared to get the 
    % transmittance (named as 'sootprofile'): 
    %                   T = I/I0 = exp[-u*L] 
    % the integration of the field distribution of Soot Volume Fraction (P_fv)  
    % is described as: 
    %                   P_fv = -(lamda/Ke)*ln(I/I0) 
    % with three-point Abel inversion (function “CornellAbel”), final soot 
    % volume fraction (sootintensity) is obtained.  
    for alpha=1:(2*SpoksNumber) 
         
            linearrayX=[CenterAnalysis(1),EndpointsX(alpha)]; 
            linearrayY=[CenterAnalysis(2),EndpointsY(alpha)]; 
            samplerate=round(Radius); 
             
            originalprofile=improfile(original,linearrayX,linearrayY,samplerate); 
            sootimgprofile=improfile(sootimg,linearrayX,linearrayY,samplerate); 
            sootimgprofile=smooth(tsmovavg(sootimgprofile,'s',4,1)); 
            originalprofile=smooth(tsmovavg(originalprofile,'s',4,1)); 
            sootprofile=sootimgprofile./originalprofile;    % I/I0 
            P_fv=-(653*10^(-9)/8.6)*log(sootprofile);       % P_fv  
            P_fv(1:5)=0; 
            sootintensity=CornellAbel(P_fv,calibration);         % Abel inversion 
  
            dist=0:1:(length(sootintensity)-1); 
            dist1=dist/rOrig; 
            dist2=dist/rS;                                  % r/rs 
            tfdist=(dist1>=1.2); 
            sootintensity=sootintensity.*double(tfdist)'; 
            STORE{alpha}=sootintensity;                     % SVF results 
            plot(dist2,sootintensity)                       % SVF profile 
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    end 
  
    hold off 
     
    figure 
    hold on 
     
    line(linearrayx2,linearrayy2,'Color','r','LineWidth',1) 
    line(linearrayx3,linearrayy3,'Color','b','LineWidth',1) 
   
    image(sootimg) 
    for i=1:alpha 
        plot(EndpointsX(i),EndpointsY(i),'k*','MarkerSize',10) 
    end 
  
    hold off 
     
   
end 
  
% data saving 
% this MATLAB code saves the image of spokes location, the profile of 
% different spokes, and a .CSV document with SVF value through each spoke.  
close all  
  
dist2=dist2';    
  
% draw the endpoint of each spoke in the soot image and save the image.  
figure 
imshow(sootimg) 
hold on 
  
for i=1:(2*SpoksNumber) 
    if i==1 
        plot(EndpointsX(i),EndpointsY(i),'r.','MarkerSize',8) 
        text(EndpointsX(i)+7,EndpointsY(i)-
7,num2str(i),'HorizontalAlignment','center','FontSize',6) 
    else if i==2*SpoksNumber 
        plot(EndpointsX(i),EndpointsY(i),'b.','MarkerSize',8) 
        text(EndpointsX(i)+7,EndpointsY(i)-
7,num2str(i),'HorizontalAlignment','center','FontSize',6) 
        else     
        plot(EndpointsX(i),EndpointsY(i),'k.','MarkerSize',8) 
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        text(EndpointsX(i)+7,EndpointsY(i)-
7,num2str(i),'HorizontalAlignment','center','FontSize',6) 
        end 
    end 
     
end 
  
savefig(strcat(num2str(imgfiles(n)),'(spokes)'))    % save spokes image 
SVFdata = cell2mat(STORE); 
[rows,cols] = size(SVFdata); 
  
for b = 1:(2*SpoksNumber) 
    
    for a = 1:rows 
        
        if SVFdata(a,b) < 0 
            
            SVFdata(a,b) = 0; 
             
        end 
         
    end 
     
end 
  
% plot the profile of each spoke, and save the profile image.  
figure 
hold on 
  
 for b = 1:(2*SpoksNumber) 
  
     plot(dist2,SVFdata(:,b)); 
      
 end 
  
 legend('show') 
  
 xlabel('r/r_i') 
 ylabel('SVF [ppm]') 
 title('SFV Profiles Along Spokes') 
  
 savefig(strcat(num2str(imgfiles(n)),'(profiles)')) % save profile image 
  
  
 % saving the SVF value into .CSV document. The program will ask the user 
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 % to choose the profiles they want to average, which normally are the data 
 % of spokes go through perfect sphere range.  
 %  
 % a additional .CSV document named as 'image#(averaged profiles)' will be 
 % created to record the number of spokes that are averaged.  
 selection = input('Choose profiles to average.'); 
  
 [rows, cols] = size(selection); 
  
 clear SVFmax; clear locSVFmax; 
  
 for b = 1:cols 
      
     [SVFmax(b), indx] = max(SVFdata(:,selection(1,b))); 
      
     locSVFmax(b) = dist2(indx); 
      
 end 
  
 meanSVFmax(n-1) = mean(SVFmax); 
 meanSVFloc(n-1) = mean(locSVFmax); 
 scaledTime(n-1) = (n-1)*0.05; 
  
 clear profiles; clear aveProfile; 
  
 for b = 1:cols 
      
     profiles(:,b) = SVFdata(:,selection(1,b)); 
      
 end 
  
aveProfile = mean(profiles,2); 
exporttdata = [dist2 SVFdata aveProfile]; 
  
% write the SVF data into image#.csv 
dlmwrite(strcat(num2str(imgfiles(n)),'.csv'),exporttdata,'precision',8); 
  
masterDATA = [meanSVFmax' meanSVFloc' scaledTime']; 
dlmwrite('Mean Max SVF Data.csv',masterDATA,'precision',8); 
  
%write the number of spokes averaged into image#(averaged profiles).csv 
dlmwrite(strcat(num2str(imgfiles(n)),'(averaged profiles).csv'),selection); 
  
  
%end 
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The MATLAB code of “CornellAbel” is provided below. 

% CornellAbel.m 
% 
% The code is designed to obtain the Soot Volume Fraction(SVF) through 
% three-point Abel inversion. The mathematical technique is recommended by 
% Dasch (1992) for one-dimensional tomography.  
% The field distribution fv(ri) can be found at a finite domain with 
% operator coefficients in the inversion.  
%******************************************************************* 
 
function SVF=CornellAbel(P,calibration) 
     
    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
    % Main: Start 
  
    [row,col] = size(P); 
    D = zeros(col,col); 
  
    for i = 1:row 
        for j = 1:row       % D operator index start from 0 
            D(i,j) = OP_D(i-1,j-1); 
        end 
    end 
  
    inv_Mat = zeros(size(P)); 
     F = []; 
      
    for i=1:row 
        Fj=0; 
        for j=1:row 
           Fj = Fj+D(i,j)* P(j); 
        end 
        F(i)=Fj; 
    end 
  
    F=F'; 
    F=F*10^6; 
    F=F/calibration/2; 
     
    SVF=F; 
  
    function D = OP_D(i,j) 



 

221 

         
    % Calculate three-point abel inversion operator Di,j. 
    % The index i,j start from 0. 
    % The formula followed Dasch 1992 (Applied Optics) which contains several typos. 
    % One correction is done in function OP1 follow Martin's PhD thesis. 
    global PI 
    PI = 3.14159265; 
  
    if j<i-1 
        D = 0; 
    elseif j==i-1 
        D = OP0(i,j+1)-OP1(i,j+1); 
    elseif j==i 
        D = OP0(i,j+1)-OP1(i,j+1)+2*OP1(i,j); 
    elseif i==0&&j==1 
        D = OP0(i,j+1)-OP1(i,j+1)+2*OP1(i,j)-2*OP1(i,j-1); 
    elseif j>=i+1 
        D = OP0(i,j+1)-OP1(i,j+1)+2*OP1(i,j)-OP0(i,j-1)-OP1(i,j-1); 
    end 
  
    function I0 = OP0(i,j)        % Define operator OP0 
        if j<i || (j==i&&i==0) 
            I0 = 0; 
        elseif (j==i&&i~=0) 
            I0 = log((((2*j+1)^2-4*i^2)^0.5+2*j+1)/(2*j))/(2*PI); 
        elseif j>i 
            I0 = log((((2*j+1)^2-4*i^2)^0.5+2*j+1)/(((2*j-1)^2-4*i^2)^0.5+2*j-1))/(2*PI); 
        end 
    end 
  
    function I1 = OP1(i,j)       % Define operator OP1 
        if j<i 
            I1 = 0; 
        elseif j==i 
            I1 = ((2*j+1)^2-4*i^2)^0.5/(2*PI)-2*j*OP0(i,j); 
        elseif j>i 
            I1 = (((2*j+1)^2-4*i^2)^0.5-((2*j-1)^2-4*i^2)^0.5)/(2*PI)-2*j*OP0(i,j);  
        end 
  
    end 
  
    end 
end 
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APPENDIX D                                                                                                   

VENDOR LIST 

 
AEC Magnetics 

4699 Interstate Drive, Cincinnati, OH 45246 

Phone: (800) 635-3954 

Agilent Technologies, Inc. 

5301 Stevens Creek Blvd, Santa Clara, CA 95051 

Phone: (877) 424-4536 

American Piezo Ceramics, Inc. 

213 Duck Run Rd., Mackeyville, PA 17750 

Phone: (570) 726-6961 

Avtech Electrosystems, Ltd. 

P.O. Box 265, Ogdensburg, NY 13669 

Phone: (613) 686-6675 

Belden, Inc. 

224 N Main St., Horseheads, NY 14845 

Phone: (607) 796-5600 

Black Diamond Equipment, Ltd.  

2084 E 3900 S, Salt Lake City, UT 84124 

Phone: (801) 278-5533 

Canadian Photonic Labs 

45 Main St., P.O. Box 1560, Minnedosa, MB R0J 1E0, Canada 
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Phone: (204) 867-3141 

Corel, Inc. 

385 Ravendale Dr., Mountain View, CA 94043 

Phone: (650) 930-5800 

Cornell Chemistry Glass Shop 

Room B-66, Department of Chemistry and Chemical Biology, 

Cornell University, Ithaca, NY 14853 

Phone: (607) 255-3674 

Dirtz, Prym Consumer USA, Inc. 

950 Brisack Road, Spartanburg, SC 29303 

Phone: (864) 576-5050 

Electrohome Electronics, Ltd. LTD (acquired by Bluelectronics Group) 

4080 Montrose Road, Niagara Falls, ON L2H 1J9, Canada 

Phone: (905) 353-0732 

Hitachi Kokusai Electric America, Ltd. 

150 Crossways Park Drive, Woodbury, New York 11797 

Phone: (516) 682-4431 

LGC Standards, Ltd. 

276 Abby Road, Manchester, NH 03103 

Phone: (603) 622-7660 

Media Cybernetics, Inc. 

401 N Washington St. #350, Rockville, MD 20850 

Phone: (301) 495-3305 
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Mettler-Toledo, LLC 

1900 Polaris Parkway, Columbus, OH 43240 

Phone: (800) 638-8537 

Quantum Composers, Inc. 

212 Discovery Drive, Bozeman, MT 59718 

Phone: (800) 510-6530 

Salem Specialty Ball Company 

259 Albany Turnpike, Canton, CT 06019 

Phone: (877) 844-4885 

Shrader Analytical and Consulting Laboratories, Inc. 

440 Burroughs St., Detroit, MI 48202 

Phone: (313) 894-4440 

Sigma-Aldrich Corporation 

P.O. Box 14508, St. Louis, MO 63178 

Phone: (800) 325-3010 

Small Parts, Inc. 

600 Humphrey St., Logansport, IN 46947 

Phone: (574) 753-6323 

TerraVia Holdings, Inc. 

225 Gateway Boulevard, S. San Francisco, CA 94080 

Phone: (650) 780-4777 
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