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" Camelina and tallow HRJ fuels are compared with Jet-A using spherical droplet flame.
" Jet-A is more sooty than the biofuels due to its higher aromatic content.
" Droplet burning rates of camelina and tallow HRJ fuel are very similar to Jet-A.
" The two HRJ fuels also match Jet-A in terms of flame and sooting dynamics.
" The spherically symmetric droplet flame is useful to benchmark new generation fuels.
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a b s t r a c t

This study compares liquid fuel combustion characteristics of biofuels derived from camelina (POSF6152)
and tallow (POSF6308) with a US domestic aviation fuel (Jet-A, POSF4658) using the spherically symmet-
ric (one-dimensional) droplet flame configuration as the basis of comparison. A blend of camelina biofuel
and Jet-A is also examined. The initial droplet diameters were fixed at 0.57 ± 0.03 mm. The biofuels stud-
ied have been considered as replacement fuels for conventional jet fuels.

Results show that the evolutions of droplet, flame, and soot shell diameters for Jet-A and the bio-fuels
are very similar regardless of intrinsic compositional differences among the individual fuels. Sooting
behaviors were noted to be different with Jet-A forming significantly thicker soot clouds, most likely
due to its higher aromatic content compared to biofuels. The broad similarities shown in this study were
consistent with results reported in the literature for performance of the same fuel systems in actual tur-
bine and flight tests where the fuel blends examined were noted to yield essentially indistinguishable dif-
ferences in overall performance. The results suggest value to the spherical droplet flame configuration to
assess performance of real fuels burning under far more complex transport conditions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

A dominant source of energy for transportation systems comes
from liquid fuels, and their continued use in power and propulsion
devices appears to be assured for the foreseeable future [1–3]. This
sustained demand enhances the reliance on imports and chal-
lenges national and energy security. Liquid aviation fuels, in partic-
ular for aerospace propulsion, are responsible for 8% of the fossil
fuels used in the US [4]. A strategy to reduce consumption of petro-
leum fuels is to blend them with alternatives that have similar
physical and chemical properties and which are derived from
non-food feedstocks. This approach has been reported for biofuel
blends with diesel [5] and aviation fuels [6] in engine and aircraft
flight test performance studies.
ll rights reserved.
Bio-based synthetic paraffinic kerosene (Bio-SPK) (derived from
such feedstocks as jatropha curcas, camelina, algae, and beef tal-
low) is a promising replacement for conventional jet fuels, with
the most desired of such fuels being ‘‘drop-in’’ replacements [7].
To produce Bio-SPK, chemically bonded oxygen is removed from
animal fats (usually consisting of triglycerides and free fatty acids)
or plant oil to produce a fuel with a higher heat of combustion, and
the olefins are converted to paraffins (with carbon numbers in the
jet range) for better thermal stability [8]. The resulting fuel is also
termed a ‘‘Hydroprocessed Renewable Jet’’ (HRJ) fuel or ‘‘Hydro-
processed Ester and Fatty Acids’’ (HEFA) fuel [9]. The potential
for Bio-SPK fuels to reduce use of conventional fossil-based jet
fuels is the basis for advocating that synthetic jet fuels comprise
50% of domestic aviation fuel usage by 2016 [10] for the US. Air
Force and reduce 50% of carbon emissions by 2050 for global avia-
tion [11], though HRJs apparently do not have physical properties
(e.g., density, viscosity, aromatic content, etc.) that meet
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Fig. 1. Schematic of droplet burning with a spherically symmetric configuration.
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certification requirements for storage, pumping, sealing, and fuel
injection [12,13].

The performance of sustainable jet fuels in military and civilian
aircraft has been a subject of recent interest. Assessments of the
efficacy of the fuels in flight tests have often been qualitative and
dependent to some extent on the specific aircraft being evaluated.
For example, reports of full scale flight tests using equal-volume
blends of JP8 and camelina to fuel FA/18 Super Hornet, C17 Globe-
master, and A-10C Thunderbolt II aircraft indicated few differences
compared to performance using neat JP8 [12,14]. On the other
hand, aircraft fueled with Jet-A1 and jatropha blends showed dif-
ferences in sooting and fuel efficiency in Air New Zealand, Conti-
nental Airlines and KML B747-400, and Japan Air Lines B747-300
aircraft [6,7]. The reduced aromatic content of the biofuel was
thought to be responsible for the reduced soot emission. The vari-
ous transport conditions experienced by fuels in different aircraft
engines, or the differing blends themselves, could also be responsi-
ble for the results noted.

An important consideration for identifying a suitable combus-
tion configuration to evaluate liquid fuels is the extent to which
the configuration is amenable to detailed numerical modeling. In
this way, the efficacy of the combustion chemistry, as well as tools
for predicting fuel properties and radiative effects, may be assessed.
A propulsion engine is too difficult to model by direct numerical
simulation when considering variable properties, turbulent trans-
port, unsteadiness, sooting, and multistep combustion chemistry
effects [15]. Models can only capture processes at the sub-grid scale
of simulations (e.g., droplet evaporation). Their development is
based on experimental configurations that are modelable.

One or zero dimensional fluid/thermal transport processes pro-
vide a controlled environment for understanding processes at
scales smaller than can be resolved in simulations. For example,
gaseous or pre-vaporized liquid fuels have been studied in flow
reactors and rapid compression machines, counterflow flames,
and jet stirred reactors [16–19], all of which are characterized by
a simple transport configuration. The information obtained is of
such a fundamental nature that it is often applicable to a variety
of combustion environments.

It has recently been suggested [20–22] that an isolated droplet
burning under conditions where there is no relative velocity be-
tween the droplet and surrounding gas, and for which the flow is
created entirely by the evaporation process, can similarly provide
useful information for sub-model development, in particular to
further test and validate the combustion chemistry under evapora-
tion and combustion conditions. The configuration depicted sche-
matically in Fig. 1 is relevant to this situation.
For the idealized configuration depicted in Fig. 1, evaporation of
fuel at the droplet surface occurs by heat transfer from the high
temperature flame that induces a flow into a convection-free envi-
ronment resulting in a spherically symmetric burning process. Any
soot aggregates that form would be trapped between the droplet
and flame by the forces acting on the aggregates [23]. Combustion
properties for the configuration depicted in Fig. 1 include the evo-
lution of flame, droplet diameter, and burning rate [24]. If the fuel
under consideration produces soot, the proximity of the soot shell
to the droplet provides another combustion characteristic. If the
flame extinguishes, the droplet diameter at extinction is an impor-
tant metric to identify extinction mechanisms. Moreover, the prob-
lem of soot formation during droplet combustion has not yet been
fully simulated [25,26], thus placing a high reliance on experi-
ments in the meantime to develop the understanding of combus-
tion performance of biofuel blends that contain components
which produce soot.

The spherically symmetric droplet burning configuration incor-
porates many processes that arise in more complex environments
such as engines where moving boundary, complex chemistry, soot
formation, radiative transport and variable property effects exist
[24]. The ability to model some of these aspects for the configura-
tion of Fig. 1 has recently been demonstrated [20,21].

The present study employs the spherical droplet flame configu-
ration to illustrate the complex processes that occur during the
combustion of aviation fuels and biofuels. The droplet combustion
characteristics of Jet-A (POSF4658), camelina HRJ (CHRJ,
POSF6152), tallow HRJ (THRJ, POSF6308) and an equal-volume
blend of CHRJ with Jet-A are studied. The equal-volume blend is
examined because the performance of biofuel blends at this frac-
tional amount was examined in engine and flight tests
[6,7,12,14]. The evolution of droplet, soot shell, and flame diame-
ters are measured. These characteristics will ultimately be useful
for assessing models of droplet burning [20,21].
2. Experimental method

2.1. Droplet burning history

The droplet burning history was recorded in an apparatus de-
signed to minimize the influence of external convection in order
to promote spherical droplet flames. A low gravity condition was
imposed on the droplet burning environment, ‘‘small’’ droplets
were employed, and forced convection effects were eliminated
by anchoring the test droplets to very small (14 lm) diameter
SiC support structures. The elimination of buoyancy and forced
convection produced nearly spherical flames. The experiments
were carried out in normal atmospheric pressure air with initial
droplet diameters ranging between 0.5 mm and 0.6 mm. Further
details are described in [22,27]. A brief outline is given below.

A low gravity condition was developed by carrying out the
experiments in an instrumentation package placed in free-fall over
a 7.6 m distance to provide 1.2 s of low gravity (i.e., 10�4 of normal
earth gravity). Fig. 2a outlines the time sequences for droplet
deployment, package release, spark ignition, and electrode retrac-
tion in an experiment. High resolution digital video imaging
(3.9 MP per frame, 200 fps) was used to record the droplet burning
history, with backlit images highlighting the droplet and soot shell
boundary and flame-illuminated images (i.e. no backlighting, re-
corded by a color video camera at 30 fps) providing information
about the flame structure. The layout of both cameras and the com-
bustion chamber is detailed in Fig. 2b.

Effects due to very small diameter fibers on the evaporation rate
and evolution of droplet flame diameter were shown to be negligi-
ble in prior work for several organic fuels [20,22,27,28]. Droplet



Fig. 2. Experimental procedures (a) and setup (b) in the present study.
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support structures can, however, influence sooting dynamics by
the aggregates being attached to the fibers as they form, and in
some cases (with larger support structures) producing unusual
vortex-like flow patterns [29]. Some of these effects are noted in
the present study. They do not, however, detract from the efficacy
of the method to provide a useful comparison of the burning char-
acteristics of the fuels examined, which is a main objective of the
present study.
2.2. Data analysis

Video imaging of the droplet burning process provides the main
diagnostic from which quantitative measurements of the evolution
of droplet, soot shell, and flame diameters are obtained. The droplet
diameters are measured in a manual procedure using commercial
software (Image-Pro v6.3). The process involves placing an ellipse
area of interest (AOI) on the original image (see Fig. 3a, which is
an image of a CHRJ droplet with an intact droplet boundary which
is not obscured by the soot shell surrounding it) and then calculating
the equivalent diameter D as D = (H �W)0.5 where H and W are the
height and width, respectively, of the ellipse AOI. Threshold filtering
[30] was not used for the images analyzed in this study because the
fuels investigated produced a significant amount of soot. An exam-
ple showing development of the soot shell around a burning Jet-A/
CHRJ blend is shown in Fig. 3b. Progressive thickening of the shell
as in Fig. 3b and c illustrates the challenge of data analysis. Here, soot
almost totally obscured the droplet, thus making any sort of auto-
mated procedure for image analysis impossible to apply [30].

Soot shell diameters were measured only when there were at
least three points on the outer boundary of the soot shell that could
identify points on the arc of the shell. In general, the neat CHRJ and
THRJ droplet burning process did not produce soot shells that to-
tally obscured the droplets, which indicated a reduced sooting pro-
pensity for these fuels compared to Jet-A or the blends examined.
The uncertainty of the measurement is estimated to be 3.4–12.6%
(found by dividing two times the thickness of the gray area, �10
pixels, by the measured droplet size, ranging from 290 to 80 pixels)
for the extremes in droplet size analyzed.

We have defined the flame diameter as the outer boundary of a
blue luminous zone that encloses the inner yellow (or orange)
zone, depending on the fuels. Fig. 3d and e shows representative
droplet flame images. The white dashed line in Fig. 3d outlines
the flame boundary reported in this paper. In some cases, oxidation
of soot aggregates inside the flame slightly distorted the symmetry
of the inner yellow flame. This effect is ignored because it does not
change the position and spherical symmetry of the outer blue zone
(see Fig. 3e).
3. Fuels studied

The fuels examined consisted of biofuels, aviation fuel, and an
aviation/biofuel blend: Jet-A (POSF4658) is the baseline aviation
fuel against which comparisons of performance are made; CHRJ
(POSF6152) and THRJ (POSF6308) were manufactured from came-
lina and tallow, respectively, and developed specifically for jet pro-
pulsion use; and an equal-volume mixture of Jet-A and CHRJ was
examined because the equal-volume blend was previously em-
ployed in flight tests on production aircraft [6,7]. The fuels exam-
ined in the present study are all obtained from the Wright
Patterson Air Force Base in Dayton, Ohio (USA). A previous study
reported on the droplet burning history of Jet-A [31] which is used
in the present study for comparison. Three repetitions were carried
out for CHRJ and THRJ, and only one experiment is reported for the
blend of Jet-A and CHRJ.

Some fuel property characteristics are shown in Table 1 and
Fig. 4. CHRJ and THRJ have larger carbon numbers for their average
chemical formula than does Jet-A which is consistent with our gas
chromatography/mass spectrometry (GC/MS) analyses (using an
Agilent 5973N GC/MS System with an electron impact detector
(EID)). The lower boiling point range of the HRJ fuels compared
to Jet-A as listed in Table 1 is consistent with Jet-A including hea-
vier hydrocarbons over the whole boiling point range, while the
HRJs consist mostly of iso-paraffins.

Fig. 4a shows our representative GC/MS traces for the three
fuels examined while Fig. 4b indicates the fractional amount of
several broad chemical classes (from [12,33]). The distribution of
compounds in Jet-A is different from CHRJ and THRJ. Prominent
n-paraffin peaks are indicated for Jet-A with the peaks covering a
wider range of carbon number compared to CHRJ and THRJ. CHRJ
and THRJ are similar to each other in terms of overall peak distri-
butions and range of carbon numbers, except for slightly larger
peaks for THRJ after a 10 min retention time. These larger peaks
for THRJ are normally iso-paraffins larger than iso-C13, but they
were difficult to distinguish from each other in a large pool of iso-
mers using GC/MS analysis. Jet-A has a comparatively high aro-
matic content while the biofuels have virtually no aromatics
(Fig. 4b). As such, we expect soot formation to be less for the bio-
fuels compared to Jet-A, which would be manifested by thicker Jet-
A soot shells compared to the biofuels. Moreover, CHRJ has 10% of
cyclo-paraffins compared to 2% for tallow (see Fig. 4b) so we antic-
ipate that CHRJ should be slightly more sooty than THRJ.
4. Results and discussions

4.1. Flame structure and sooting dynamics

Fig. 5 compares the flame structures for the HRJs examined with
the Jet-A observations of Liu et al. [31]. The times are referenced to
the approximate ignition point. The flames consist of the typical



Fig. 3. Illustration of the image analysis applied to BW and color images: (a) droplet diameter measurement; (b) soot shell diameter measurement with the soot aggregate
still forming a shell-like shape; (c) a BW image showing when a soot shell diameter is not measurable due to lack of a circular shape; (d) a typical color image for a flame
showing that the flame diameter is defined as the outer boundary of the blue zone; (e) an image of an asymmetric yellow core as a result of irregularly shaped glowing soot
aggregates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Selective properties of the fuels investigated in this study.

Jet-A (POSF4658) CHRJ (POSF6152) THRJ (POSF6308)

Formula C10.17H19.91
a C11.27H24.446

b C12.271H26.412
b

M.W. (g/mole) 142a 160b 174b

q (kg/m3) @ 24.6 �Cc 800 743 750
Cp,L (kJ/kgK)d 1.955 2.034 1.978
kL (W/mK)d 0.096 �0.108 �0.124
Boiling point (�C) 205–300f 151–259g 165–255g

Freeze point (�C) <�40f <�77g �62g

Flash point (�C) >38f 43g 55g

Smoke point (mm)g >19 50 >40
H/C ratio 1.957a 2.169b 2.152b

me 15.15 17.38 18.87
DHc (MJ/kg)b 42.8 44.3 44.1

a Ref. [32].
b Ref. [9].
c Measured using a digital density meter (Toledo Mettler DA-100).
d Ref. [13] using the value evaluated at 25 �C.
e Calculated from the molecular formula by assuming complete combustion.
f Ref. [38].
g Ref. [12].
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inner yellow core enclosed by an outer blue zone. The yellow zone
is indicative of incandescence of soot aggregates that reside be-
tween the droplet and flame. The two horizontal needle-like glows
in each of the images are due to interactions between the flame
and support fibers.

It is evident that Jet-A droplets have the brightest flames. This
effect is consistent with the high aromatic content of Jet-A as noted
previously. The HRJs do show some luminosity, though, as they
contain soot-producing components (e.g., iso-paraffins). Flames
for CHRJ are slightly brighter than THRJ, which is consistent with
the fact that CHRJ is comprised of 10% cyclo-paraffins while THRJ
has only 2%.
The sooting dynamics are clearly shown in the backlit images of
Fig. 6. The soot aggregates formed during combustion are trapped at
radial locations where the thermo-diffusiopheretic forces on them
balance [34], which gives rise to the shell-like configuration shown
in the photographs. The fiber supports somewhat influence the
aggregation, coagulation, and symmetry of the soot shells (cf.
Fig. 6, note the lower hemisphere of CHRJ and THRJ at 0.2 s and
0.4 s). However, the effect is not as dramatic as for droplets attached
to the end of single fibers with much larger fiber diameters [29].

It is seen that Jet-A forms thicker soot clouds compared to the
equal-volume blend or the neat HRJs, which is believed to be due
to Jet-A’s higher aromatic content as noted previously. With thick



Fig. 4. (a) GC/MS peaks for Jet-A (POSF4658), CHRJ (POSF6152), and THRJ (POSF6308); (b) hydrocarbon class distribution for Jet-A [33], CHRJ, and THRJ [12] with numbers
provided.
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soot shells and brighter flames, a droplet can become obscured
which will challenge the ability to measure the droplet diameter
(D in Fig. 1). The lower sooting propensities for the HRJs shown
in Fig. 6 better reveal the evolution of the soot shell that is ideal-
ized in Fig. 1. Comparisons of sooting propensities for Jet-A and
HRJs are found to be qualitatively consistent with the smoke point
values provided in Table 1 (higher smoke points correspond to
lower sooting propensities).
4.2. Quantitative measurements

The evolution of the droplet diameter is a measure of how fast a
liquid fuel is consumed (i.e., its ‘‘evaporation’’ or ‘‘burning’’ rate).
The burning rate is an important parameter that characterizes per-
formance of a fuel in a practical engine environment. For the spher-
ically symmetric case, the burning rate is a limit parameter to
which the effect of convection must revert when convection effects
are eliminated. The influence of the complex swirling and turbu-
lent motion typical of a real engine environment is completely ab-
sent under the conditions of the present study which is the base
case for liquid fuel burning.
Longstanding theories of droplet burning for the simplified sit-
uation shown in Fig. 1 related the burning rate, K, to the evolution
of droplet diameter, D (or more accurately stated D2) as [24,35]:

D
Do

� �2

¼ 1� K
t

D2
o

 !
ð1Þ

where D is the droplet diameter (mm), t is time (s), and K is the
burning rate (mm2/s) which should theoretically be independent
of Do. Since Do was essentially constant for the data reported here,
the effect of Do is not examined. Fig. 7 displays all of the measure-
ments of droplet diameter in the coordinates of Eq. (1). The HRJs are
very close to one another and suggest no substantive differences in
burning rates between CHRJ and THRJ. The Jet-A measurements
show a slightly slower burning process for some of the runs for this
fuel. The lack of data (after t/D2

o = 0.8 (s/mm2)) for the one run of the
equal-volume mixture (green stars) arises because most of the
droplet boundary was obscured by the surrounding thick soot shell
in this particular experiment.

Fig. 8 more clearly compares the HRJs examined with Jet-A with
the data averaged from Fig. 7. No significant differences in the evo-
lution of D2 over the first 0.8 s/mm2 are noted. The data for CHRJ



Fig. 5. Selected color images showing evolutions of outer appearances of spherical droplet flames for Jet-A (POSF4658) [31], CHRJ (POSF6152), THRJ (POSF6308), and an
equal-volume blend of Jet-A and CHRJ.

Fig. 6. Selected BW images showing evolutions of soot structures in the spherically symmetric flames of Jet-A (POSF4658) [31], the mixture of Jet-A and CHRJ, CHRJ
(POSF6152), and THRJ (POSF6308).
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and THRJ almost align perfectly throughout the entire combustion
process. And for the Jet-A/CHRJ blend the data are almost coinci-
dent with Jet-A, indicating that adding HRJ to Jet-A does not appre-
ciably alter the evolution of (D/Do)2. There are, however,
differences in sooting dynamics as noted previously (Fig. 6). This
may suggest that the formation of soot itself might not exert a
strong influence on the thermal and chemical effects on which
the evaporation rate depends. Further work is needed to better
understand this effect.

Fig. 9 compares the burning rates among the fuels examined.
The data of Fig. 8 are correlated with a fourth order polynomial
fit from which the derivative is taken to obtain the burning rate
(other polynomial fits to data like those shown in Fig. 8 have been
considered [36]). The conformance of the burning rates over most
of the burning history is evident. The burning rates initially
increase during the transient droplet heating process (t/D2
o < 0.8

(s/mm2)), then appear to reach a quasi-steady value between
0.8 s/mm2 < t/D2

o < 1.2 s/mm2 for each fuel where they are rela-
tively constant. That the burning rates of CHRJ and THRJ are quite
close is consistent with their compositions being similar (cf. Fig. 4).
Interestingly, the burning rate of Jet-A is close to the HRJs during
the initial droplet heating period but is noticeably lower in the
quasi-steady period. Compounds in Jet-A with higher boiling
points (e.g., aromatics or paraffins with large molecular weights)
can lead to lower burning rates.

Fig. 10 shows evolutions of flame diameters for the fuels inves-
tigated. The measurements are scaled with the instantaneous
droplet diameter to give a ‘‘flame standoff ratio’’, FSR = Df/D, which
is a measure of the relative position of the flame to the droplet. The
classical theory of droplet burning [24,35] shows that Df/D should



Fig. 7. Evolution of measured droplet size (D2 plot) during combustion for the fuels
investigated in this study. This plot includes data from all the individual
experiments.

Fig. 8. Evolution of averaged D2 data from Fig. 7 for each fuel.

Fig. 9. Evolution of burning rate K (mm2/s) calculated by taking the derivative of a
4th order polynomial fitted to the averaged D2 data shown in Fig. 8.

Fig. 10. Evolution of flame standoff ratio (FSR = Df/D) for all the fuels investigated in
this study.
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be constant. This is clearly not the case for the data in Fig. 10,
which reflects an unsteadiness in the burning process that is per-
sistent throughout the burning history. The relative position of
the flame to the droplet surface is reasonably close for Jet-A and
the biofuels examined, reflecting a thermo/chemical dynamic that
is consistent with the conformance of burning rates noted previ-
ously (cf. Figs. 8 and 9).

The relative position of the soot shell to the droplet surface (Ds/
D), or the ‘‘soot standoff ratio’’ (SSR), is shown in Fig. 11. The SSR is
the most difficult quantity to measure especially when the aggre-
gates form thick soot shells (cf. Fig. 6). Given this fact, the SSR data
in Fig. 11 suggest a similar relative position of the soot cloud to the
droplet surface. The SSR trends are reasonably close for t/D2

o < 0.9 s/
mm2, and the SSR for the Jet-A/CHRJ blend is between that of Jet-A
and CHRJ reflecting a dilution effect. Near the end of burning it is
more challenging to assume a definite geometrical shape to the
soot cloud because of the thickening of the cloud and coagulation
of aggregates into a contiguous and self-supported structure that
is less influenced by the forces acting on the aggregates. Nonethe-
less, the broad trends for the fuels examined are consistent with
each other later in the burning process.

Fig. 12 shows a bubble inside of a THRJ droplet at 0.45 s and
0.46 s. At 0.47 s, the droplet diameter is noticeably smaller sug-
gesting a sudden escape of the bubble from the liquid mass over
a time interval shorter than 0.005 s. The droplet diameter data dur-
ing bubble formation are removed from Figs. 7 and 8 since they do
not represent the actual diameter of a ‘‘liquid’’ droplet. Since the
droplets were supported by solid (albeit rather small) structures
and HRJs are highly multi-component blends with components
that have a range of boiling points, the potential for an internal
superheating effect that could lead to bubble formation is viable.
Furthermore, diffusion of volatile and condensable combustion
products to the droplet surface and their subsequent dissolution
in the droplet could contribute to this effect of trapping volatile
species inside the droplet as the droplet heats up during
combustion.



Fig. 11. Evolution of soot standoff ratio (SSR = Ds/D) for all the fuels investigated in
this study. This plot includes data for all individual runs.
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4.3. Effect of fuel properties on droplet burning

Even though the biofuels examined here have different chemi-
cal compositions (Fig. 4) and sooting propensities (Fig. 6), their
burning rates are similar to Jet-A. Such a result is qualitatively con-
sistent with full scale turbine tests [6] in which HRJs were sub-
jected to a far more complex burning environment than
examined here. No significant differences were found in engine
performance.

From the perspective of the classic droplet combustion theory
[35], the burning rate K (mm2/s) is predominantly proportional
to fuel properties as:

K / kg

qLCp;g
ð2Þ

where kg is an average gas thermal conductivity, qL is liquid density,
and Cp,g is an average specific heat of the combustion gas. The gas
properties are not easily estimated for the fuels examined in this
study due to the complexity of the compositions. The representative
data in Table 1 shows small differences between the fuels. The dif-
ficulty of the classical theory is the assumption of constant proper-
ties that necessitates determining suitable average properties for
prediction. If it is assumed that the gas phase properties will not
vary significantly, the liquid density in Eq. (2) becomes controlling
as K � 1/qL. The liquid density for the Jet-A used in this study (cf.
Fig. 12. Selected BW images of a THRJ droplet flame showing the effect of internal bubbl
The droplet at 0.47 s is noticeably smaller, most likely because of ejection of a bubble
legend, the reader is referred to the web version of this article.)
Table 1) is slightly higher than the liquid densities for the HRJs, indi-
cating lower burning rates for Jet-A. This prediction is broadly con-
sistent with the burning rates obtained from the experiments
during the quasi-steady period (KJet-A/KHRJs � 0.92 compared to (1/
qL,Jet-A)/(1/qL,HRJs) � 0.93). The lower burning rate for Jet-A in the
quasi-steady period can also be attributed to its lower heat of com-
bustion compared to the HRJs. It is also noted that the lower heat of
combustion of Jet-A can be related to its higher aromatic content,
and the presence of these aromatics leads to soot formation (thus
a lower burning rate) which could make Jet-A a less efficient fuel
than the HRJs. This observation is also consistent with flight test
observations for Jet-A and the HRJs [6].

Regarding the FSR, insights into the influence of parameters is
obtained from a modification of the classical theory by Aharon
and Shaw [37] which shows that:

HHRJ �
FSRHRJ

FSRJet-A
�

qL;HRJ

qL;Jet-A

 !
KHRJ

K Jet-A

� �
mHRJ

mJet-A

� �
MWJet-A

MWHRJ

� �
ð3Þ

where m is the stoichiometric ratio under the assumption of com-
plete combustion, CmHn + mO2 = mCO2 + (n/2) H2O (m = m + n/4).
With the data from Table 1, HCHRJ and HTHRJ are found to be 1.07
and 1.04, respectively, meaning that CHRJ and THRJ flames should
be further from the droplet than Jet-A flames. This small difference
is consistent with Fig. 10.

The results presented here show that the spherically symmetric
flame configuration provides a useful quantitative comparison for
the combustion performance of Jet-A and HRJs. The trends found
from the experiments are surprisingly consistent with tests re-
ported in the literature in practical engine systems and flight eval-
uations of these fuels.
5. Conclusions

The droplet combustion characteristics of hydroprocessed bio-
fuels derived from camelina and tallow were studied in an environ-
ment that promotes spherical droplet flames, and the results were
compared to a conventional aviation fuel, Jet-A. The results are as
follows:

(a) The biofuels examined have a much lower sooting propen-
sity than Jet-A that tracks with their lower biofuel aromatic
content.

(b) Despite their sooting and fuel property differences, the bio-
fuels and Jet-A have very similar behaviors in terms of their
burning histories, burning rates, and the evolutions of the
flame and soot standoff ratios.

(c) An equal-volume blend of camelina and Jet-A had sooting
propensities intermediate between Jet-A and camelina bio-
fuel showing the effect of dilution.
e formation on the soot shell and droplet. The bubble is indicated by the red arrow.
from the liquid droplet. (For interpretation of the references to color in this figure
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(d) The results presented here that are based on the fundamen-
tal spherically symmetric droplet flame configuration are
qualitatively consistent with observations from full scale
flight and engine tests that showed similar performances
among the fuels examined, thereby suggesting that individ-
ual droplets can provide insights into burning under com-
plex transport conditions, with the spherically symmetric
configuration being the most basic for liquid fuel
combustion.
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