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� Droplet combustion characteristics of algal HRD are compared with DF2.
� Burning rates of algal HRD and R50 droplets are very close to those of DF2 in spite of chemical and sooting differences.
� HRD flames are less bright, suggesting less soot produced, than those of DF2.
� HRD may be an attractive additive and potential drop-in replacement for DF2 alone, or when blended.
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a b s t r a c t

Fuels derived from bio-feedstocks have received significant attention for their potential to reduce the
consumption of petroleum-based liquid fuels, either through blending or direct use. Biofuels produced
from heterotrophic microalgae are particularly attractive because of fast conversion of sustainable plant
sugars into renewable oils of controllable quality and composition, but without the need for sunlight or
carbon from the atmosphere for growth.
This paper describes the results of a fundamental study of the combustion characteristics of hydropro-

cessed renewable diesel fuel (HRD) produced from this strain of algae, and the results are compared to #2
diesel fuel (DF2) and an equi-volume mixture of HRD and #2 diesel (R50) as representative of blending. A
canonical combustion configuration is used for a liquid fuel consisting of an isolated droplet burning with
spherical symmetry and with fuel transport being entirely the result of evaporation at the droplet surface.
This fundamental liquid fuel burning configuration is conducive to articulating the evaporation and
sooting dynamics involved.
The results show that combustion rates and relative positions of the flame and soot aggregates to the

droplet surface of HRD droplets are quite close to R50 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 HRD, with the mixture falling qualitatively
in-between. The results suggest that HRD derived from heterotrophic microalgae can potentially be
considered a drop-in replacement for DF2 or serve as an additive to DF2.

� 2015 Published by Elsevier Ltd.
1. Introduction use for feedstock growth have motivated the development of alter-
Liquid fuels derived from bio-feedstocks are advantageous
because they are renewable and may be compatible with the exist-
ing fuel infrastructure for transportation engines [1]. Such fuels
have been produced from various oilseed crops such as sunflower
[2], cottonseed [2], corn [3], and soybean [4]. Concerns over land
native approaches that use marginal land, require less consumable
water, and can mitigate emissions of greenhouse gases. In this con-
text, algae is receiving attention as a promising feedstock due to its
potential for high production rates, rapid growth cycles, and high
lipid content [5].

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.
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Nomenclature

Cp specific heat
D droplet diameter
Do initial droplet diameter
Ds soot shell diameter
Df flame diameter
Dfiber fiber diameter
H major axis of an AOI ellipse
K burning rate
k thermal conductivity
MW molecular weight
W minor axis of an AOI ellipse
t time

Greek letters
m stoichiometric coefficient
qL liquid density
UK defined parameter in Eq. (2)
UF defined parameter in Eq. (3)

Subscripts
s soot shell
f flame
g gas or vapor state
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These advantages alleviate constraints on growing algae that favor
geographical regions which receive significant daily light while
requiring CO2. Heterotrophic algae is, therefore, promising as a bio-
fuel feedstock which could meet the fuel needs of the transporta-
tion 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 hydrogenation [6]. Trans-
esterification of algal oils produces algal ‘‘biodiesel” (BD), consist-
ing of long chain fatty acid methyl esters (FAME) [1], and glycerin
as a co-product. Hydrotreated renewable diesel (HRD, ‘‘green” die-
sel) is produced by removing oxygen molecules to saturate double
bonds [7,8]. While a significant amount of work has been reported
on the production and life cycle evaluation of algal BD [6,8–17] and
algae-derived HRD [6,8,18,19], 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 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 HRD and BD. For example, the
in-cylinder performance of diesel engines fueled by algae BD
[21–23], mixtures with diesel fuel [22–27], and HRD [28,29] was
studied. A 50/50 blend of algal HRD with NATO F-76 (similar to
#2 Diesel fuel) was also examined in a gas turbine engine [30,31].
Furthermore, a study of marine gas turbines to certify algal biofuels
for Navymarine systems [30] showed a connection between engine
starts (ignition) and fuel properties, but little else could be
extracted from the results that extends beyond the engine used to
obtain the information.

Engine tests yield useful information about combustion perfor-
mance under realistic conditions. However, the environment of an
engine is overly complex for extracting fundamental information
about mechanisms that control combustion because of the com-
plex turbulent transport present and the time-dependent volume
of the combustion zone. The information is often unique to the
specific engine design employed in the experiments. A low-
dimensional transport configuration for combustion can facilitate
the development and interpretation of experimental observations.
For a liquid fuel the simplest configuration that still has a connec-
tion to liquid spray injection is that of an isolated droplet burning
in an environment that promotes spherical symmetry in the gas,
with transport processes that arise only as a result of the evapora-
tion of the fuel at the droplet surface [32,33]. Fig. 1 illustrates such
a canonical configuration of liquid fuel combustion.

A single stationary isolated droplet is ignited and burns in a
quiescent environment without the influence of forced or
buoyancy-induced convection. The gas flow is created entirely by
the evaporation process. Under these conditions, the streamlines
of the flow are radial, resulting in spherical symmetry in the gas
phase: the flame is then spherical and concentric with the fuel dro-
plet, and if soot forms, the soot aggregates are trapped between the
droplet and the flame where the forces (i.e., due to evaporation-
induced velocity and thermophoresis) acting on the soot particles
balance [34]. Despite its simplicity, the spherically symmetric dro-
plet burning configuration involves a large number of the physical
and chemical processes relevant for the much more complex flows
encountered in sprays and engines [35], including unsteady gas and
liquid transport, preferential vaporization, moving boundary
effects, variable fuel properties, detailed combustion kinetics, soot
formation, and radiation effects,making it ideally suitable formodel
development and validation.

To the authors’ knowledge, no experiments have been con-
ducted for algae-based liquid fuels in environments that promote
the combustion symmetry depicted in Fig. 1. The present study
does so specifically for algae HRD. HRD was selected because it is
more widely available than algal biodiesel from trans-
esterification, and may have a greater potential for adoption as a
transportation fuel due to its chemical characteristics (e.g., energy
density, cetane number, storage stability) [36]. In addition, HRD
meets the ANSI D975 diesel standard [6,8].

In this paper, the combustion performance of HRD, as measured
by the evolution of droplet, soot shell, and flame diameters, is com-
pared with conventional #2 diesel (DF2), and a 50% DF2 and 50%
HRD mixture on a volume basis (denoted ‘‘R50”, to follow prior
engine studies [30,31] that evaluated performance of equi-
volume mixtures). The experimental methods and chemical analy-
sis are described in Section 2, while the results and subsequent
analyses and discussions can be found in Section 3. A summary
is provided in Section 4.

2. Experimental methods

2.1. Design

Spherical symmetry is promoted by using ‘‘small” droplets with
initial diameter Do between 0.52 and 0.55 mm, restricting their
motion by anchoring them to very small support structures (or
fibers), employing a stagnant ambient in the experiments, and
minimizing the effects of buoyancy by carrying out the experi-
ments at low gravity (on the order of 10�4 of normal gravity on
Earth). The ambient for the data reported here is air at room tem-
perature and atmospheric pressure. A brief outline of experimental
design and procedures is given below. More details are provided in
[37–39].

Droplets with the desired size are deployed at the intersection
of two SiC fibers (�14 lm diameter) so that the droplet will not
move throughout its burning history. Fig. 2a shows a planar view



Fig. 1. Schematic of a spherical droplet flame.

Fig. 2. Schematic of the experimental setup: (a) droplet deployment process, (b)
sequence of droplet ignition, retraction of the spark electrodes, and spherical
droplet burning process, (c) layout for the combustion chamber and two cameras
inside the instrumentation package.

1 For interpretation of color in Figs. 3 and 8, the reader is referred to the web
version of this article.
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illustrating the process of deploying droplets from a piezoelectric
generator onto the fibers. It has previously been shown that the
support fiber design used here when coupled with droplets of
the initial size employed will minimally influence burning
[38,39]. In addition, micro-convective effects, observed for exam-
ple for fiber-supported ‘large’ droplets (Do > 2 mm) [38], are not
observed in the present study.

Fig. 2b shows the sequence of events for igniting the droplet by
a spark and retracting the ignition electrodes. Two sparks are
employed and positioned on opposite sides of the droplet in order
to promote symmetry in the ignition and subsequent burning pro-
cess. Each spark requires two electrodes across which the sparks
are generated, hence four total electrodes are employed.
Once the droplet of desired size is deployed on the fiber, the
instrumentation package is released into free-fall (Fig. 2b) over
7.6 m to provide approximately 1.2 s of experimental run time.
The droplet is ignited 320 ms after free fall begins. The sparks are
‘on’ for 800 ls and then the spark electrodes are rapidly retracted
(Fig. 2b). The time sequences are coordinated by a multi-channel
digital signal generator (Quantum Composer, QC-9618). The
instrumentation package is released immediately after droplet
deployment to minimize effects of vaporization prior to ignition
[37].

The droplet burning history is recorded by two cameras that
provide perpendicular views of the burning droplet (cf. Fig. 2c). A
black-and-white (BW) digital high-speed camera (Canadian Pho-
tonic Labs, Inc., MS-80K, 2320 � 1722 pixel/frame, operated at
200 fps) records backlit images that highlight droplet and sooting
dynamics. The backlighting for BW imaging is provided by a
1-Watt LED lamp (Black Diamond Equip., LTD). A color camera
(Hitachi, HV-C20, 640 � 480 pixel/frame, operated at 30 fps) pro-
vides self-illuminated flame images. 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 best magnification, while the color camera
is fitted with a Nikkor 135 mm f/2.0 lens and two Kenko 36 mm
extension tubes.
2.2. Image analysis

The video images provide the main diagnostic from which mea-
surements of the evolution of droplet (D), soot shell (Ds), and flame
(Df) diameters are extracted. Image-Pro V6.3 (Bethesda, MD) soft-
ware is used to manually extract D, Ds, and Df. The analysis involves
placing a virtual ellipse around the area of interest (AOI, Fig. 3a). The
equivalent diameter is then obtained as D = (HW)0.5, where major
(H) and minor (W) axes of the virtual ellipse are obtained from the
software. The flame diameter is determined by the outer boundary
of the observed blue luminous zone (Fig. 3c and d).

A virtual ellipse, rather than a circle, is used to determine
boundaries of droplets, soot shells, and flames to obtain equivalent
diameters, because an ellipse is a more general shape with more
degrees of freedom for positioning than a sphere. Combustion sym-
metry could sometimes be affected during the burning history
such as from the ignition event that could momentarily deform
the droplet.

A number of BW images for HRD are also analyzed by a
computer-based algorithm developed previously [40]. However,
this automated approach for droplet diameter extraction is not
used extensively in this study because of the heavy sooting
propensities of the fuels examined, especially for DF2 and R50.
Instead, manual measurements that involve placing an ellipse to
fit the AOI are extensively adopted in the course of data extractions
of D, Ds, and Df for all fuels examined in this study.

In analyzing the droplet images for DF2 and R50 droplets, the
droplet boundary is often obscured by soot as shown in Fig. 3b
for a DF2 droplet (at 0.3 s after ignition). Three red1 arrows in
Fig. 3b 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.

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 of droplets, soot shells, and flames obtained
from Image-Pro can be converted to millimeter. The ball is



Fig. 3. Illustration of image analyses for (a) D and Ds as determined by manual positioning of virtual ellipse, (b) D as guided by three visible segments, indicated by three arcs,
of the droplet boundary, (c) Df for relatively less sooty HRD using an ellipse, and (d) Df for luminous flame of R50. The lateral glows in ‘c’ and ‘d’ are due to the interaction
between the fibers and the flame.
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photographed after each experiment with the same settings (e.g.,
magnification, position from lens, and lighting conditions) as
during the free-fall experiment. The calibration ball comprised
approximately 392 pixels for BW images and 56 pixels for color
images. These scale factors are used to obtain the data reported
in the paper.

Regarding measurement uncertainty, the number of pixels that
an image encompasses is used to provide an estimate. For the dro-
plet diameter, an initial value of 0.53 is found to comprise approx-
imately 262 pixels as obtained by visual observations from what is
best judged as the outer edge of the droplet boundary. The outer
edge consists of a ‘‘grey transition area” whose thickness depends
on the sharpness of the BW image. The thickness for reported
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, would range between 267 and 257 or approximately ± 1.9%.
At the other end and well into a burning event, the smallest droplet
diameter that could be measured is found to encompass approxi-
mately 67 pixels. Using again 5 pixels as the transition area, the
uncertainty of the smallest droplet diameters reported here is
approximately ±7.5%.

Regarding uncertainty of the soot shell diameter, the largest
soot shell measured encompasses approximately 418 pixels and
the smallest shell measured consists of about 241 pixels. The soot
shell boundary thickness is less well defined compared to the dro-
plet boundary, and approximately 20 pixels is considered to be
representative of the soot images reported. The uncertainty of soot
shell measurements would then be approximately ± 4.8% at the
upper size and ±8.3% at the lower size. Finally, for the flame diam-
eter the largest flame comprises approximately 224 pixels. With a
boundary thickness of approximately 8 pixels, the uncertainty of
the initial flame pixel count should be about ±3.6% (i.e.,
+232/224, �216/224). The smallest flame diameter comprises
approximately 143 pixels. Taking again a flame boundary thickness
of 8 pixels, the uncertainty of a flame diameter is approxi-
mately ± 5.6% (i.e., +151/143, �135/143).

2.3. Fuel systems and chemical analysis

Representative fuel properties of the HRD and DF2 fuels are
listed in Table 1. DF2 was purchased from LGC Standards (Manch-
ester, NH), while the HRD was provided by Solazyme, Inc. (San
Francisco, CA). The 50/50 DF2/HRD mixture was prepared in-
house on a volume basis.

The chemical composition of the fuels was determined by gas
chromatography-mass spectrometry (GC–MS) analysis using an
Agilent Technologies (Santa Clara, CA) 6890N gas chromatograph
equipped with an Agilent 7683B autosampler and coupled to a
JEOL (Peabody, MA) GCMate II double-focusing sector mass spec-
trometer. The samples were injected directly without dilution;
the injection volume was 0.2 lL. The split/splitless inlet was oper-
ated in split flow mode with 200:1 split ratio. Inlet temperature
was maintained at 285 �C and the transfer line to the MS was at
290 �C.

The oven program used was as follows: 80 �C for 3 min; ramp to
180 �C at 2 �C/min; ramp to 280 �C at 25 �C/min; and a final hold
for 3 min for a total run time of 60 min. The GC column used was
a DB-5 MS + DG capillary column (Agilent Technologies) with the
dimensions 30 m � 0.25 mm ID, 0.25 lm film thickness and a
10 m DuraGuard guard column section. The MS was operated in
positive ion mode at nominal resolving power of 500 (actual
670). Electron impact ionization was used with 70 eV potential



Table 1
Selected properties of fuels examined.

Property #2 diesel algal HRD R50

Formula C14.0H24.1
a C15.4H32.7

b

Stoichiometric coefficient, mc 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, qL (kg/m3)f 816 772 794
Lower heating value (LHV, kJ/kg) 42670a 44000g

Cetane number 41.2a �75g

Burning rate, K (mm2/s)h 0.464i 0.536j 0.509k

a From Ref. [47].
b From Ref. [48].
c Assuming 1 mol of fuel and products of CO2 and H2O.
d From Ref. [49].
e From Ref. [50].
f Measured at 296.05 K using a digital density meter (Mettler Toledo DA-100M).
g From Ref. [28].
h Estimated from Fig. 12.
i Computed over the range of 0.30 6 t/Do

2 6 1.23 s/mm2.
j Computed over the range of 0.30 6 t/Do

2 6 1.35 s/mm2.
k Computed over the range of 0.30 6 t/Do

2 6 1.31 s/mm2.

Table 2
Composition of #2 diesel determined by GC–MS.

Compound class Composition of fuel

Component % 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%
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and 200 mA filament current. All analyses were repeated at 240 V,
300 V and 400 V detector voltage to allow for accurate identifica-
tion and quantitation for both major and minor components.

Mass spectra were acquired from m/z 28 to 500 using a mag-
netic field sweep with 0.22 s/scan and 0.1 s interscan delay to give
0.32 s total scan duration. Data analysis was performed using
TSSPro 3.0 (Shrader Analytical and Consulting Laboratories Inc.,
Detroit, MI). Component identification was facilitated by the NIST
Mass Spectral Database Version 2.0 (NIST, Gaithersburg, MD).

The #2 diesel fuel was found to contain both saturated (73%)
and aromatic (27%) hydrocarbons, as shown in Table 2 and Fig. 4.
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 branched hydrocarbons. The aromatic hydrocarbon (ArHC) com-
ponent in largest abundance was mesitylene (1,3,5-
trimethylbenzene, 24% of total ArHC). The remaining ArHCs were
comprised of other C8 to C10 alkylbenzenes (48%), and alkyl substi-
tuted benzyl and biphenyl derivatives (28%), predominantly with
molecular ions with m/z 240 (C17). A trace amount of naphthalene
was also detected. This composition is consistent with the highly
sooting propensity of diesel fuel.

The total ion chromatogram (TIC) of GC–MS of algal renewable
diesel is shown in Fig. 5 and the composition is listed in Table 3.
The HRD contained exclusively saturated hydrocarbons with no
detectable aromatic components, even at trace level. C15 to C18 SHCs
constituted 95% of the sample with C17 as the predominant compo-
nent (51%) followed by C18 (23%) as well as C15 and C16 (10% each).
The sample also containedminor (<2%) amounts of C8 to C14 as well
as C19 HCs. Within each SHC series, the straight chain isomer was
dominant (40–50%) followed by a uniform distribution of all possi-
ble methyl-branched isomers (30–45% combined) and smaller
amounts of more highly branched isomers (15–25%).

3. Results

The primary ‘‘data” are qualitative visualizations of the droplet
burning history recorded by the two cameras. The quantitative
measurements are then obtained from these video images. As such,
the quality of the video images is extremely important in order to
obtain accurate and precise measurements. Fig. 6 compares flame-
illuminated images at 0.1 s intervals for HRD, R50, and DF2, while
Fig. 7 shows backlighted images of these fuels.
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 aggre-
gates that reside between the droplet and the flame. Flame bright-
ness, a qualitative measure of the sooting propensity, is shown in
Fig. 6, and is highest for DF2, in the order (high to low) of
DF2 > R50 > HRD. This observation is consistent with clear differ-
ences in the amount of soot formed for droplets of ostensibly the
same size as shown in Fig. 7. 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 HRD
has virtually none. As such, greater apparent thickness of the soot
shell and brighter flame for DF2 are observed.

Some initial asymmetry of the droplet flames exists (e.g.,
Fig. 6b and c, R50 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 Figs. 6c and 7c (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.

Fig. 7 shows droplet and soot structures that are consistent with
the schematics in Fig. 1. The development of the soot shell is
clearly indicated. Soot aggregates are trapped between the droplet
and the flame, where forces acting on them balance [34]. This
effect is clearly visible in Fig. 7. As burning proceeds, the aggre-
gates become so numerous that they form connected structures
and lose their character as free-floating entities.

Fig. 8a shows the measured evolution of droplet diameter for
one HRD test. Droplet diameter measurements are presented using
the coordinates from the quasi-steady scaling of droplet burning
[41]: (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 addi-
tion, 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 Fig. 8 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 Fig. 8a and b), droplet
diameter dramatically decreases, suggesting a sudden mass ejec-
tion from the fuel droplet. This behavior is like the micro-
explosion effect which has been previously discussed in Refs.
[42,43]. In the present study, we believe that this effect is due to
formation of a bubble within the droplet, most likely on the sup-
port fiber, that ejects mass in the process. Fig. 8b presents consec-
utive images recorded by the BW camera illustrating this effect,
which is observed in all of the experiments in this study for all



Fig. 4. Total ion chromatogram (TIC) of GC–MS analysis of #2 diesel fuel at 300 V detector voltage. Peaks labeled with retention times represent straight chain hydrocarbons.

Fig. 5. Total ion chromatogram of GC–MS analysis of algal hydrotreated renewable diesel fuel at 300 V detector voltage. Peaks labeled with retention times represent straight
chain hydrocarbons. Cn indicates isomers of saturated hydrocarbons with ‘n’ carbon atoms.
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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.

Fig. 8c illustrates the effect of 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 dro-
plet. 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 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) [44] nor Jet-A (bp, 478–573 K) [45] with the
same experimental setup and procedure. A potential explanation
of this behavior is provided as follows and Fig. 9 is a schematic
to illustrate this process. The range of the boiling point for fuels
examined in this study is wider (i.e., Table 1, DF2, bp 423–653 K,
with a bp range of 230 K and HRD, 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 R50 (with a range of
�230 K) based on boiling points of HRD and DF2 since R50 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



Fig. 6. Selected color images showing spherical droplet flames for: (a) HRD (Do = 0.52 mm), (b) R50 (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.

Fig. 7. Selected BW images highlighting droplet and soot dynamics: (a) HR

Table 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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history. At some point, if one constituent does not evaporate com-
pletely when the temperature of the droplet is at its boiling point,
with 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. The presence of the sup-
port fiber facilitates the formation of bubbles since it provides
the sites where bubbles can initially form (cf. Fig. 9b). The bubble
formed inside the droplet will continue to grow (Fig. 9c) with the
burning of the droplet until it finally ejects mass from the fuel dro-
plet as shown in Figs. 8b and 9d. This mass ejection process can
distort the spherical symmetry of the soot shell (as shown in
Figs. 8b and 9d) since soot particles can be blown away during
the mass ejection event.

Fig. 10 shows the measured evolution of droplet diameter from
all experiments performed for HRD, R50, and DF2 (the data are
D (Do = 0.52 mm), (b) R50 (Do = 0.55 mm), and (c) DF2 (Do = 0.53 mm).



Fig. 8. Illustration of an internal bubbling and mass ejection events for a HRD 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.

Fig. 9. 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.

Fig. 10. Evolution of the droplet diameter from individual experiments for all fuels examined in the present study.
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included in the Supplementary Material). In Fig. 10, the data are
also presented using scaled coordinates as discussed previously.
In these coordinates, the slope corresponds to the burning rate
(K � |d(D/Do)2/d(t/Do
2)|), which measures the combustion rate of

a given fuel. As shown in Fig. 10, the mass ejection event is
observed for each individual experiment in this study. Prior to this



Fig. 11. Evolution of the droplet diameter from one selected experiment for each
fuel examined in the present study. Black arrows indicate the reduction of droplet
diameter due to internal boiling that ejected mass during the burning process.

Fig. 12. Evolution of the flame standoff ratio for all fuels examined in the present
study.

Fig. 13. Evolution of the soot standoff ratio for all fuels examined in the present
study.
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event, results on the same fuel show the repeatability of the
experiments.

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.
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. Fig. 11 presents the evolution of droplet diam-
eter for these selected results and black arrows show the mass
ejection events for each test. The bubble growth period for the
HRD test is also indicated in Fig. 11.

Linearizing the measurements from 0.3 s/mm2 to the time prior
to the mass ejection event gives the burning rates listed in Table 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 fuel are given in
Table 1. HRD appears to have a slightly higher burning rate than
DF2. The tests plotted in Fig. 11 are selected because the mass ejec-
tion 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 �1.25 s/mm2, as presented in Table 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., Fig. 10).

The flame standoff ratio (FSR, Df/D), which signifies the relative
distance of the droplet to the flame, is shown in Fig. 12. It is clear
that the relative position of the flame to the droplet increases with
time during the droplet burning history (the decrease of FSR in
Fig. 12 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 dro-
plet, resulting in a decrease of flame standoff ratio). As shown in
Fig. 12, HRD produces flames that are slightly further away from
the droplet compared to DF2 droplet flames. The FSR for R50
resides in between HRD and DF2, as expected.

The trends noted above can be explained by a scale analysis.
According to the classical D2 burning law [41], the quasi-steady
burning rate is proportional to fuel properties as

K � kg=cp;g
qL

ð1Þ

Both HRD and DF2 are hydrocarbon fuels (cf. Figs. 4 and 5) whose
thermal properties are not substantially different. As such, the liq-
uid density in Eq. (1) becomes the controlling parameter: K � 1/qL.

Defining UK � KHRD/KDF2, we can write

UK � qL;DF2

qL;HRD
ð2Þ

Using the liquid density values in Table 1 gives UK � 1.06. With
the experimentally measured burning rates in Tables, UK � 1.16.
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 HRD is slightly
higher than that of DF2, which is consistent with the observations
in Fig. 11. Note that only HRD and DF2 are compared because they
bound the burning rate of R50 as shown in Figs. 10 and 11.

It has been previously reported that n-butanol, also known as a
bio-derived fuel, has the same burning rate as gasoline [44]. In this
study, the burning rate of algal HRD is found to be similar to #2
diesel. These results are interesting since they may suggest that
bio-derived fuels have the capability of match the burning charac-
teristics of real transportation fuels.
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Regarding the flame standoff ratio, the classical theory of FSR as
extended by Aharon and Shaw [46] is used to show that, for HRD
and DF2

UF �
ðDf =DÞHRD
ðDf =DÞDF2

� qL;HRD

qL;DF2

 !
KHRD

KDF2

� �
mHRD

mDF2

� �
MWDF2

MWHRD

� �
ð3Þ

With values from Table 1, we find that UF � 1.14. This result sug-
gests that HRD should have a slightly higher FSR than DF2, which
is consistent with Fig. 12, though the differences in Fig. 12 are much
smaller. This may be due to the approximate nature of the theory
and/or uncertainties in estimating the variable values in Eq. (3).

The relative position of the soot shell to the droplet, that is, soot
standoff ratio (SSR, Ds/D), is shown in Fig. 13. 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 Fig. 13,
the SSR is also slightly affected by internal bubbling effect (e.g.
HRD at �1.7 s/mm2). As expected and on the basis of Figs. 12
and 13, 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.

4. Conclusions

The droplet combustion characteristics of hydrotreated renew-
able diesel derived from algae, conventional #2 diesel, and an algal
renewable diesel/#2 diesel mixture are compared for the base case
of droplet burning in an environment that promotes spherical dro-
plet flames. The results show that renewable diesel and R50 dro-
plets have burning rates that are very close to the conventional
#2 diesel and that hydrotreated renewable diesel and R50 droplet
flames reside farther from the droplet surface than #2 diesel dro-
plet 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 and the results from the scale argu-
ments are consistent with the experimental trends obtained. The
sooting propensities of fuels examined are in the order of (high
to low) #2 diesel > R50 > algae renewable diesel, which is consis-
tent with the observations of flame brightness, with #2 diesel hav-
ing the brightest flame.

The results presented here are consistent with HRD derived
from algae being an attractive additive or even a drop-in replace-
ment to petroleum-base diesel fuel. The results also suggest that
the HRD may reduce particulate emissions during the combustion
based on its lower sooting propensity compared to #2 diesel.
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