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In this paper we present new data on the combustion of stationary nonane/hexanol mixture droplets
burning in microgravity to promote spherical symmetry. Compositions of 10%, 25%, 40%, 60%, and 80%
(volume percent hexanol) were examined in a drop tower to create an environment whereby droplets could
burn without a strong influence of buoyancy. The evolution of droplet, soot shell, and flame diameter were
measured, and photographs are presented to show sooting trends as composition was varied. Droplets with
initial diameters between 0.46 mm and 0.57 mm were studied.

The results show that dilution of nonane by hexanol reduces soot formation and decreases the droplet
burning rate, the latter of which was found to be time dependent. Mechanisms for this effect which are
considered include soot formation, the potential for absorption of combustion products in the droplets as
they burn, and droplet heating. Because of the similarity of the boiling points of the mixture components,
preferential vaporization did not occur. The droplets burned to completion, and extinction was not observed
because of minimal radiative losses for the small droplet sizes examined and low propensity for water to
condense on the droplet surface and dissolve in it for nonane and hexanol.

A soot shell was not visible for hexanol loadings above 10%. The flame and soot shell standoff ratios
increased continuously during burning. The flame diameter showed no sign of a quasi-steady behavior at
any time during the combustion process. As hexanol concentration was increased, the flame moved toward
the droplet.

Introduction

One of the most important problems for a clean
environment is the ability to predict and control soot
formation and particulate emissions in liquid fuel
combustion processes. This capability is currently
prohibitive for spray combustion because of the
complex swirling/turbulent flow patterns and the
droplet interactions involved. A benchmark liquid
fuel burning configuration is more attractive for con-
structing and testing a predictive framework for soot
formation. Spherically symmetric droplet combus-
tion is such a benchmark because of its one-dimen-
sional flow field. Experimental results from this
droplet burning configuration will be important to
evaluate numerical simulations of this problem.

We report new measurements of the evolution of
droplet, soot shell, and outer luminous zone (i.e.,
flame) diameter of nonane/hexanol (C9H20/
C6H15OH) mixture droplets burning in low gravity
to promote gas-phase spherical symmetry in the
droplet combustion process. The initial droplet di-
ameter (Do) was kept within a narrow range of 0.46
mm � Do � 0.57 mm. Nonane is highly sooting
while hexanol produces minimal soot, so that an in-
fluence of composition on soot formation could be
readily observed by varying the composition. The
compositions studied were hexanol volume percents
of 10%, 25%, 40%, 60%, and 80%.

Spherically symmetric combustion of sooting pure
fuel droplets has received significant attention [1–8],
and so have studies of mixture droplets in which the
components are composed of both miscible and im-
miscible fuels [9–17]. Measurements of the evolu-
tion of droplet and flame diameter are the most com-
mon. A soot shell is a prominent feature of spherical
droplet flames [18] but measurements of its diame-
ter are scarce for single-component droplets [5,6],
and no data are known for mixture droplets.

The nonane/hexanol combination is interesting as
a model mixture system because burning for this
mixture should be a simplified process. Nonane and
hexanol are not strongly soluble in water [19,20], and
their boiling points (431 K for hexanol and 424 K for
nonane [21]) are high enough so that condensation
of water should not be important for the influence
it could have on the burning rate and extinction
[22,23]. The properties of nonane, hexanol, and their
mixtures are readily predicted by standard methods
[24], which is useful for modeling purposes. Because
of the small values of Do examined here, radiative or
conductive heat losses [5,9,25–27] should not be im-
portant.

The diagnostic we used consisted of video and 16
mm high-speed cameras. While more quantitative
methods are starting to be used to probe sooting
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Fig. 1. Photographs of nonane/hexanol mixture droplets
supported on a 12 lm fiber and burning in low gravity.
White regions are the glow from the flame-fiber interac-
tions. Trapped soot is visible for the 10% concentration at

� 1.2 s/mm2.2t/Do

spherical droplet flames [17,28,29], the present
study emphasizes the evolution of droplet and soot
shell diameters and visualizations of the structure of
the mixture droplet flames. Backlighted photogra-
phy is an acceptable quantitative tool for this pur-
pose.

Description of the Experiment

The experiments were performed in low gravity to
minimize buoyancy. A drop tower with a drag shield
created gravity levels that were less than 10�4 of
Earth’s normal gravity (9.8 m/s2). When coupled
with the small initial droplet diameters studied, the
dynamic range of parameters combined [27,30] to
promote spherical gas-phase symmetry and a burn-
ing process that could be completed in the time
available for the experiment.

Because we experienced difficulties using a prior
free droplet design [2,6,13,30] to keep unsupported
nonane/hexanol mixture droplets from moving while
they burned, we designed a new fiber support ar-
rangement to anchor the test droplets. A modifica-
tion of a stretched fiber support design [31,32] was

used. Two 12 lm SiC fibers (Dfiber � 12 lm) were
stretched across four posts in a crossing pattern at
an angle of about 17�. Droplets with approximately
38 � Do/Dfiber � 48 were examined to minimize the
fiber’s influence on burning, which could be sub-
stantial for sooting fuel droplets [33]. The procedure
for placing small droplets on these small fibers was
to aim a piezoelectric droplet generator [2] at the
intersection of the two fibers. As the droplet hit the
cross, it stuck to it. The droplet diameter of interest
was built up by impingement and successive coales-
cences of droplets, similar to the process carried out
previously [6] for placing droplets at the tip of a sin-
gle fiber. With the test droplet hanging from the
cross of the fibers, the package which houses the
combustion chamber with droplet and associated
hardware was then released into free fall, after which
the droplet was ignited and its burning history re-
corded.

The total experimental run time was 1.2 s for a 7.6
m free-fall. For the droplet diameters studied in this
work, typical burning times were under 0.5 s. Two
sparks of 0.5 ms duration positioned on opposite
sides of the droplet, with a gap of 2.5 mm and lo-
cated 3.5 mm away from the droplet center, were
activated 0.5 s after the period of free fall. This delay
period allowed visible droplet oscillations to subside,
and it helped mitigate internal liquid flows which can
be created by droplet deployment in microgravity
experimentation [34].

Comparing pure nonane droplet combustion us-
ing the fiber support arrangement described above
to free nonane droplet results showed excellent
agreement [35] concerning the evolution of droplet
diameter. This agreement gave confidence that re-
sults from the fiber-supported experiments dis-
cussed here would be close to the free-droplet re-
sults of nonane/hexanol mixtures of similar size and
composition.

A high-speed movie camera was operated at 200
frames/s using a LOCAM II 16 mm camera fitted
with an Olympus 90 mm Zuiko lens and extension
bellows. A second camera, a COHU 8295 color
video camera (60 frames/s) was mounted perpen-
dicularly to the 16 mm movie camera to record the
droplet position along the perpendicular view axis of
the movie camera. The film images were digitized
on a Microtek slide scanner at 3900 dpi, and then
imported into Image Pro-Plus (V. 4.0) (Media Cy-
bernetics). The software finds the edge of the drop-
let by categorizing the pixels according to a threshold
brightness.

Discussion

Photographs of Nonane/Hexanol Mixture Droplets

Figure 1 shows a series of black and white prints
of fiber-supported nonane/hexanol mixture droplets
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Fig. 2. Evolution of scaled droplet diameter, (D/Do)2,
with scaled time, , for 10% hexanol in nonane droplets.2t/Do

Initial droplet diameters are shown in the inset.

Fig. 3. Evolution of scaled droplet diameter, (D/Do)2,
with scaled time, , for 25% hexanol in nonane droplets.2t/Do

Initial droplet diameters are shown in the inset.

Fig. 4. Evolution of scaled droplet diameter, (D/Do)2,
with scaled time, , for 40% hexanol in nonane droplets.2t/Do

Initial droplet diameters are shown in the inset.

burning in microgravity containing initially 10%,
25%, and 40% hexanol. Higher concentrations of
hexanol showed no visual differences from the 40%
concentration. Because the backlight intensity and
photo processing were identical, the image varia-
tions are a true indication of hexanol’s influence on
soot formation. A soot shell is visible only for 10%
hexanol droplets, and then only faintly so, which is
in stark contrast to pure nonane, which had intense
soot shells [35]. This shows the strong influence that
hexanol has on the reduction of sooting through a
dilution or chemical effect [36,37] by the compara-
tively non-sooting tendency of hexanol.

Color video images, not shown here, revealed that
10% hexanol droplets had a bright yellow inner
flame and much dimmer outer blue flame. At 60%
hexanol, the flame image was almost entirely blue

with just a hint of yellow, and at 80% there was no
evidence of any yellow in the color video image.

Evolution of Droplet Diameter

The evolution of droplet diameter is presented in
scaled coordinates from the quasi-steady state theory
of droplet combustion [36], namely that a plot of
(D/Do)2 against should be a straight line with2t/Do
slope K � �d(D2)/dt, which does not depend on
time. This scaling is also valid for miscible mixtures
with proper descriptions of the properties expressed
in terms of composition [38]. The flame front stand-
off ratio (Df/D) should be constant by the quasi-
steady theory. (Flame diameter data are discussed in
the next section.)

Figures 2–4 show the variation of (D/Do)2 with
for 10%, 25%, and 40% nonane/hexanol2t/Do

mixtures. The trends are typical of higher concen-
trations, which are not shown because of space lim-
itations. For each composition, the experiment was
repeated three or four times. The repeatability was
excellent. Extinction is not evidenced because nei-
ther nonane nor hexanol absorbs water significantly
[19,20], and the initial droplet diameter is too small
for radiation to be an important heat loss mechanism
[9,25–27].

As shown in Figs. 2–4, the evolution of D2 is not
linear. The burning rate increases as time progresses,
which is more clearly seen in Fig. 5, which displays
the evolution of the instantaneous burning rate. The
burning rates were extracted from data like those
shown in Figs. 2–4 by differentiating each smoothed
variation of (D/Do)2 with and then fitting them2t/Do
with a logarithmic function. Integration of each
curve shown in Fig. 5 reproduced very well the origi-
nal experimental data sets from which they were ob-
tained. It was found that the burning rates for the
40% and 60% mixtures were almost identical.
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Fig. 5. Variation of instantaneous burning rate with
scaled time for nonane/hexanol mixture droplets. Initial
compositions are listed in the inset. The variations were
obtained from curve-fits of data like those shown in Fig.
2–4. Note that the burning rate decreases as hexanol con-
centration increases.

For a given initial concentration, there are several
mechanisms for a time-dependent burning rate.
These include radiative losses (which are not ex-
pected to be important, as noted previously), soot
formation, absorption of pyrolysis products in the
droplet during burning, and droplet heating. Con-
cerning the role of soot formation, as the droplet
evaporates, the fuel molecule residence time de-
creases [30] so that less soot should form. With re-
duced soot formation should come a higher chemical
energy release at the flame, more heat transfer to
the droplet, and a higher burning rate. It is noted
that combustion of several other sooting fuels
showed a nonlinear D2 progression for burning at at-
mospheric pressure [6] and 0.5 atm [39]. In the pres-
ent study, a soot shell was not observed above about
the 10% hexanol concentration, yet burning was still
nonlinear even for very heavy hexanol loadings, as
shown in Fig. 5. This result shows that for the
nonane/hexanol mixtures examined, soot formation
is probably not the cause of nonlinear burning.

It has been speculated [40] that low-volatility py-
rolysis products can dissolve into a burning droplet
to transform an initially single-component droplet
into a multicomponent droplet. Such absorption can
also lead to preferential vaporization. Because the
burning rate is determined somewhat by the vapor-
izing component, a continuously changing burning
rate and nonlinear D2 progression could be realized
because of the presence of the dissolved combustion
products. If the dissolved impurities have low vola-
tility, secondary atomization or microexplosion could
also occur; however, it was not observed for any of
the mixture droplets examined. Further experiments
would have to be performed to sample droplets at

various times during combustion to analyze their
composition in order to prove the viability of this
mechanism for nonlinear burning.

The manifestation of droplet heating is a burning
rate which increases with time. An energy balance
at the droplet surface can be expressed as (neglect-
ing radiation) [38] D � 1 � dd,f where

C D dTpL
d �r �6h dr r�D/2fg

or

4k D dTL
d �d �q h K dr r�D/2L fg

depending on if diffusion occurs inside the droplet
(dd) or the droplet interior is well mixed (dr). Here,
CpL, hfg, qL, and kL are the liquid specific heat, heat
of vaporization, liquid density, and liquid thermal
conductivity, respectively. Unless dd or dr K 1, drop-
let heating will occur and the burning rate will de-
pend on time. Scaling the derivative as

dT T � Tb i��dr D/2r�D/2

where Tb is the fuel boiling point and Ti is the initial
droplet temperature (about 300 K), then

C (T � T )pL b i
d �r 3hfg

and

8k (T � T )L b i
d �d

q h KL fg

For hexanol and nonane, dd and dr range between
0.25 and 1.0 using reasonable property estimates
[24]. Therefore, droplet heating is viable.

In addition to soot formation, which we have al-
ready speculated does not influence burning for the
mixtures studied, increasing the hexanol concentra-
tion increases the mixture liquid density (qL) be-
cause hexanol has a higher liquid density than non-
ane (e.g., room temperature values of 815 kg/m3 for
hexanol compared to 718 kg/m3 for nonane [21]).
The quasi-steady theory of burning [36] shows that
K � 1/qL. Since hexanol has a higher liquid density
than nonane, the droplet should burn more slowly
and the burning time should increase as hexanol is
added, which is also consistent with Fig. 5. Hexanol
concentration also alters the position of the flame
relative to the droplet, which is discussed in the next
section.

Neither preferential vaporization nor a plateau is
evident in Figs. 2–4 because nonane and hexanol
have the same boiling points at the combustion pres-
sure (1 atm). The fact that the vapor pressures of
both nonane and hexanol are the same at the pres-
sure under which the experiments were performed
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Fig. 6. Influence of with initial composition (vol-2t /Db o

ume fraction, �) where tb is the burning time correspond-
ing to D � 0, as determined from data like those shown
in Figs. 2–4. Each data point represents an average value
of at least three repetitions. The error bars show the stan-
dard deviation. The average initial droplet diameters are
shown in the inset. Hexanol has the greatest effect on burn-
ing time for dilute concentrations.

Fig. 7. Variation of flame (i.e., outer luminous zone)
standoff ratio, Df/D, with scaled time, , for three com-2t/Do

positions. Instantaneous droplet diameters, D(t), were ob-
tained from separate D2 measurements. Quasi-steady
burning is never achieved during the droplet lifetime. As
hexanol concentration is increased, the flame moves closer
to the droplet.

(1 atm) then also makes preferential vaporization un-
likely, which is consistent with the D2 progressions
for all the compositions examined. The droplet com-
position then does not change during burning, which
would make for a simplified analysis of this sooting
mixture system.

Figure 6 shows the variation of with volume2t /Db o
fraction, where tb is the burning time at which D �
0 as determined from data similar to those shown in
Figs. 2–4. Mean values are presented, and the bars

show the standard deviations due to the small vari-
ations of Do for each of the compositions examined,
as well as the intrinsic uncertainties in the measure-
ments. varies with composition because of the2t /Db o
liquid density influence on burning rate noted pre-
viously and hexanol’s effect on the proximity of the
flame to the droplet as discussed in the next section.
As illustrated in Fig. 6, adding hexanol to nonane
increases , which follows the reduction of K2t /Db o
shown in Fig. 5. The influence is strongest at low
hexanol loadings and diminishes at high hexanol con-
centrations.

Flame Standoff Ratio

Figure 7 compares the variation of Df/D with
for 10%, 40%, and 80% nonane/hexanol mix-2t/Do

ture fractions. Other compositions were placed in
between the data shown in Fig. 7 but were not pre-
sented so as not to clutter the figure. The measure-
ments are of the outer luminous zone of the video
images and show little scatter. Experiments were re-
peated three times for each composition, and the
repeatability was very good. Accurate measurement
of the flame diameter is more difficult than of the
droplet diameter because the luminous zone diam-
eter is less well defined than the droplet diameter.
The scatter inherent in the measurements shown in
Fig. 7 is due to this less well defined boundary. The
initial droplet diameter was in the range of 0.49 mm
to 0.54 mm, which is essentially constant and should
not influence the burning process. The value of D
to determine the ratio Df/D was determined by tak-
ing the instantaneous droplet diameter from data
like those shown in Fig. 2–4 corresponding to the
time of the flame diameter measurement.

As shown in Fig. 7, the flame standoff ratios are
not constant. Together with the time-varying burn-
ing rate shown in Fig. 5, the nonane/hexanol droplet
burning process is clearly not quasi-steady. Df/D
starts low, levels off somewhat during the middle pe-
riod of burning, and finally tails up at the end. As
hexanol concentration increases, the flame is pulled
closer to the droplet surface, as shown in Fig. 7. With
the closer flame position, the fuel molecule resi-
dence time is reduced [30], which also reduces soot
formation.

Soot Shell Standoff Ratio

Figure 8 shows the soot shell standoff ratio, Ds/
D, for 10% hexanol droplets. Unfortunately, higher
hexanol concentrations showed no visible soot. The
data in Fig. 8 span only the central portion of burn-
ing because of the delay time for soot formation early
on. Soot formation is not important in the later pe-
riod of burning because of the smaller droplet di-
ameter and reduced soot formation that results
[12,13]. Soot collection on the fiber also sometimes
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Fig. 8. Measurements of the soot standoff ratio, Ds/D,
with scaled time, , for 10% hexanol-in-nonane drop-2t/Do

lets. Initial droplet diameters are shown in the inset. At
higher hexanol concentrations and early times, the soot
shell was too faint to allow reliable measurements of Ds.
The soot shell resides between the droplet (Ds/D � 1) and
the flame (i.e., compare with Fig. 7).

made a shell image an incomplete circle in the data
processing method. Ds was difficult to measure un-
der these circumstances.

As shown in Fig. 8, there is a slight increase of the
soot standoff ratio with time. This trend tracks with
the flame standoff ratio shown in Fig. 7 and is con-
sistent with previous measurements of Ds/D for hep-
tane and chloro-octane droplets [6]. In all cases, the
soot shell formed on the fuel-rich side of the flame,
as shown in Figs. 7 and 8.

Summary

1. For a given initial concentration, the time-depen-
dent burning rate is most likely linked to a com-
bination of pyrolysis product absorption in the
droplet and droplet heating, but probably not to
soot formation because droplets with high hex-
anol concentrations also showed a time-depen-
dent burning rate.

2. Hexanol addition increases the liquid density and
lowers the flame temperature, which in turn low-
ers the burning rate. The flame diameter is also
reduced, the fuel molecule residence time de-
creases, and less soot forms.

3. Quasi-steady burning was not achieved during
the droplet lifetime, as shown by the time-depen-
dent burning rate and flame standoff ratios,
which increased with time.

4. For hexanol concentrations above 10%, a soot
shell was not visible. The soot shell standoff ratio
increases with time and is always on the fuel-rich
side of the flame.
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COMMENTS

Cary Presser, NIST, USA. What would you expect the
influence of other alcohol/nonane mixtures (such as with
methanol in place of hexanol) to be on the point of initial
soot suppression, as the alcohol content increases?

Author’s Reply. We have not performed a systematic
study of alcohol type on soot formation for spherical drop-
let flames. Methanol was the only other alcohol we exam-
ined in a previous study of methanol/toluene spherical
droplet flames [1]. Our study kept the alcohol type fixed
(hexanol) as well as the initial droplet diameter, and we
varied the initial hexanol concentration in the droplet. As
a result we can only speculate on what would happen if we
changed the alcohol type in a systematic way for the spher-
ically symmetric droplet burning process. Using arguments
developed from laminar diffusion flames experiments [2],
changing the alcohol type should change the gas-phase
thermophysical properties (e.g., thermal diffusivity), as well
as altering the chemical effect of the additive as it relates
to forming soot precursor species. Alcohols lighter than
hexanol, such as methanol, have a comparatively higher
thermal diffusivity than hexanol and the droplet flame tem-
perature should be lower; at the same time proportionally

more oxygen is introduced into the gas phase. The result
should be reduced soot compared to hexanol in nonane.
Heavier alcohols should have thermal diffusivities lower
than hexanol, and the chemical effect of the alcohol on
suppressing soot formation should be diminished. As a re-
sult, the soot volume fraction should be higher relative to
a hexanol/nonane droplet if other input parameters are the
same. Complicating this speculation on the influence of
alcohol type on soot suppression are other factors that
could occur to varying degrees depending on the alcohol
type but which were not observed for the hexanol/nonane
combination such as microexplosions, extinction, absorp-
tion of water in the droplet, preferential vaporization, and
two-stage burning.
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