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ABSTRACT

This study reports an experimental and numerical investigation of droplet combustion of a miscible n-
heptane/iso-octane mixture at a fixed mixture fraction (equi-volume) for initial diameters (D,) in the
range of 0.8 mm < D, < 5 mm. This range encompasses burning transitions from hot flame (HF) combus-
tion to the cool flame (CF) regime where radiative extinction can occur. The simulations assume spheri-
cally symmetric gas transport which was promoted in the experiments by a low gravity environment and
relatively stationary droplets. Unsupported or free-floating droplets were deployed and ignited in a sealed
chamber on the International Space Station to provide a low gravity condition and to accommodate the
anticipated long droplet burning times (tens of seconds) for the droplet sizes investigated. The simu-
lations incorporated multistep combustion kinetics with an embedded low temperature kinetic mecha-
nism, non-luminous flame radiation, a model for phase equilibrium of the mixture, variable properties,
unsteady gas and liquid transport, and species diffusion in the liquid. The results showed no evidence of
preferential vaporization because of the close boiling points of n-heptane and iso-octane. For D, < 3 mm,
the mixture droplets remained in the initial HF burning regime. For larger D,, a transition to extinction-
like behavior occurred. Measured flame radiances confirmed the importance of radiation as a controlling
mechanism for driving radiative extinction and transitioning to CF burning. Radiative extinction diame-
ters exhibited a linear relationship with D, which agreed very well with simulations. Mixture radiative
extinction diameters were also consistent with literature values for n-decane, n-heptane, and iso-octane.
Simulated droplet and flame diameters, burning rates, and flame radiances were also in good agreement
with experiments.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

showed the potential of n-heptane/iso-octane mixtures to transi-
tion into the CF regime [4]. A later study [5] simulated the burn-

This study reports an experimental and numerical investigation
of the burning of a binary mixture droplet comprised of n-heptane
and iso-octane in the standard atmosphere over a wide range of
initial droplet diameters (D,), 0.8 mm to 5 mm. This range cov-
ers values where non-luminous radiative effects from the droplet
flame are minimal to where they are important and lead in some
cases to transitions to the cool flame (CF) burning regime.

The n-heptanefiso-octane system is relevant as a Primary
Reference Fuel (PRF) for gasoline [1-3]. A prior study of this
mixture for one particular value of initial liquid composition
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ing of pure n-heptane which included luminous flame radiation via
a soot model to predict transitions to CF burning and formation
of a soot shell. The present work considers the burning of the n-
heptane/iso-octane system with D, varying while the mixture frac-
tion is fixed (equi-volume, PRF50) to explore transitions of burn-
ing to the CF regime and extinction. Experiments reported here
were carried out on the International Space Station (ISS) to pro-
mote spherical droplet flames, to enable detailed numerical mod-
eling (DNM) to predict the influence of D, on droplet burning for
a fixed initial droplet composition, and to provide the long dura-
tion experimental times needed to observe the complete burning
history of the large droplets examined.

0010-2180/© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Table 1

Selected properties of n-heptane and iso-octane.
Property n-heptane  iso-octane
Formula C7Hq6 CgHig
Stoichiometric coefficient v 11.0 12.5
Molecular Weight (g/mole) [17] 100 114
Boiling point T}, (K) [17] 372 372
Flash point (K) [17] 269 261
Liquid density p; (@298 K, kg/m?) [17] 680 692
Liquid density p; (@Ty, kg/m3) [18] 608 638
Heat of vaporization (@Ty, kJ/mol) [17] 31.8 30.8
Lower heating value (MJ/kg) [19] 44.6 443

It is important to note that the D, values considered here are
not representative of droplets in fuel injection processes in com-
bustion engines, where D, is often well under 100 pum. Instead,
the motivation for examining droplet sizes nominally an order of
magnitude larger is to facilitate accessing experimentally certain
physics of the burning process that would be more difficult for
small droplets. These include radiation, unsteady gas and liquid
effects, detailed combustion chemistry, preferential vaporization,
and multicomponent diffusion of mixture components inside the
droplet.

The influence of D, on burning under conditions where exter-
nal convective effects are minimal has long been known to affect
the physico/chemical processes of burning noted above [6-15]-
[16]. Most of the prior work concerned single component systems.
Regarding mixtures, the study of n-heptane/n-hexadecane mixture
droplets considered the influence of D, for a fixed mixture frac-
tion [15]. No comparisons with experiments were reported for this
mixture.

The present work includes DNM and compares predictions with
the extensive database for the n-heptane/iso-octane system. This
mixture is relatively simple because of the similarity of its proper-
ties, as summarized in Table 1. The potential for the burning pro-
cess to be terminated by a micro-explosive event is thereby elim-
inated because of the close boiling points, which will facilitate in-
terpreting the experimental results.

The composition of the n-heptane/iso-octane system examined
is equi-volume to compare with limited prior work [4] that stud-
ied this composition but for only one large initial droplet diameter
(3.51 mm). The equi-volume composition is not necessarily indica-
tive of octane numbers characteristic of gasoline. Nonetheless, the
equi-volume mixture examined here over a range of D, provides a
link to [4] for comparing with transitions to CF combustion.

Because numerical modeling is an important part of the present
study, we chose an experimental configuration that is conducive
to DNM. In particular, gas transport around a burning droplet that
is driven entirely by the fuel evaporation process without any ex-
ternal flow effects leads to a one-dimensional (1-D) transport that
facilitates numerical modeling. The resulting burning configuration
is spherically symmetric. If soot aggregates form, they will be posi-
tioned between the droplet and flame in a sort of porous shell-like
structure by a balance of forces acting on them: inwardly directed
thermophoresis and outwardly directed flow from the evaporating
fuel. This multiphase configuration still links to a spray that sets
the initial conditions for combustion in engines [20], where the
in-cylinder environment can include the presence of fuel droplets
[21-24].

The range of D, examined here is sufficiently large that a transi-
tion from hot flame (HF) diffusive extinction to radiative extinction
and potentially CF burning is anticipated based on the simulations
reported in [4]. The burn time of droplets at the upper end of this
range can be several tens of seconds so that their combustion dy-
namics can only be investigated in the ISS environment [25].

Table 2
Conditions examined for 50/50 n-heptane/iso-octane
droplets.
Operations no. D, (mm) Ignitionenergy (J)
GB [18] 0.52 0.1 [18]
ISS E169M09 0.80 12.05
ISS E211M09 1.24 6.424
ISS E178M09 1.86 12.05
ISS E216MO03 2.28 6.424
ISS E169M03 2.65 12.05
ISS E211M02 3.15 6.424
ISS E216MO02 3.44 6.424
ISS E211M03 3.77 6.424
ISS E211M04 4.27 6.424
ISS E211M06 4.80 6.424

The data discussed in this paper are compared to a DNM that
incorporates detailed combustion kinetics, one-dimensional evap-
oration, spectral radiative interactions, and variable thermal and
transport properties that depend on temperature and concentra-
tion. The next sections outline the experimental design and pro-
cedures, data analysis, and the DNM followed by a presentation of
results.

2. Description of the experiment
2.1. Experimental design

Spherically symmetric gas transport and a 1-D flow process are
promoted by carrying out experiments in a low gravity environ-
ment so that the resulting data can be modeled. The large D,
where transitions to CF burning in the standard atmosphere are
expected required experimental times on the order of tens of sec-
onds to observe their complete burning history. This was accom-
plished by using the facilities of the ISS.

Relatively stationary droplets were deployed into a stagnant
ambient and burned in the low gravitational field of the orbiting
ISS so that the influence of buoyancy and forced convection (as
manifested by appropriately defined Rayleigh and Reynolds num-
bers) were significantly reduced. The procedure for creating free or
unsupported droplets involved first forming a liquid bridge across
two needles, stretching the needles slightly, then rapidly with-
drawing them to create ostensibly a stationary free-floating droplet
in the low gravity environment. Concurrently, Kanthal coils posi-
tioned on opposite sides of the droplet were energized to ignite
the droplets, and the wires were then rapidly retracted to pro-
vide an unobstructed field for the burning process. Video cam-
eras recorded the complete droplet burning history. Further de-
tails of the experimental hardware and procedures are given in
[9,25-27]. A summary of the conditions for droplet ignition is
given in Table 2. Included are the ignition energy imparted by the
Kanthal coils, the initial droplet diameter, and the operation num-
ber of the experiment.

The primary diagnostic of the experiments was video imaging
of the burning process. It provided the raw ‘data’ from which quan-
titative information about the droplet combustion physics was ob-
tained. The droplet burning process was recorded by a High Bit-
Depth Multispectral (HiBMs) camera (1 MP at 30 fps) with a back-
light source and by a color camera (0.3 MP at 30 fps).

For all experiments reported here, the radiant field surround-
ing a burning droplet was recorded by narrowband and wideband
radiometers. The narrowband radiometer had a transmission cut-
off at 7145 pm and a full width at half maximum (FWHM) of
1.54 pm, and the wideband radiometer covered wavelengths be-
tween 0.1 pym and 54 pm. These settings were employed so that
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Fig. 1. Exemplar images illustrating the image analysis processes of ISS droplets for (a) droplet diameter D and (b) flame diameter Dy. Note different scales. (For interpretation
of the references to color in this figure, the reader is referred to the web version of this article.)

the narrowband and wideband radiometers were optimized for
sensitivity to the CF and HF, respectively.

The narrowband radiometer was designed to detect emissions
from the peak water band at 6.3 pm. This radiometer is a thin
film-based thermopile from Dexter Research (Model 2 M - Dex-
ter custom P/N DX-0918) and is filtered with a combination of a
silicon Long Wave Pass (LWP) filter with a cut-on wavelength of
5.0 pm and a sapphire window that cuts off at ~ 7.0 pm. The filter
effectively isolates the desired spectral region of interest, i.e., the
detection of water emission. Since these radiometers are sensitive
to the temperature of the environment in which they operate, this
was considered when calibration was performed and when the ra-
diometer was mounted to the structure. Calibration was performed
at ambient temperatures (ca. 23 °C), and mounting of the radiome-
ters to the chamber structure was such that the calibration tem-
perature was maintained throughout testing. The gain of the nar-
rowband radiometer was set so that signal saturation did not occur
below an irradiance of 3.0 mW/cm?2.

The process of droplet deployment, ignition, and recording
of the burning process was performed in an entirely computer-
controlled arrangement. Wireless links were established from the
orbiting ISS to NASA-Glenn Research Center (Cleveland, O.H.) and
then Cornell University (Ithaca, N.Y.) to allow real-time adjust-
ments to the initial conditions of the experiments. The onboard
assistance of astronauts was not required during the experiments.

2.2. Analysis of video images

Important to the ability to obtain quantitative information
about combustion physics from digital video images are software
tools to extract physical dimensions from individual video frames.
For the study reported here, data were extracted from individual
video frames by an automated algorithm [28] or a manual process
using a commercial software package (Image-Pro-Plus v6.3), with
the latter being needed for measurements of the flame diameters.

Figure 1 shows a black-and-white (BW) image that illustrates
the droplet boundary (outlined by the green circle in 'a’) iden-
tified by the automated algorithm to obtain an area-averaged
droplet diameter. The soot shell is clearly visible in Fig. 1a, while
Fig. 1b shows the flame image. Noticeable in Fig. 1a are soot 'tails’.
These are created by the retraction process of the needles that
initially suspend a liquid bridge. The retraction creates an initial

gas flow that stretches laterally the sooting pattern (which is a
good marker for gas flows) that is apparent in Fig. 1a.

For the flame diameter Dy, a manual approach involved posi-
tioning a virtual ellipse around the flame boundary (cf, the dot-
ted lines in Fig. 1b), which was defined as the outer edge of the
blue luminous zone. Equivalent diameters using this method were
then obtained as (H x W)%3, where H and W are major and minor
axes of the ellipse, respectively. These methods of image analyses
and data reduction are consistent with those adopted previously
[9,29] for similar images from ISS experiments. The photographs in
Fig. 1 are among the best obtained for this mixture to illustrate the
structure of the sooting field. Figure 1a shows a virtual ellipse sur-
rounding the droplet from the automated method. Figure 1b shows
a manually positioned virtual ellipse around the flame. The incan-
descence of soot creates the bright yellow core shown in Fig. 1b.

The uncertainty of data reduction operations from video images
arises from identifying the boundary thickness of the droplet and
flame, which consists of about 3 and 5 pixels, respectively. The
diameter of the largest droplet measured in this study is around
4.82 mm (163 pixels) and thus has a corresponding uncertainty of
+1.8%. The smallest droplet size reported here is about 0.59 mm
(20 pixels). The measurement uncertainty for such a small droplet
is at +15%, though very few measurements are performed for such
small droplets in the present work. Note that measurements can
be made to this precision, but droplets cannot be generated with
this same precision. For flame diameters, the smallest flame diam-
eter is approximately 7.57 mm (52 pixels) with an uncertainty of
+9.6%, and the largest flame diameter is about 30.14 mm (207 pix-
els) with a measurement uncertainty of +2.4%.

3. Numerical modeling

The detailed numerical model used in this paper was described
previously [30-33]. New to the simulation is a different kinetic
mechanism and thermal/physical property database for the PRF
mixture. The detailed and comprehensive kinetic mechanism em-
ployed in the computations for n-heptane and iso-octane included
low, intermediate, and high temperature kinetic regimes. The re-
sulting kinetic model was sufficient to resolve hot ignition, high
temperature kinetics, and Low Temperature Combustion (LTC) be-
haviors.

The mechanism consisted of 298 species, 1916 reactions, and
associated chemical thermodynamic properties. It was reduced
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Fig. 2. Selected color images from GB and ISS 50/50 n-heptane/iso-octane experiments. Images for D, = 0.52 mm are from [18] for comparison. Note differences in scale.
Numbers on top indicate D, (mm) and vertically are normalized time t/D,? (s/mm?). Images with a red frame are those after HF extinction where the flame is not visible
(e.g., For D, = 3.15 mm, the flame is not visible after t/D,2 =0.8 s/mm?Z.). The asterisks identify photographs where the burning is in the CF regime with the burn rate still
much higher than pure evaporation. The GB photos are from [18] and show a droplet supported by two 14 um SiC fibers (unlike the ISS droplets which are unsupported).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

from an n-heptane kinetic model [31] that included an embed-
ded iso-octane subset [34] and PAH sub-model components [35] to
consider the potential for the formation of high molecular weight
species that could lead to soot formation. The formation of soot
aggregates and the soot shell was not specifically included in the
model, though the kinetics included the formation of soot precur-
sor species.

A phase equilibrium model for binary fuel evaporation and a
species diffusion equation in the liquid were incorporated. The
DNM assumes a 1-D gas transport without liquid dissolution in-
teractions involving gas phase combustion intermediates such as
those that could be important for high pressure droplet burning.
The DNM can accommodate a kinetic mechanism of any size lim-
ited only by computational power. The simulation solves the con-
servation equations of energy and mass for the liquid and gas
phases along with the equations of species diffusion in the droplet
and surrounding gas for both the gas and liquid phases. Multi-
component diffusion is taken into account in the gas phase species
equation.

Radiative effects are accounted for via a spectrally re-
solved statistical narrowband radiation model. Additionally, the n-
heptane/isooctane non-polar mixture was assumed to be ideal, and
Raoult’s law was applied. The properties of the liquids were taken
from [36].

The present study does not incorporate a model for soot forma-
tion. The soot shell cannot, therefore, directly be predicted except
indirectly by assuming that it will reside where the concentration
of soot precursor species is highest (e.g., acetylene [37]). Recent
work [38] showed that simulations neglecting soot for the compar-
atively mildly sooting n-heptane gave reasonably good agreement
with experiments for small droplets (D, < 0.6 mm), and we an-
ticipate the same for iso-octane. A later study incorporated a soot
model in an analysis of pure n-heptane droplet combustion [5]. In
the present study which concerns a binary miscible mixture, the
decision not to incorporate a soot model was a consideration of

the lightly sooting components at the expense of a detailed kinetic
mechanism and computational costs involved.

Symmetry conditions are imposed at the center of the droplet.
At the liquid/gas interface, the continuity of fluxes of energy and
species are considered. The far-field boundary (~200 times the ini-
tial droplet diameter) is defined using a Dirichlet boundary condi-
tion by prescribing ambient composition and temperature (i.e. Xg/
Xn2 0.21/0.79 and 298 K). A trapezoidal high temperature region
is used as an initial condition representing the hot wire ignition
source. It was clearly shown in [38] that higher ignition energy
can wash out a significant portion of the initial transient period
of burning. Therefore, as D, was changed, the ignition energy pro-
vided in the domain was adjusted, noting that larger droplets re-
quired higher ignition energies. This adjustment was made in such
a way that the energy deposited to the droplet remained more or
less constant. The ignition energy was varied by keeping the ratio
of the volume of the droplet to the volume of the initial ignition
energy region constant for all the different droplet diameters con-
sidered in this study.

The computational grid consisted of 50 and 250 points in the
liquid and gas phases, respectively. Adjustment of combustion ki-
netics, or thermophysical properties to reduce differences between
simulated and experimental was not performed.

4. Results and discussions

Figure 2 shows selected color images for burning 50/50 n-
heptane/iso-octane droplets. Also shown in the first column is a
0.52 mm diameter droplet for comparison from a GB experiment
[18]. The flame luminosity is clearly strongly affected by D,. The
luminosity decreases with increasing D,, and the flame eventually
disappears for large D,. These effects can be explained from mea-
surements and predictions of flame radiance and flame tempera-
ture.
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Fig. 3. (a) Evolution of droplet diameter and flame radiance for 50/50 n-
heptane/iso-octane (D, = 4.80 mm); (b) simulated flame temperature, burning rate,
and evolution of droplet diameter (inset) for D, = 4.80 mm.

Figure 3 shows such data for one particular value of D, to il-
lustrate. Taking the flame luminosity (brightness) as a qualitative
measure of soot formation [39], the photographs in Fig. 2 indi-
cate that soot formation alternately increases then decreases dur-
ing burning. As burning progresses, radiant heat from the flame
increases in the HF regime. Figure 3a shows a simulation of the
evolution of flame radiance for D, = 4.80 mm. The flame bright-
ness also increases as shown in Fig. 2. The flame brightness even-
tually decreases as burning progresses. The flame temperature also
decreases in this period as shown in Fig. 3b and eventually reaches
a soot inception temperature threshold [40] where no soot forms,
but the droplet is still burning. A blue sootless flame then results,
as seen in Fig. 2 (cf, 2.65 mm:0.8 s/mm?).

The flame luminosity decreases as flame temperature decreases,
and a point is reached where the flame is not visible in the exper-
iments. The (predicted) gas temperature in this regime is still well
above ambient, as shown in Fig. 3b. This is the period of CF burn-
ing for the mixture. The photographs marked by an asterisk in the
lower right corner in Fig. 2 correspond to conditions where burn-
ing is believed to be in the CF regime, and the flame is not visible.
With decreasing luminosity for large droplets, a radiative extinc-
tion phenomenon is generally observed [41], which is consistent
with the present study for D, > 3 mm as shown in Fig. 2. By fixing
the mixture fraction as done here, the trends noted above are due
entirely to changes in D,. These trends are qualitatively consistent
with prior work for single-component fuels. For the n-heptane/iso-
octane system, the iso-octane concentration has been shown [4] to
have an important effect on transitions to CF burning.

Figure 4 shows selected BW images of droplets that illustrate
the sooting dynamics for 50/50 n-heptane/iso-octane droplets for
several values of D, (note different scales for the GB and ISS exper-
iments).! For small droplets (D, < 2 mm), the soot shell is intact
throughout the combustion process, and the flames have a bright
yellow core (Fig. 2) due to the incandescence of the soot aggre-
gates inside the flame. With increasing D,, the soot shell appears
to grow thinner (Fig. 4) and less dense, which is consistent with
diminished flame luminosity as the droplet size increases. This ef-
fect is due to increased radiation losses from the droplet flame to
the ambient and the decreased flame temperature as D, increases.

Time zero in Figs. 2 and 4 is assigned to the BW video frame
prior to the frame in which the soot cloud or particles first ap-
pear around the droplet. The retraction movement of the hot-wire
igniters is then used to time synchronize the BW and color im-
age data. The movement or retraction of the hot-wire igniter is
not used to define time zero because for experiments performed
in this study, the igniter starts to retract about 0.4 s (12 images
frames) on average after the visible flame is observed.

Quantitative measurements of the evolution of droplet diameter
for 50/50 n-heptane/iso-octane experiments are shown in Fig. 5 in
scaled coordinates for the indicated values of initial droplet diam-
eter. Also shown is a portion of the evolution of diameter for a
non-burning PRF50 droplet (‘evaporation’ in Fig. 5) for comparison.
The results of the DNM simulations are shown by the solid lines.

The small differences between experiments and predictions are
possibly a result of early transients and the initial conditions used,
such as ignition energy, to simulate the experiments. Note that
slightly different ignition energies were used for different droplet
sizes during experiments since some of the droplets were not ig-
nited when igniter settings remained unchanged as D, varied (e.g.,
the 4.11 mm test run shown in Fig. 5). It was previously reported
that the initial ignition energy can significantly affect the transient
establishment of the hot flame burning regime [38]. Therefore, dif-
ferent ignition energies in experiments and simulations may be re-
sponsible for the small differences shown in Fig. 5.

The trends in Fig. 5 do not provide evidence of any obvious
preferential vaporization effect in the hot flame (pre-extinction) re-
gion as, for example, where vaporization would occur in the or-
der of the component volatilities. One component would evapo-
rate first and be depleted from the droplet, followed by the sec-
ond. The burn rates would then correspond to the component that
is dominating vaporization. For n-heptane and iso-octane, the key
properties that would control this effect - boiling point and heat
of vaporization - are very close, as shown in Table 1. On that ba-
sis, even if one component were to control vaporization first, there
would be a seamless transition to the second component, and the
burn rates would be the same. The evolution of droplet diameter
could not reveal such a transition which does seem to be the case
with the data shown in Fig. 5. The noticeable decrease in burn rate
for the larger droplets is attributed to radiative losses that reduce
the flame temperature and lead to a transition of burning to the CF
regime. The reduction in flame temperature is supported by simu-
lations, for example, in Fig. 3 which shows a significant reduction
of predicted flame temperature in the CF regime.

For D, < 3 mm, the evolution of the scaled droplet diameter in
Fig. 5 is nearly linear, with droplet flames being visible through-
out the burn history as shown in Fig. 2. This is the HF regime. In a
second period illustrated by D, = 3.77 mm, the mixture burn rates

1 The photographs in Fig. 4 show a stain on the quartz window of the combus-
tion chamber, which could not be replaced during operation of the ISS experiments
reported here. The stain had no effect on burning or on the computer processing of
the video images to extract quantitative data.

2 All of the data plotted in the paper are provided in Excel files in the Supple-
mentary Materials Section.
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show a droplet supported by two 14 um SiC fibers (unlike the ISS droplets).

are significantly reduced, and a flame is not visible. A useful com-
parison in this late period of burning is with a non-burning, evap-
orating droplet for the 50/50 mixture. If burn rates were higher
than for pure evaporation, this would be evidence for a warmer
ambient and the possible presence of a flame even though it is not
visible. Using D, = 4.11 mm evaporation data shown in Fig. 5 as
representative, the trends show that the mixture burning rate is
higher than for pure evaporation. On this basis, we can conclude
that a flame may still exist in the CF regime even though it is not
visible.

Figure 3a shows more detailed information that is suggestive
of a transition from HF burning to a CF regime for the particu-
lar case of a D, = 4.80 mm droplet. Experimental measurements
(black symbols) and numerical predictions (navy solid line) show
good agreement. Also included in Fig. 3a are measurements from
radiometers that were positioned around the droplet flame in the
combustion chamber to record both narrowband and wideband
emissions. The radiometer data provide insights into what cannot
be discerned from the color video images. Predicted and measured
flame radiances are in good agreement. Figure 3b shows computed
flame temperatures and burn rates in the HF and CF regimes.

Early in the burning period, the flame is bright and visible,
narrowband emission data are saturated, and wideband data are
nearly constant up to a scaled time of about 0.234 s/mm?Z. There-
after, wideband emissions drop, and the flame is no longer visi-
ble. Yet, the evaporation rate is significantly higher than for pure
evaporation (with the D, = 411 mm PRF50 case used for com-
parison, as noted previously). We take this as evidence of transi-
tioning to CF burning with the radiative ‘extinction’ diameter be-
ing about 4.64 mm. During this period, the flame further cools
until at 0.371 s/mm?; the rate of change of the wideband emis-
sions abruptly decreases, and CF burning ends. Subsequently, the
droplet is simply evaporating in the surrounding hot gases while
the heat diffuses to the surrounding. Ultimately, the regression rate
of the droplet diameter approaches the pure evaporation limit in
the standard ambient. The trend of the simulated flame radiance
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Fig. 5. Evolution of droplet diameter for 50/50 n-heptane/iso-octane droplets
for the indicated D,. Symbols and lines represent experimental measurements
and numerical predictions, respectively. The measured and predicted data for
D, = 0.52 mm are from [18] and [4], respectively, and included for comparison. For
data with D, > 3 mm, red stars signify the end of HF burning, and the blue circles
signify the end of the CF the regime. The data are provided in the Supplementary
Materials Section. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

shown in Fig. 3a is in agreement with experimentally measured
radiance.

Figure 3b shows predicted flame temperatures and instanta-
neous burning rates for D, = 4.80 mm. The simulated flame
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temperature is about 700 K in the CF period compared to about
2000 K in the early HF period, which confirms the presence of
the CF burning mode. The predicted peak temperature profile also
shows a sharp transition after the CF mode ends, and the droplet
continues to undergo evaporation driven only by the residual hot
product gases. The predicted burning rate evolution shows a dis-
tinct, two-stage burning behavior. In the HF burn regime, the burn-
ing rate is found to continuously increase until the maximum ra-
diant emission is attained, after which the burn rate decreases sig-
nificantly. The burning rate evolution confirms that the CF burning
mode takes place only for a very short duration.

Similar to prior predictions [4] during high temperature burn-
ing, the major combustion products are predicted to be CO, and
H,0. The transition to low temperature burning coincides with a
significant decrease in the rate of production of CO, and an accom-
panying accumulation for its precursor species, CO. The inhibitive
nature of iso-octane to the low temperature kinetic behavior of
pure n-heptane suppresses the second stage burn time associated
with CF droplet burning. Despite the short duration of the CF
burn, the second stage burn shows all the distinct characteristics
of low temperature kinetics; higher concentrations of H,0,, CH,0,
CH3CHO, and ketohydroperoxides (C;Hq403) (not shown here). A
flux analysis indicates that the bulk of n-heptane consumption
during CF droplet burning occurs through H abstraction reactions
by OH radicals and, to a much lesser extent, by HO, radicals.
Beta scission reactions of the resulting n - heptyl radicals typi-
cally dominant in HF cease to be significant, and are instead con-
sumed by addition reactions with O, to form ‘RO, radicals. Alkyl
peroxy radical isomerization follows, forming QOOH. The QOOH
formed is consumed through two competing pathways: formation
of QOOHO2 through O, addition; and decomposition to alkenes,
carbonyl, QO, OH, and HO,.

During the second stage combustion of the droplet, a major por-
tion of the QOOH undergoes cyclization of the diradical to form
cyclic ethers (QO). The decomposition of QOOH results only in
radical propagation. QOOHO2 surviving the decomposition reaction
participates in the isomerization processes to form C;H14053. As for
the iso-octane, it undergoes H abstraction predominantly by OH
radical and also by H and HO, radical forming the iso-octyl radical.
The iso-octyl decomposes to produce iso-butene (C4Hg), propene
(C3Hg), and some C; alkenes. As CF droplet burning extinguishes,
the droplet is still composed of ample quantities of both n-heptane
and iso-octane.

Figure 6 shows the influence of D, on the radiative extinction
diameter for the mixture, Dey. Also shown are data of HF extinc-
tion diameters from Ref. [42] for pure n-heptane and n-decane and
Ref. [29] for pure isooctane burning with air at 1 atm. The agree-
ment of the measured and simulated HF extinction data for the
PRF50 mixture is excellent. The trends show a linear variation of
Dext with Do.

The comparisons of the mixture and single-component radia-
tive extinction data in Fig. 6 show an interesting coincidence. The
high temperature kinetics for n-heptane, n-decane, and the PRF
mixture will not vary much as they are mostly beta scission and
H-abstraction reactions. To some extent, there is some thermal de-
composition/pyrolysis, but that is in the extreme fuel rich side. The
radiative extinction of large alkanes is driven by a balance of the
heat of combustion and heat loss from the flames. n-Decane has a
higher heat of combustion, specific heat, and heat of vaporization -
so n-decane will need higher heat feedback from the flame to the
droplet. As a result, n-heptane and n-decane will then show similar
hot flame extinction characteristics, which is consistent with the
results in Fig. 6. It is worth noting that it was previously shown
[31,42] that pure hydrocarbons have a linear relationship of Dext
with D, in the HF burning regime. This same linear trend is shown
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Fig. 6. Variation of radiative extinction diameter with initial droplet diameter for
50/50 n-heptane/iso-octane droplets. Experimental data for n-heptane and n-decane
are from [42], and iso-octane data are from [29]. Simulations are shown for the
mixture examined in this work.
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Fig. 7. Dependence of Kug on D, where the correlation equation is valid for D, >
2 mm. Experimental data for 0.52 mm are from [18].

in Fig. 6 for both simulated and measured mixture and pure com-
ponent radiative extinction diameters.

The variation of average burning rate (Kq,g) with D, is shown
in Fig. 7. Average burn rates from experiments were obtained by
linearizing the scaled evolution of droplet diameters in Fig. 5 from
scaled time 0.2 s/mm?2 to the end of the HF burning regime. This
operation ensured using the most linear portion of the D? data
by eliminating the initial transient processes. The blue circles in
Fig. 5 mark the end of the range of data used in the CF burning
regime to obtain an average CF burn rate. Also shown in Fig. 5 are
quantitative predictions from the DNM outlined in Section 3. For
the numerical data, the average burning rates were obtained by
time-averaging the data between 10% - 90% of the total hot flame
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and the total cool flame burn time. The initial and final 10% of the
burn times were excluded in the time averaging to avoid initial and
final transients of the burn process.

The predicted average burning rates in Fig. 7 for both the hot
and cool flame mode track well with the measurements, which en-
compass a wider range of D, values from where radiation is not
important (D, < 1 mm) to where it is important (D, > 2 mm).
For the CF regime, the measurements and the predictions almost
overlap. However, for the HF mode the predicted average burning
rates are lower than the measurements. Similar to the CF burn, the
HF burn during the two-stage combustion process is transient as
shown in Fig. 5. The HF burn for the large droplets also does not
reach a quasi-steady behavior, and the burn rate is time-dependent
throughout. So even though time averaging is performed using
data in the 10% - 90% range for the HF burn, there is significant
temporal variation during that period. The differences of predicted
and measured burning rates likely arise from experimental aberra-
tions induced by the ignition event and the fact that the burn rate
is based on differentiating the data, which can magnify uncertain-
ties depending on the noise of the data.

It is clear from Fig. 7 that droplets burn slower as D, increases.
However, it appears that K has different levels of dependence on
Do. For submillimeter sized droplets within the limited range, K
decreases linearly with D,. In the submillimeter range, the droplets
are exposed to diffusive losses only. For D, ranging between 1 mm
and 2 mm, K is weakly dependent on D,. In this range, radia-
tive losses are not completely negligible but do have small con-
tributions [43]. Additionally, in this region, diffusive losses are also
present. As the mode of loss changes, a small dip in K is observed.
However, in between 1.0 mm - 1.75 mm, K has a weak dependence
on D,. For Dy > 2.0 mm, radiative losses dominate, and the rate of
decrease of burning rate as a function of D, increases significantly.
Both the model and experiments capture the entire trend of the
dependence of K on D,. The prediction only deviates in delineating
the limit of the weak dependence. The predictions show that the
weak dependence persists till D, ~1.75 mm, whereas the experi-
mental limit is Dy ~ 2.00 mm.

It was previously shown that when non-luminous radiation is
the dominant energy loss mechanism from the flame of a single
component droplet, K ~ D;" [9]. Both the HF and CF average burn-
ing rate data are consistent with this scaling as seen in Fig. 7. For
Do, > 2.0 mm, this scaling predicts the burning rate for the PRF
mixture reasonably well. The simulated and measured data have
a similar “exponent” dependence: —0.47 versus —0.55. It is inter-
esting to note that even though the scaling law was derived for
a single component droplet, it applies to the n-heptane/isooctane
mixture.

For the CF regime which is present for D, > 3.0 mm, the
average burning rate has a similar ‘power law’ dependence - an
exponent dependence of —0.44 for simulations and —0.54 for
experiments. The radiative loss in the CF burn is minimal but is
still present to some extent (cf, Fig. 3). The measured average cool
flame burning rates do have some scatter, which could be due to
the short duration CF as well as a convective effect resulting from
droplet drift.

The trends in Fig. 7, which show K decreasing with increas-
ing D, for the PRF50 system, are different from the trends in
pure alkane CF burn rates reported in [44] with increasing D,.
These differences could be indicative of CF burning not being
quasi-steady in this study because of the presence of iso-octane
in the droplet. The CFs observed here have an extremely small
temporal duration. This is the main reason why a decrease in the
average burning rate is observed in both experiments and model
predictions. In prior work [9,31], alkane droplets underwent long-
duration cool flame burns whereby the burning rate temporally
increased, reached a peak plateau, and progressively decreased.
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Fig. 8. Evolution of flame standoff ratios for selected 50/50 n-heptane/isooctane
runs. Symbols and lines represent experimental measurements and numerical pre-
dictions, respectively. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

The average CF burning rate under those conditions has a very
weak dependence on the initial droplet diameter.

Figure 8 shows the evolution of the relative position of the
flame to the droplet surface, FSR = Dy/D, for selected D, for the
50/50 mixture. The simulated FSRs are in reasonable agreement
with the measurements, though they are larger. Differences could
be due to the accuracy of the Dy measurements since the flame
boundary is not as sharp as the droplet boundary, uncertainties in
the kinetic mechanism and property inputs for the DNM, or that
the simulations do not include soot formation as noted previously.

For D, = 2.65 mm, the flame progressively moves away from
the droplet. Radiation losses from the flame were not sufficient
to initiate a radiative extinction transition to CF burning. This is
consistent with the numerical predictions shown in Fig. 5. For this
droplet, the FSR increased throughout burning.

For larger D,, the FSR measurements were limited by the abil-
ity to view the flame structure in the color video, which is diffi-
cult when burning enters a CF regime. A time is reached where it
is not possible to make any flame diameter measurements. There-
after, the burn rate decreases as noted previously (Fig. 5), and the
DNM predicts an abrupt reduction of the FSR. A flame still, though,
exists as predicted by the DNM shown in Fig. 8.

In the CF regime, the simulations show that the FSR and the
flame temperatures are almost constant (Fig. 3b) at a much lower
value than in the earlier HF region as noted previously. Burn-
ing could not be considered fully ‘quasi-steady’ here because burn
rates in the CF regime shown in Fig. 5 are not constant due to the
time-dependency of the burn rate (the data were nonetheless lin-
earized to give the average burning rates in Fig. 7). Recent work
using an averaging technique from UV images taken from similar
tests performed with n-decane suggests an FSR of approximately
3 for the CF burning regime [44], which is remarkably consistent
with the data shown in Fig. 8 (note the flat portions).

As evaporation continues in the CF regime, the flame tempera-
ture decreases (Fig. 3b) due to diffusive losses. CF extinction, how-
ever, is strongly dictated by low temperature kinetics [45] and in
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general coincides with the ketohydroperoxide buildup during the
later stage of the burn and decreases in degenerate chain branch-
ing from a lack of further reaction. As shown in Fig. 5, the CF extin-
guishes (note the blue circles) while the FSR begins to rise (Fig. 8)
until the non-visible flame would extinguish entirely. The evapora-
tion rate then approaches that of a droplet in a time-varying hot
gas as heat diffuses to the surrounding after the CF extinguishes.

5. Conclusions

The burning characteristics of n-heptane and iso-octane mix-
ture droplets were examined in experiments carried out on the In-
ternational Space Station to promote spherical droplet flames and
a one-dimensional transport for initial droplet diameters ranging
from 0.8 mm to 5 mm. The droplets were free-floating. The data
obtained were used to validate a detailed numerical model of the
burning process including the kinetic mechanism employed in the
simulations. The range of initial droplet diameters examined was
large enough to transition burning from a traditional hot flame to
cool flame or low temperature combustion, while also including
mixture effects in the process.

The numerical simulations were successful in their ability to
predict burn rates in both hot and cool flame conditions. Predicted
and measured radiative extinction diameters showed a linear re-
lationship that is consistent with prior work on single component
systems. Moreover, the evolution of droplet and flame diameters,
and the transition to cool flame burning were in good agreement
with the simulations. The burning histories showed that the av-
erage burn rates decreased as D, was increased and that for D,
> 2 mm the trend followed a power-law relationship in the form
Kavg ~ Do~ " for both the hot flame and cool flame regimes of burn-
ing, which was consistent with a scaling analysis. Droplets with D,
> 3 mm radiatively extinguished and burning rates abruptly de-
creased as burning transitioned to cool flame behavior. No pref-
erential vaporization effect was found owing to the close boiling
points of n-heptane and iso-octane. The FSR increased with time
during burning prior to radiative extinction, and no strong depen-
dence of FSR on D, in the hot flame burning regime was observed
both in the experiments and the simulations.
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