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This study presents an experimental effort and detailed numerical simulation of the burning process of an
ester-based biodiesel fuel droplet – methyl decanoate (MD). The experiments are carried out using test
droplets that are anchored to small SiC support structures (14 lm diameter) and that burn in an ambi-
ence subjected to a low gravity level to promote spherical symmetry in the droplet burning process.
The initial droplet diameters are 0.53–0.57 mm and the combustion gas is normal atmospheric pressure
air. A detailed numerical simulation of the burning process is also presented that features detailed MD
combustion chemistry, radiative heat transfer, species diffusion, and phase change effects to predict
the evolution of droplet and flame diameter. The analysis also incorporates a model for heat transfer
through the droplet support structure.

Predicted droplet and flame diameters are shown to agree within the range of uncertainty of the exper-
imental data lending support to the transport model and combustion kinetics incorporated in the simu-
lation. Effects of the tether fiber’s size, thermal conductivity, and Nusselt number on the droplet burning
data are also examined. Results show that the fiber properties within the range investigated in this study
do not significantly affect the burning process. Species and temperature distributions during the transient
process of MD droplet combustion are detailed in this study. These comparisons and predictions for
multi-phase combustion of MD that have not been seen in the literature provide validation for MD mod-
els associated with chemical kinetics and multi-physics and are therefore valuable for the study of ester-
based biodiesel combustion.

� 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Liquid fuels have dominated transportation systems for over a
century and they will continue to do so for decades to come
[1,2]. Sustainable energy technologies (e.g., wind, solar, electric)
are not at the stage where they will significantly impact liquid
transportation fuel use. While such sustainable concepts are being
developed, improvements in the efficiency of the internal combus-
tion engine stand to have an immediate impact on reducing trans-
portation fuel consumption and combustion emissions. Of the two
main engine types – compression (CI) and spark ignition (SI) – the
efficiency of CI engines is higher (i.e., 40–50% for CI compared to
25–30% for SI). As such, diesel power has the potential for an
immediate impact on petroleum consumption, especially when
conventional diesel is blended with bio-diesel fuels [3–5].

Blending diesel fuel with a fuel derived from sustainable
sources will have an immediate impact on petroleum consumption
ion Institute. Published by Elsevier
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[6,7]. First generation biodiesels derived from vegetable oils such
as soybean and rapeseed oils are typically produced by reaction
of the bio-oil with an alcohol (e.g., methanol, ethanol, etc.) to form
methyl ester mixtures (the ‘‘biodiesel’’) and glycerol [8,9]. Consid-
ering as an example rapeseed oil as the biofeedstock, the rapeseed
methyl ester (RME) biodiesel that results from this process is con-
sidered to be comprised of five mostly unsaturated C17 to C19

[10,11] or C14 to C22 methyl esters [12].
The complexity of biodiesels makes it difficult to develop oxida-

tion schemes and physical property estimates needed to carry out
numerical analysis of in-cylinder combustion processes [3,13], and
a thorough knowledge of fuel property and combustion chemistry
effects is also needed. Moreover, it is difficult to perform funda-
mental experiments to develop the kinetic models because of the
difficulty in producing fully pre-vaporized fuel/oxidizer mixtures
and in sampling the intermediates produced during combustion.
Surrogates are an attractive, if not necessary, alternative to allevi-
ating these concerns. Surrogates are blends of well-characterized
components that represent broad chemical classes of a real fuel,
with the fractional amounts of the constituents chosen to replicate
Inc. All rights reserved.
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Fig. 1. Schematic of a spherically symmetric droplet flame.
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certain combustion ‘‘targets’’ of the real fuel [14,15]. Much work
has been reported to develop the combustion chemistry of biodie-
sel surrogates.

Methyl butanoate (MB, boiling point of 375 K) combustion
chemistry was originally developed by Fisher et al. [16] because
of MB’s potential as a biodiesel surrogate. It was subsequently con-
sidered that MB is too simple to simulate biodiesel as it does not
represent its autoignition characteristics, particularly at low tem-
peratures [17,18]. Herbinet et al. [11] noted that the larger methyl
decanoate molecule (MD, boiling point of 497 K) better repre-
sented the kinetics of RME for the jet-stirred reactor (JSR) data of
Dagaut et al. [12] than did smaller methyl ester molecules (e.g.,
MB). Most recently, the MD combustion kinetics was improved
to include both high and low temperature oxidation chemistry
[17].

The development and evaluation of biodiesel surrogates was
previously carried out with combustion targets derived from gas-
eous/pre-vaporized fuels using experimental designs that pro-
moted zero-dimensional (homogeneous) or one-dimensional gas
transport. The experimental configurations include shock tubes
(ST), counterflow flames (CFF), and JSR and flow reactors (FR) all
of which figured prominently in the development of MD combus-
tion chemistry when coupled with detailed numerical simulation.
For example, Gaïl et al. [17] reported computational simulations
of JSR, FR and a premixed CFF to guide modifications of a previ-
ously developed kinetic mechanism for MB. And Sheshadri et al.
[18] used the MD combustion kinetics presented in [11] to predict
ignition and extinction conditions of MD for a non-premixed CFF.

No studies have provided a detailed account on the efficacy of
the oxidation chemistry of biodiesels to predict targets derived
from combustion of a liquid biodiesel. A first step is to select an
appropriate configuration to develop combustion targets from a li-
quid fuel combustion configuration that can be modeled, and for
which the targets can be accurately measured. A second step is
to apply a detailed numerical simulation of the configuration to
predict the targets and compare with measured values. The pres-
ent study accomplishes both objectives.

Regarding a suitable combustion configuration for liquid fuels,
at one extreme is the stochastic in-cylinder environment of a CI en-
gine, which incorporates a swirling and turbulent motion that is
extremely difficult to model. Sprays set the initial conditions for
engine combustion but simulating a burning spray is currently be-
yond the scope of detailed numerical simulation owing to multi-
phase and moving boundary behavior and interaction effects
among the constituent droplets. For example, biodiesel combus-
tion in an engine with spray injection was simulated [3,13] using
the KIVA-ERC-Chemkin code [19,20] with sub-models to predict
soot and NOx emissions, and which identified the importance of va-
por heat capacity and liquid density. A motored Co-operative Fuel
Research (CFR) engine was simulated [21,22] with the combustion
chemistry taken from [10] to investigate the auto-ignition, heat re-
lease, and CO and CO2 emissions of pre-vaporized MD delivered
through a fuel intake design that minimized the presence of drop-
lets in the engine and produced a premixed gas stream. The results
explained the comparatively high CO2 levels at low compression
ratios compared to conventional diesel fuels. This same combus-
tion chemistry was later found to represent well extinction and
ignition of MD in a laminar non-premixed counterflow configura-
tion with appropriate modifications [18].

At the other extreme is a combustion configuration that incor-
porates a tractable fundamental geometry and laminar conditions
so as to permit detailed simulations of the combustion event. The
corresponding canonical geometry for liquid fuels is that of an iso-
lated droplet burning under conditions where there is no relative
velocity between the droplet and surrounding gas, and for which
the flow is created entirely by the evaporation process. Under these
conditions, the streamlines of the flow will be radial and a one-
dimensional gas phase symmetric condition will be created. The
flame will then be spherical and concentric with the droplet. Fig-
ure 1 shows this configuration.

The relevance of the configuration of Fig. 1 has been established
by Sirignano [23] (and many others) who noted that the spherically
symmetric droplet burning configuration incorporates many fun-
damental physical processes that remain even as the flow field be-
comes complex (e.g., as in sprays), including transient heat
conduction and mass diffusion, phase equilibrium at the interface
and the moving boundary of the liquid surface. Combustion targets
in Fig. 1 that can assist these efforts include the evolution of flame,
droplet diameter and burning rate [24,25]. If the fuel under consid-
eration produces soot, the proximity of the soot shell to the droplet
(not shown in Fig. 1) provides another target. And if the flame
extinguishes, the droplet diameter at extinction is an important
metric to identify extinction mechanisms [26].

The radial symmetry shown in Fig. 1 facilitates incorporating
complex processes in modeling that would otherwise be prohibi-
tive to include, such as variable property effects (both temperature
and compositional dependencies), radiative losses from the flame,
and complex combustion chemistry, all of which are well beyond
the assumptions of the classical theory of droplet combustion
[23]. In this way, important characteristics of droplet burning can
be modeled that are still relevant beyond the simplified configura-
tion shown in Fig. 1. For example, the ignition delay time of MD
droplets has been measured at elevated ambient temperatures
[27] to identify mechanisms for the increase of NOx often found
for biodiesels. These mechanisms are intrinsic to the combustion
process and are expected to carry over to more complex droplet
evaporation configurations. A numerical analysis of spherically
symmetric droplet burning for methanol [26] showed the influence
of CO2 as an inert in the ambient gas on the mechanism for extinc-
tion as diffusive or radiative, as well as the influence of initial drop-
let size on the droplet diameter at extinction.

In the present study, we report the results of an experimental
and numerical study of MD droplet burning under conditions de-
signed to promote the configuration of Fig. 1. The results presented
here show the extent to which a new MD oxidation kinetic scheme
[28] is able to simulate measured droplet targets for the configura-
tion of Fig. 1, and to offer new insights on the MD burning process
for a range of conditions. The experimental conditions reported
here are the following: 0.53 mm < Do < 0.57 mm; T1 = room value
and P1 = 1 atm.

The outline of the paper is as follows. Section 2 presents the
experimental design. The numerical analysis is described in Sec-
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tion 3. Representative images showing the droplet and flame struc-
ture are discussed as well as the experimental and numerical re-
sults are discussed in Section 4.
2. Experimental design and procedures

The experiments are carried out using a design that restricts
physical motion of the droplet to produce a very small Reynolds
number (Re ¼ Ur D

m , where the relative velocity Ur = |Ud � U1|), and

under conditions where the Rayleigh number, Ra ¼ gbðTf�TdÞD3

am , is
also small as promoted by carrying out the experiments in a low
gravity environment. The experiment is based on a design de-
scribed previously [25,29,30] and only a brief discussion is pre-
sented here.

The experiment involves deploying isolated test droplets onto
very small support fibers in a stagnant ambience in a sealed cham-
ber, then releasing the chamber with deployed droplet and associ-
ated instrumentation into free fall. During the fall, the test droplet
is ignited and the burning history is recorded. Figure 2 is a sche-
matic of this process. The gravity level in the moving frame of ref-
erence is commensurate with the air drag around the free-fall
package. A gravity level of approximately 10�4 of Earth’s normal
gravity is achieved by housing the instrumentation package in a
larger chamber which is also in free fall so that the inner package
falls relative to the outer package.

The droplets are deployed onto the intersection of two 14 lm
diameter SiC fibers crossed at approximately 60� to prevent the
droplets from sliding along the fibers while they burn. The droplets
are deployed onto the fibers by directing a droplet stream from a
piezoelectric generator onto the fibers, and the droplet diameter
of interest is developed by successive collisions of droplets with
the fiber. For the experiments reported here, the initial droplet
diameters (Do) examined are 0.53–0.57 mm.

The droplets are ignited by two sparks generated across two
electrode pairs positioned on opposite sides of the droplet (though
we have also ignited the test droplets by a hot wire arrangement
[29]). The sparks were activated approximately 300 ms after the
chamber was released into free-fall and were kept on for 800 ls.
The lowest energy to the electrodes that could still ignite the drop-
lets was employed in order to reduce the disturbance of the sur-
rounding gas by the spark. The spark energy to ignite the drops
was estimated (very approximately) based on formulations appro-
Fig. 2. Illustration of the sequence of droplet deployment, package release, spark
ignition, retraction of the spark electrodes for the experiment.
priate to the spark circuit employed to be on the order of 0.1 J for
the particular geometrical arrangement of the electrode position
and fuel of the present investigation.

The energy dissipated by the spark could influence the initial
period of burning by its impact on the temperature of the gases in
the immediate vicinity of the droplet. After ignition, the electrodes
are immediately retracted to eliminate their influence on the ther-
mal field surrounding the droplet. More than the spark energy, it
was found that the electrode reaction process influenced the flow
field by the shear-induced motion of the linear retraction [25].

Cameras provided the primary diagnostic equipment to record
the droplet burning process. From this information the evolution
of droplet and flame diameters are obtained. These more physical
targets provide an indirect link to the combustion chemistry that
more direct measurements of the evolution of species produced
during the burning process could provide. The challenge of carry-
ing out the experiments under free-fall conditions restricted the
diagnostics that could be brought to bear on the droplet burning
process. In particular, the evolution of the droplet combustion
chemistry (e.g., distribution of species produced around the drop-
let) was not measured. Nonetheless, the data reported still provide
a rigorous test of droplet burning models. Such an effort is further
discussed in Sections 3 and 4.

A color camera was used to record the structure of the flame
(Hitachi, HV-C20, 3CCD 0.3 MP/frame camera operated at
30 frames/s and a shutter speed of 1/250 s, fitted with a Nikkor
135 mm f/2.0 lens (f-stop = 2.8 is used) and two Kenko 36 mm
extension tubes). A black and white (BW) camera (Canadian Pho-
tonic Labs, MS-80 K, 3.9 MP/frame camera operated at
200 frames/s and a shutter speed of 1/5000 s, fitted with a
90 mm Olympus Zuiko f/2.0 lens (f-stop = 5.6), an Olympus OM
telescopic Extension Tube 65–116 mm (fixed at 100 mm) and a
Vivitar MC teleconverter) provided photo-quality images of the
backlit droplet. The backlighting is provided by a 1-Watt LED lamp
(Black Diamond, LTD.).

A frame-by-frame analysis of the video images was used to ob-
tain quantitative measurements of the droplet diameters using an
automated MATLAB-based algorithm that loads a series of consec-
utive images and applies an ellipse fitting routine to the droplet
boundary. Details are given in [31]. Flame diameter (Dflame) mea-
surements were made with more manual input using CorelDraw
9. The procedure involved placing a digital circle on an image
and adjusting its size to provide a best-fit diameter. The measure-
ments provide dimensions of the object in pixels which were con-
verted to millimeters with a calibration ball (a 0.79 mm diameter
tungsten carbide ball bearing, Salem Specialty Ball Company) that
was recorded under identical lighting conditions. It should be
noted that the flame diameter measurements are far more uncer-
tain than the droplet diameter measurements owing to the diffi-
culty of identifying the actual boundary of the outer luminous
zone. This is reflected in the uncertainty bars of the flame diameter
data discussed in Section 4.2.

3. Numerical analysis

The classical theory of droplet burning [23] incorporates a num-
ber of assumptions that, ultimately, have proven in recent years to
be deficient. These include assuming a quasi-steady behavior of the
gas phase, constant properties, negligible radiation, a single step
reaction at the flame, and no soot formation. Nonetheless, the clas-
sical result still qualitatively (but not quantitatively) predicts the
physics of the process for some elements of the burning process,
for example that burning rates qualitatively scale inversely with li-
quid density.

Comprehensive numerical treatments of the base case of Fig. 1
have been presented that extend considerably the classical assump-
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tions and provide for a higher degree of fidelity when compared
with experiment. For example, Cuoci et al. [32] used a finite volume
approach to solve the governing equations of mass, momentum,
species and energy with gray-gas radiative effects. Kroenlein [33]
used the conservation equations in integral form along with sub-
models for the combustion kinetics, non-luminous radiation and a
detailed methodology to predict thermophysical properties to sim-
ulate the burning process of methanol and ethanol droplets.

Methanol droplet combustion has been modeled including con-
ditions to promote extinction and the mechanisms associated with
the influence of support fibers on the droplet burning process by
Farouk and Dryer [26,34]. In the present investigation, we adopt
this approach to model combustion of MD droplets and compare
the results with the experiments described previously. For the sake
of completeness a brief description of the model is provided here.
The model considered here assumes local thermodynamic equilib-
Fig. 3. Color images showing evolution of MD droplet flame. The initial diameter Do of th
equivalent ellipse) was determined; outer luminous (blue) zone was used for flame boun
referred to the web version of this article.)

Fig. 4. Back-lit images of the droplet (the black object) obtained by the BW high spe
Do = 0.56 mm.
rium and low Mach number. Species and energy conservation
equations for the control volumes in both phases are:
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Fig. 5. Evolution of droplet diameters for MD combustion. Black (open symbol) data
are the original five individual experiments and the red (closed symbol) data are the
averaged values from the five runs. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Flame standoff ratios (FSR = Dflame/D) of MD droplet flames. Black (open
symbol) data are from five individual runs and red (closed symbol) data are the
averaged values from the five runs. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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where yi = mass fraction, q = mass density, r = radius, u = bulk fluid
velocity, _r = velocity of the control volume boundary, Vi = diffusion
velocity, _xi = rate of species production due to chemical reaction,
h = enthalpy per unit mass and q = heat flux. The heat flux q repre-
sents here a lumped term, with contributions from chemical enthal-
py of diffusing species, thermal conductive heat transport, radiative
heat transport and the Dufour effect. Sloss/gain due to fiber is the loss and
gain due to the presence of the tether fiber.

Equations at the liquid–gas interface arise either through satis-
faction of thermodynamic constraints or conservation of material
fluxes:

yiðqu� q_rÞjþ� ¼ �yiqVijþ� ð4Þ
X

i2liquid

hvap;i½yiðqu� q_rÞ þ yiqVi�þ ¼ �qjþ� � qfiber ð5Þ

X
i2gas

yi;þ ¼ 1;
X

i2liquid

yi;� ¼ 1; and Tþ ¼ T� ð6Þ

xi;þp ¼ xi;�ciðT; xj;�Þpvap;iðTÞ ð7Þ

where hvap,i = enthalpy of vaporization, p = system pressure,
T = temperature, xi = mole fraction, ci = activity coefficient and pvap,-
i = vapor pressure of the ith component in its pure state. The sym-
bols ‘+’ and ‘�’ denote location in the gas and liquid phase,
respectively. The heat flux q at the interface has contribution from
chemical enthalpy of diffusing species, thermal conductive heat
transport, radiative heat transport and Dufour effect. The qfiber rep-
resents the heat flux through a tethering fiber at the interface.

As the droplets are supported by fibers, a model for heat trans-
fer through the fiber previously developed [26,34] was also incor-
porated into the numerical analysis to assess the effect of the fiber
on the predicted results. Heat transfer through the tether is ana-
lyzed by a model that assumes a one dimensional thermal system
(justified on the basis of the Biot number (based on fiber radius)
being very small) with conductive heat transfer in the solid phase
of the fiber and radiative transfer and convective heat transfer
interactions with the surrounding gas phase. The convective heat
transfer on the fiber surface is modeled by using a Nusselt number
correlation associated with the local Stefan flux, and feeds into the
main domain in every time step (see [34] for details). Although
some literature has already experimentally shown that the effect
of SiC fibers on the droplet burning process can be insignificant
[25], effects of fiber sizes, thermal conductivities and Nusselt num-
bers associated with heat transfer through the fiber were nonethe-
less incorporated in the model to assess the potential influence of
these parameters.

The model as formulated and executed here amounts to a de-
tailed numerical simulation of the burning process for the configu-
ration of Fig. 1, which is currently the only liquid fuel burning
process that is amenable to this level of numerical detail and pre-
cision. The main adaptation of the present study is to incorporate
the combustion kinetics of MD described in [28], and to use phys-
ical properties in the simulation that are appropriate to MD. The
combustion kinetics of MD used in the current investigation have
been compared and validated against experimental results from
shock tube, jet-stirred reactor, and counterflow burner [28]. This
study further incorporates some multi-phase aspects into the pre-
viously developed gas phase oxidation schemes to approach the
droplet burning problem. The combustion chemistry incorporates
238 species and 1244 reaction mechanisms. As such, 238 individ-
ual species conservation equations are solved simultaneously
along with detailed formulations for radiative transfer and physical
property correlations. Since MD droplets only produce a minimal
amount of soot and no soot shell structure for the range of droplet
sizes investigated here (see Section 4.1), this influence was not
considered in the model.

In the numerical analysis, the volume boundaries for liquid and
gas phase are deliberately defined to coincide with the liquid–gas
interface. The gas phase domain is 200 times larger than the initial
droplet size and the outer boundary of it (far field) is constrained
by Dirichlet conditions (constant ambient composition N2/
O2 = 0.79/0.21 and T = 298 K).

Spark ignition is simulated by introducing a spherically sym-
metric high temperature region of trapezoidal shape with a peak
temperature of 2000 K located at the side of the droplet. The total
ignition energy used in the simulations is 1.1 J, which is also the
lowest possible energy that numerically triggered an ignition.
4. Results and discussions

4.1. Droplet flame configuration

Selected color and BW images of MD droplets are shown in
Figs. 3 and 4, respectively. The spherical flame shapes are main-
tained throughout burning. The two needle-like glows in Fig. 3
are due to the interaction between flame and fibers. The box and
circle superimposed on the images at 0.2 s and 0.5 s indicate the



Fig. 7. Evolution of averaged droplet diameters over the combustion process (the error bars show the standard deviations of the averaged data) – compared with simulations
of free floating droplet and with various fiber diameters Dfiber (kfiber = 5.2 W/mK and Nu = 0.36).

Fig. 8. Flame diameter evolution: experiments (the error bars show the standard deviations of the averaged data) vs. simulation with various fiber sizes (kfiber = 5.2 W/mK and
Nu = 0.36).
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means by which the flame diameters were determined as briefly
discussed in Section 2. As shown in Fig. 3, the flame color is almost
entirely blue until an inner yellow core is established after 0.1 s
which then slightly alters the asymmetry of the inner core.

Figure 4 shows a selected set of backlit images that illustrate
the evolution of the droplet (the black object) during the burning
process. As can be seen, the droplet boundary is fairly sharp. The
presence of the fiber does not seem to affect the droplet geometry
as the droplet remains nearly spherical (or circular on the 2-D
plane), except very near the end of the burning process.

Most obvious in Fig. 4 is the absence of a soot shell, indicating
that MD does not produce enough soot to form a shell structure
for the range of initial droplet diameters investigated here. The
precise mechanisms for the lack of soot formation for the combus-
tion of methyl ester molecules do not appear to be well understood
[17]. One perspective is that the C–O bonds in the oxygenated mol-
ecule remain intact during the ignition process so that there are
fewer C atoms available to make soot after ignition [35]. However,
if the oxygen produces CO2 (which it apparently will for MD [10])
the bonded oxygen in the ester may not be as effective to reduce
soot formation.

4.2. Quantitative data

Measurements of the droplet diameter (D) obtained from
images like those shown in Fig. 4 are normalized with the initial



Fig. 9. Evolution of averaged droplet diameters over the combustion process – compared with simulations of free floating droplet and with various thermal conductivities for
the fiber kfiber (the error bars show the standard deviations of the averaged experimental data). Dfiber = 14 lm and Nu = 0.36.

Fig. 10. Flame diameter evolution: simulation performed with free floating (no fiber) condition and with different thermal conductivity for the fiber. Dfiber = 14 lm and
Nu = 0.36.
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diameter (Do) and presented in Fig. 5 using the coordinates sug-
gested by the classical droplet combustion theory [23],

D
Do

� �2

¼ 1� K
t

D2
o

ð8Þ

where t is time (s) and K is the burning rate (mm2/s). Data from five
repetitions are shown along with the average of these runs. The
measurements show good repeatability.

There are two aspects of the data in Fig. 5 not part of the clas-
sical theory: the initial period in which the droplet swells as its
density drops due to being heated by the surrounding hot gases
from the flame; and the slight curvature of the evolution of droplet
diameter which indicates a time dependent burning rate (K(t)). In
the early period, the droplet heats faster than the fuel evaporates
to give the swelling effect. The data are more scattered in this per-
iod due to the disturbance attributed to the physical impact of the
spark ignition on the droplet. After this initial period, the predicted
(and measured) evolution of droplet diameter shows some slight
curvature which may be due to unsteady heating that persists
throughout burning.

The evolution of flame diameter as extracted from the color
images (cf. Fig. 3) is shown in Fig. 6, presented as the relative posi-
tion of the flame boundary to the droplet boundary (flame standoff
ratio, FSR � Dflame/D). The trends are again significantly different
from the classical theory [23] that predicts Dflame/D to be constant.



Fig. 12. Numerical results of deviation in burning rate K with various thermal conductivities for the fiber kfiber. (Dfiber = 14 lm and Nu = 0.36).

Fig. 11. Burning rate evolution: experiments (with error bars showing the standard deviations) vs. simulation with different fiber sizes Dfiber. (kfiber = 5.2 W/mK and
Nu = 0.36).
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Due to the lower resolution (0.3 MP/frame) of the color camera and
greater difficulty of identifying the flame boundary (taken as the
outer luminous zone as discerned manually), there are fewer flame
diameter data, and with larger uncertainty, compared to the drop-
let diameter measurements (Fig. 5).

4.3. Comparison of measurements with numerical simulation

The results predicted using the comprehensive droplet combus-
tion model outlined in Section 3 are compared with the data dis-
cussed in Section 4.1 and then used to simulate additional
conditions to provide new insights into the MD droplet burning
process. The comparisons with the measurements include the evo-
lution of droplet and flame diameter.
Figure 7 compares the simulated evolution of droplet diameter
with the experimental values. The standard deviations (vertical
bars) pertaining to each averaged data point (black open circle)
are calculated from the data for the five individual experiments
of Fig. 5. Numerical results are shown for three different fiber sizes:
Dfiber = 14 lm; Dfiber = 7 lm; and Dfiber = 0 (‘‘free floating’’, where
the droplet is not supported by any fiber structure (blue line)).

As shown in Fig. 7, the three numerical results with various fi-
ber conditions are extremely close to one another, with the free
floating prediction being closest to the experimental data. This
suggests that fibers with such small diameters are not a significant
factor to affect the droplet burning history until the very end of
burning where the fiber size becomes relatively large compared
to the droplet size. Numerical results are very close to the lower



Fig. 13. Effect of Nusselt number on the burning rate K with various thermal conductivities for the fiber (Dfiber = 14 lm).
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limit of the error bars of experimental data though there is still
some visible difference at the end of burning. This difference might
be caused either by the determination of ignition time for both
experimental and numerical cases, by the ignition energy used as
the spark energy in the experiments could not be accurately mea-
sured and provided for the simulation, or the greater difficulty in
obtaining accurate measurements for the small diameters at the
end of burning. However, the final slopes of the predicted burning
curve in Fig. 7 appear to be consistent with the experimental
values.

In the quasi-steady period of burning (the approximate range
0:75 s=mm2 < t=D2

o < 1:25 s=mm2) the simulated droplet diame-
ter is slightly smaller than the measured diameter. This difference
could be due to the influence of spark energy on the temperature
field at the moment of ignition. Employing a larger spark energy
in the experiments could reduce the unsteady heating period so
that regression begins at an earlier time and shifts the time scale
of the experiments to slightly shorter times for a given droplet size.
Fig. 14. Initial profiles (t = 0 s) of temperature and concentrations
Figure 8 compares the numerically predicted flame diameters
(Dflame), defined as the radial position of maximum temperature
in the 1-D simulation domain, for several fiber diameters with
the experimental data. The numerical results for various fiber sizes
do not differ until 0.3 s into the burn. Clear differences are ob-
served thereafter to the end of combustion where the free floating
droplet (Dfiber = 0) has a slightly larger flame diameter and the
flame diameter for Dfiber = 14 lm has the smallest flame at the
same time. Nonetheless, trends are very consistent with the max-
imum Dflame occurring at 0.22 s for the three simulated fiber diam-
eters and generally show a very good agreement with the
measurements.

The results for the larger fiber (14 lm) show a slightly larger
burning rate (cf. Fig. 7) due to the extra source for heat transfer
through the fiber, causing the measured Dflame to drop earlier at
the end of burning. Compared to the experimental data, the gen-
eral trends are nonetheless very close, with the maximum Dflame

occurring at 0.22 s. However, at the end of burning the predicted
of MD and O2. (Dfiber = 14 lm, kfiber = 5.2 W/mK and Nu = 0.36).



650 Y.C. Liu et al. / Combustion and Flame 160 (2013) 641–655
Dflame is significantly lower than the averaged experimental data.
The large error bars on experimental shown in Fig. 8 reflect the
lower resolution of the color images and thus a greater challenge
to obtain accurate Dflame at the end of burning. The lower end of
the error bar at the very end of burning is nonetheless close to
the predicted data.

The influence of fiber thermal conductivity, kfiber, on droplet
burning will depend on the specific values considered. The thermal
conductivity of the SiC fibers employed in the present experimen-
tal effort was not measured directly. The literature shows a strong
temperature dependence, ranging for bulk SiC from several hun-
dred W/mK at room temperature down to 30 W/mK at 1500 K
[36]. Fibrous SiC strands of 20 lm diameter have conductivity val-
ues of about 5 W/mK [37]. Comparisons of droplet burning using
other fiber materials (i.e., a ceramic fiber) with a known thermal
conductivity (i.e., kfiber � 2 W/mK [38]) suggests that the lower lim-
its of fiber thermal conductivity may be more relevant to the SiC
Fig. 15. Spatio-temporal profile of species and temperature at 0.0053 s. (a) Profiles for tem
and H2O) and (b) important intermediates (CH4, C2H4, C2H2, C3H8, and 1-C4H8). (Dfiber =
fibers employed in the present experiments. In this section simula-
tions are reported using kfiber = 2 W/mK and 5.2 W/mK.

Figure 9 shows the evolution of droplet diameter for a given
Dfiber. For 2.0 W/mK < kfiber < 5.2 W/mK the results are not substan-
tively affected by the fiber for kfiber in this range. At the end of burn-
ing, it still can be seen that the fiber with higher thermal
conductivity starts to act as an extra heat transfer path for the
flame to transmit heat into the droplet causing the droplet size
to decrease slightly more quickly, but the effect is minimal.

The influence of kfiber on predicted Dflame is presented in Fig. 10.
Again, the change of kfiber within the range 2.0 W/mK < kfiber < 5.2 -
W/mK does not appear to strongly affect Dflame. The simulation
with higher kfiber is consistent with the trend for increasing the fi-
ber diameter as both variations promote heat flow through the fi-
ber thereby increasing the burning rate and reducing Dflame slightly
more quickly. The free-floating limit shows deviations from the fi-
ber-supported predictions for t > 0.3 s where the difference be-
perature T and mass fraction Y of main reactant (MD and O2) and products (CO2, CO,
14 lm, kfiber = 5.2 W/m K and Nu = 0.36).
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tween numerical and experimental results becomes significant at
the end of burning.

A comparison of the burning rates is a more stringent test be-
cause differentiation amplifies uncertainties in the evolution of
droplet diameter. For the data shown, the original droplet diameter
data (Fig. 5) were smoothed with a 4th order polynomial and the
first derivative was then taken to determine the burning rate from
the averaged data. It is important to note that the order of polyno-
mial fit will affect the derivative value. Trends could emerge that
are artifacts of the order of the polynomial used to fit the data.
With this fact in mind, the simulated burning rates for the free
floating and fiber-supported conditions (Dfiber = 0 lm, 7 lm and
14 lm) are shown in Fig. 11.

The experimental burning rates increase with time, with the in-
crease being significant in the early period of burning, followed by
a more gradual (i.e., quasi-steady) period in the mid region of burn-
ing (i.e., 0:5 s=mm2 < t=D2

o < 1:5 s=mm2) where the average K is
Fig. 16. Spatio-temporal profile of species and temperature at 0.10 s. (a) Profiles for temp
and H2O) and (b) important intermediates (CH4, C2H4, C2H2, C3H8, and 1-C4H8). (Dfiber =
about 0.6 mm2/s. At the very end of burning, t=D2
o > 1:7 s=mm2,

K shows a noticeable increase which is suggestive of an extinc-
tion-like process. However, as noted above regarding the order of
polynomial fit to determine burning rate, the increase of K at the
end of burning in Fig. 11 could well be an artifact of the order of
the polynomial fit to the data in Fig. 5. At the same time, the in-
crease is consistent with an ever increasing influence of the fiber
on the burning rate. As the droplet size decreases Dfiber remains
the same, so there must always be some influence of the fiber even
for arbitrarily small fiber sizes.

As shown in Fig. 11, numerically predicted burning rates in-
crease from a negative value beginning with the initial droplet
heating period associated with thermally induced expansion of
the droplet, and then level off at about t=D2

o � 0:5 s=mm2. The
measured burning rates do not increase as substantially after igni-
tion. However, this trend is influenced by the order of polynomial
fit to the data of Fig. 5. As the simulated burning rate increases
erature T and mass fraction Y of main reactant (MD and O2) and products (CO2, CO,
14 lm, kfiber = 5.2 W/mK and Nu = 0.36).
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more quickly than the measured rate in the early period, the extra
enthalpy input to the droplet in the simulation might be slightly
larger than what is actually transported in the experiments. Unfor-
tunately, the spark energy used in the numerical simulation is the
lowest possible energy to trigger ignition for MD combustion. For
t=D2

o > 0:5 s=mm2, the predicted burning rates agree quite well
with the measurements. The simulated burning rate for a fiber-
supported droplet is slightly larger than the free floating (Dfiber = 0)
limit due to increased heat transport to the droplet associated with
the larger fiber diameter.

To further clarify the influence of fiber thermal conductivity on
burning, Fig. 12 shows the variation of the ratio of the averaged
burning rate to the free-floating limit with fiber thermal conduc-
tivity. As expected, the relative burning rate increases with
increasing kfiber, though for kfiber = 5 W/mK the average burning rate
deviates from the free-floating limit by only 1.7%, showing that the
fiber does not have a significant influence on the burning rate.
Fig. 17. Spatio-temporal profile of species and temperature at 0.30 s. (a) Profiles for tem
and H2O) and (b) important intermediates (CH4, C2H4, C2H2, C3H8, and 1-C4H8). (Dfiber =
From an experimental perspective, a fiber-supported droplet com-
bustion experiment is far easier to perform than a free-floating
droplet combustion experiment because the fiber physically an-
chors the droplet to a fixed position relative to the imaging optics
throughout burning. When the fiber has a minimal effect on the
combustion process as outlined here, the results are useful for pro-
ducing data that simulate the ideal configuration of Fig. 1.

The model for heat transfer through the fiber incorporated in
the detailed simulation used here requires that the heat transfer
coefficient (or Nusselt number) be known to account for convective
transport between the tether fiber and surrounding fluid. To show
the effect, Fig. 13 shows the effect of varying Nu over a wide range
on the burning rate relative to the free-floating value. The lower
value is the conduction limit, Nu = 0.36 and results for two values
of kfiber are shown. As the Nusselt number increases, the burning
rate increases due to increased heat transfer from the vapor phase
to the tether and levels off above Nu � 4 where there is no longer
perature T and mass fraction Y of main reactant (MD and O2) and products (CO2, CO,
14 lm, kfiber = 5.2 W/mK and Nu = 0.36).
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an influence of convection. In the high Nu limit, the convective
resistance is small and the vapor temperature around the fiber is
close to the fiber temperature. In this case, convection (or radia-
tion) has little influence on heat transfer through the fiber while
the fiber is at its maximum temperature.

Figure 13 also shows that kfiber does not have a strong influence
on the burning rate for the two values simulated regardless of the
strength of convection: 3% for kfiber = 5 W/mK and 1.4% for
kfiber = 2 W/mK. An influence at this level would be difficult to dis-
cern from the experiments of burning rate (Fig. 11) that are deter-
mined by differentiating a polynomial fit to the data (e.g., Fig. 5).

4.4. Spatio-temporal evolution of species and temperature

In this section we use the numerical model to gain further in-
sights into the MD droplet burning process. Specifically, simula-
tions for product species and temperature distributions are
Fig. 18. Spatio-temporal profile of species and temperature at 0.50 s. (a) Profiles for temp
and H2O) and (b) important intermediates (CH4, C2H4, C2H2, C3H8, and 1-C4H8). (Dfiber =
presented to give further insights on the combustion chemistry
employed in the simulations.

Figure 14 shows the computed temperature distribution and
concentration of MD and oxygen at the ignition point (t = 0 s) from
the droplet surface to the far field. Along the radial direction, the
vapor temperature jumps from room temperature to around
2000 K and reaches the maximum value at r/rdrop � 18 (where
r = D/2) then drops to room temperature again at r/rdrop � 37. The
MD concentration is almost zero in the vapor phase and the oxygen
level is about 0.225 (mass fraction).

Figure 15 shows the temperature distribution and the concen-
tration for major species produced at t = 0.0053 s. The peak tem-
perature (Fig. 15a) is around 2200 K and the droplet temperature
(r/rdrop = 1) is still slightly lower than its boiling point (497 K)
which is evidence for transient droplet heating. The concentration
for MD drops dramatically along the radial direction and the oxy-
gen level is maintained as the same as the ambience for r/rdrop > 10.
erature T and mass fraction Y of main reactant (MD and O2) and products (CO2, CO,
14 lm, kfiber = 5.2 W/mK and Nu = 0.36).



Fig. 19. Path flux analysis of MD at the flame location during quasi-steady burning (U = 1, T = 1900 K). (Dfiber = 14 lm, kfiber = 5.2 W/mK and Nu = 0.36).
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Concentrations for all the species shown in Fig. 15a only exist with-
in 1 < r/rdrop < 10. Figure 15b provides the concentration for the
intermediate species generated during MD combustion. As shown,
the peak concentration has the following relationship: YC2H4 > -
YC2H2 > YC3H6 > Y1-C4H8 > YCH4. The subset to Fig. 15b shows the con-
centrations for major radicals evolved from MD in the burning
process. At this stage (t = 0.0053 s), the concentration for these rad-
icals are as high as the order of 10–100 ppm.

Figure 16a shows the spatio-temporal distribution at t = 0.10 s.
As shown, the maximum temperature, now around 2100 K, is low-
er than it was at t = 0.0053 s due to transient heat dissipation. The
maximum temperature occurs at a larger r/rdrop than at 0.0053 s
meaning the FSR has increased at this stage. The boundary layer
thickness of MD and oxygen and all the other species expand to
around r/rdrop = 40. Major products all have higher concentrations
as shown in Fig. 16b, but the inset shows that the concentrations
for MD-based radicals have gone down to less than 10 ppm. The
CH4 concentration becomes higher than that of 1-C4H8 at
t = 0.10 s. Figures 17 and 18 show the spatio-temporal distribution
for t = 0.30 s and t = 0.50 s, respectively. As shown, the diffusion
and thermal boundary layer keep expanding with time. At
t = 0.50 s, the peak concentration of C2H2 starts to decrease and
the concentration for 1-C4H8 become slightly higher than that of
CH4.

Figure 19 shows the path flux analysis of MD at the flame loca-
tion to summarize MD’s combustion reactions during burning. The
path flux analysis shows that the bulk of the fuel goes through H
abstraction reactions, which amounts up to about 73% of the fuel
consumption. The main abstracting radical is found to be H atom,
followed by OH radical. The large amount of abstraction reaction
is typical of high temperature oxidation systems, and is similar
to that observed in CFF as well. MD2J signifies the most major com-
pound that is directly generated from MD combustion (10% of MD
is converted into MD2J). The second major path is MD to MDMJ
(8%) and the reactions that produce MD3J, MD4J, . . . ,MD9J occupy
same amount of the flux path (7%).

5. Conclusions

Fiber-supported droplet combustion experiments are carried
out in an environment that promotes spherical symmetry for MD
droplet flames with initial droplet diameters of �0.55 mm. The
experimental results agree with the predictions provided by de-
tailed numerical simulations within the error bars.

The droplet flame of MD has a clear blue boundary with visible
yellow inner core also observed. There is no visible soot shell for-
mation or particulate aggregates visible for this size of MD droplet
with the lighting setup of this study. Results of droplet size evolu-
tion show that MD droplet combustion burning rate reaches a qua-
si-steady value of 0.6 mm2/s.

Detailed numerical simulation was used to investigate the ef-
fect of fiber size, thermal conductivity and Nusselt number for
the tether fiber on the burning rate of a MD droplet. Results show
that these parameters have very minimal effect on the droplet
combustion history. Predicted species and temperature distribu-
tions along the radial direction provide more understanding for
this transient problem coupled with phase equilibrium, fuel vapor-
ization, and chemical reactions. The comparison between experi-
mental and numerical droplet combustion variables for the
spherically symmetric case shown in this study also provided val-
idation for the MD models that involved chemical kinetics pro-
posed previously [28] and heat and mass transfer associated with
multi-phase combustion, which is a corner stone to developing de-
tailed models for multiphase combustion of ester-based bio-fuels.
Additional work is needed to expand the database of single droplet
combustion under carefully controlled and modelable conditions.
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