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The combustion of JP8 (a kerosene-based fuel) mixed
with up to 20% (volume) tripropylene glycol monomethyl
ether (TPGME, CH3[CH2CH(CH3)O]3OH) is studied to examine
the influence of composition on soot dynamics for the
configuration of an isolated and stationary droplet burning
with nearly spherical symmetry. The spherical droplet
flame is characterized by a one-dimensional transport
process with a concentric flame and droplet, and a sooting
configuration for which the soot aggregates are trapped
between the droplet and flame in a “shell” or “cloud”. Sooting
tendencies are inferred from photographic documentation
of the droplet burning process and are found to be in
the approximate order JP8 > JP8 + 10% TPGME > JP8
+ 20% TPGME. At 20% the soot cloud all but disappears. The
maximum soot aggregate diameter is 80 ((17) nm,
independent of composition. Preferential vaporization is
pronounced as evidenced by a plateau in the evolution of
the droplet diameter (squared) which indicates a dominant
influence of TPGME over other constituents in JP8 that makes
JP8/TPGME behave almost like a binary mixture despite
the highly multicomponent nature of the JP8/TPGME blend.
A scaling relationship for flame, soot cloud, and droplet
diameters is shown to consolidate the measurements onto
a single curve.

Introduction
The most widely used fuels in power and propulsion systems
for military and commercial transport systems are kerosene
derivatives. JP8 in particular is a multicomponent blend
composed of no less than 200 constituents (1, 2) that have
a wide variety of boiling points, heats of vaporization, and
sooting tendencies. Due to variability in the crude source,
the composition of JP8 is not unique (3). [The variability of
JP8 composition complicates interpretation and comparison
of results from among different groups. Efforts have recently
begun (1, 4) to address this issue by proposing that
transportation fuels (of which JP8 is one) be modeled by a
select group of six chemical classes that would replicate most
of the performance metrics of interest to power and propul-
sion systems. The concentrations of species in such a
“surrogate” fuel have not yet been determined.]. On average,
JP8 contains up to 25 vol % aromatics (5), which makes it a
difficult fuel to burn without forming soot. In the current
climate of high reliance on foreign sources of oil and concerns

for environmental pollution, methodologies to reduce soot
formation are important to develop. Interestingly, consider-
able effort has been devoted to improving JP8 for the
noncombustion uses it serves, for example, to make it a more
thermally stable coolant (6, 7), though little has been written
about reducing soot formation through the influence of
additives (8, 9).

The easiest way to influence combustion performance is
through the use of additives. Those that contain bound
oxygen (“oxygenated” compounds such as methanol) can
be especially effective (10-13). The effect of oxygen on soot
is chemical or physical: chemical, through attack of OH
radicals on soot precursors such as C2H2 (14, 15); physical,
through a simple dilution effect. The influence can be
substantial. For example, Miyamoto et al. (11) found that
blending diesel fuel with oxygenate concentrations of 25-
30% by mass produced significant reductions in particulate
matter. Curran et al. (12) reported a reduction of emissions
by over 80% for diesel fuel heavily diluted with methanol,
but at an unrealistically high loading of 82%. Similarly, blends
of JP8 and hexanol resulted in significant reduction of soot,
also at high loading (50%) (8). At the same time, these effects
on soot formation can come at the expense of other
performance metrics such as fuel consumption, power
output, and losses in engine boost (13).

Published results suggest that certain aspects about soot
formation have a universal character which can be revealed
by laboratory-scale experimentation, such as maximum
primary particle size and soot inception temperature (see,
e.g., refs 16 and 17). The mechanism of converting fuel
molecules to soot comes from a series of common steps for
different combustion configurations. Fuel molecules pyrolyze
and produce fuel intermediates (e.g., acetylene) that lead to
“precursor” species (18) which are then converted to soot by
a carbonization process when the temperature exceeds a
critical value, generally on the order of 1350 K (17). Soot
aggregates can grow by surface reactions with gaseous
precursors and polycyclic aromatic hydrocarbons (PAHs) as
well as by coagulation and coalescence.

Viable additives to JP8 for reducing soot would essentially
attack the precursors during combustion. Molecules with
bound oxygen are attractive for this purpose. They should
be miscible in JP8 for ease of preparation and transport.
Methanol is not a good choice for this reason; ethanol
addition to JP8 poses complications for the experimental
arrangement used in this study through its potential for
microexplosions (19). Of the many oxygenates evaluated in
their engine tests, Gonzalez et al. (10, 13, 20) studied a range
of compounds with different molecular structures including
ether, ester, and alcohol groups. Of the mono-, di-, and tri-
propylene glycol monomethyl ethers examined, tripropylene
glycol monomethyl ether (TPGME, CH3[CH2CH(CH3)O]3OH)
was found to be the most promising for future engine testing
to reduce particulate matter (10, 13, 14, 20), in that a 50%
reduction of soot formation was observed for TPGME with
7% oxygen content by weight in diesel fuel (10).

In the present study we examine in greater detail the effect
of TPGME from a more fundamental perspective than tests
in a full-scale engine environment can create. We report on
the influence of TPGME on soot dynamics using a well-
characterized and simplified transport configuration. Rec-
ognizing that the vast majority of propulsion systems (e.g.,
engines) introduce fuels into the combustion chamber as a
spray, of which droplets are the component elements, the
most basic possible configuration is an isolated droplet
burning in a quiescent ambience of air at atmospheric
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pressure and temperature. Figure 1 illustrates the configu-
ration of interest here (21-23).

The droplet and flame are spherical and concentric. Soot
aggregates form on the fuel-rich side of the flame and are
trapped in a sort of metastable equilibrium to form a “shell”
or “cloud” where the forces on them balance, being prin-
cipally the outwardly directed drag associated with the
evaporation-induced velocity and the inwardly directed
thermophoretic force associated with the temperature gradi-
ent between the droplet and flame. Streamlines of the flow
ideally resemble the spokes of a wheel because gas transport
is purely in the radial direction. These features combine to
make the idealization in Figure 1 a “canonical” configuration
for droplet combustion. Our idea to subject a complex fuel
such as JP8 and its mixtures with TPGME to the environment
of Figure 1 is an attempt to exploit these attributes and to
provide data useful for modeling complex combustion
aspects such as the influence of radiation and soot formation
on droplet burning (24, 25).

As burning progresses, the soot aggregates accumulate
and the cloud becomes more dense. Particularly large
aggregates may drift out of the shell toward the flame (23)
where they can oxidize (21, 26, 27) because of small
perturbations in the flow, caused, for example, by a physical
drifting of the droplet as it burns. The experimental apparatus
is specifically designed to exclude this sort of transport by
restricting motion of the droplet.

The geometry of Figure 1 is not in any way intended to
mimic conditions in a real combustor. Rather, the goal is to
bring a fundamental perspective to combustion of JP8 and
its blends with TPGME. The relationship between the isolated
case in Figure 1 and the situation experienced by droplets
in a practical engine environment is through subgrid models
in spray codes that track the behavior of individual droplets
(28). The consistency of correlations that correct for convec-
tion in these subgrid models is dependent on recovering the
one-dimensional limit of zero convection, which is the case
depicted in Figure 1.

The compositions examined are those found to be
important in engine combustion studies, namely, 20 and 10
vol % (10, 20), corresponding to 7.2% and 3.7% oxygen
content. Specific aspects examined include the evolution of
the droplet, flame, and soot dynamics, how blending with
TPGME influences these quantities, and the overall sooting

propensities of JP8 and TPGME. Quantitative measurements
include the evolution of droplet (D), flame (Df), and soot
cloud (Ds) diameters to give information on the burning rate
and unsteady behavior, which are important parameters for
modeling. We also define an index that measures the
tendency to soot and compare it among the JP8/TPGME
compositions examined. Droplets with initial diameters in
a relatively tight range of 400-500 µm diameters were
examined to eliminate the effect of the initial droplet diameter
on soot formation (29, 30). This size range is much larger
than that of droplets in practical sprays, which are typically
under 100 µm diameter. The smallest dimension we can
resolve is about 30 µm. If we were to start with a 100 µm
droplet, we would be able to track 70% of its burning history,
while for a 500 µm droplet we can track 94% of the burning
history. Droplets of 500 µm diameter also exhibit features
similar to those of their smaller counterparts, yet they allow
for higher average optical quality.

Experiment
General Procedure and Materials. Spherical droplet flames
are promoted by performing the experiments at low gravity
to eliminate the influence of convection. Gravity levels are
less than 10-4 of the earth’s gravity (9.8 m/s2), which provides
sufficiently low Rayleigh numbers that the flame was nearly
spherical. The experiments are conducted in a free-fall facility
that provided 1.2 s of low gravity. This time is adequate to
observe the complete burning history for the sub-millimeter-
sized droplets examined (31, 32). The general procedure of
the experiments is to first deploy a test droplet in its sealed
surroundings and then to put the confined droplet and
hardware shown in Figure 2 into free-fall, with two cameras
viewing the burning history in perpendicular directions.
During the downward flight of the instrumentation package,
the droplet is ignited and the burning process recorded
photographically. Details of the experimental design and
procedures are given in ref 33. The JP8 and TPGME used in
this study were supplied by Southwest Research Institute
(San Antonio, TX).

Droplet Deployment and Ignition. Test droplets are
anchored on very thin SiC fibers, 12 µm diameter, using a
previously developed design for supporting droplets (8, 34).
Two SiC fibers are placed across four posts in a crossing
pattern with the droplet mounted at the intersection of the
fibers. The fibers are crossed at an angle of 120° so that the
glow from the fiber associated with the interaction of the
fiber with the flame would not obscure any portion of the

FIGURE 1. Schematic of idealization of spherically symmetric droplet
burning with soot formation. The soot shell will achieve the position
appropriate for the forces acting on the soot aggregates, being
principally thermophoresis (inward) and evaporation-induced drag
(outward).

FIGURE 2. Schematic of the experimental package that is physically
dropped to create low gravity and low convection. The outer chamber
shields the inner package from air drag, which thereby lowers the
convection level and provides for a more spherically symmetric
burning configuration.
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droplet or soot cloud that formed. Unlike free-droplet
techniques, the fiber may influence combustion through heat
conduction along the fiber, the droplet and flame shapes,
and the geometries of the soot patterns that form (see refs
35 and 36). Since measurements of the supported droplets
compared very favorably with a droplet burning in a free-
floating mode (evolution of the droplet diameter) (8), we
assumed that the fiber did not exert an influence on the
burning rate. We did notice some distortion of the soot cloud
late in the droplet burning lifetime, though the unusual
patterns of soot trapping associated with very large fiber
supports (36) never arose.

Droplets are mounted on the fibers by essentially “shoot-
ing” a droplet formed from a piezoelectric generator (e.g.,
similar to an inkjet generation method (31)) at the intersection
of the two fibers. The droplet is ignited by two adjustable
sparks (spark duration of 0.8 ms) positioned on opposite
sides of the droplet. The electrodes are then immediately
retracted away from the droplet. The sparks are activated
320 ms after the period of low gravity commences to allow
vibrations to subside that are commonly caused by the
physical separation of the instrumentation package from the
magnet that holds the package in place prior to dropping.
This manner of ignition is designed to promote ignition
symmetry. Though it is completely different from what
droplets would experience in a realistic engine environment,
as noted previously our intention is not to simulate a practical
liquid fueled burning situation but rather to create the
idealized spherical configuration of Figure 1, and this manner
of ignition was favorable to that end.

Data Acquisition and Processing. For recording droplet
and soot shell images, constant-intensity backlit images are
taken using a GE ENG 150 W bulb for illumination and
Eastman Kodak 7278 black and white film (ASA 125) with a
LOCAM high-speed 16 mm movie camera operating at 200
frames/s. The camera is fitted with an Olympus 90 mm Zuiko
lens and 100 mm extension tube (an aperture of f4.0 and a
shutter speed of 1/450 s). The high-intensity backlighting
was effective for observing the droplet through the dense
soot cloud. Using a COHU 8295 camera with a Bausch &
Lomb 48 mm 0.08 objective lens and an 80 mm extension
tube, self-illuminated (i.e., nonbacklit) CCD color video
images are also recorded for flame analyses.

Quantitative measurements of D and Ds are made by
scanning each image from the 16 mm movie sequence into
a PC (with a Microtex scanner at 3900 × 3900 dpi resolution)
for analysis by Media Cybernetics ImagePro Plus 4.0 software.
Corrections for slight asymmetry in the droplet shape due
to the fiber are made by defining an equivalent diameter
from the measured cross-sectional area of droplets. Soot shell
diameters are taken from the diameter of a circle that best
fits a user-defined periphery of the soot cloud. Measurement
of Ds is begun when the soot cloud is clearly visible as a shell,
and measurements are terminated when the soot shell aspect
ratio becomes less than 0.9. The outer luminous zone is
defined as the flame diameter, and it is obtained from video
images displayed on a monitor using a video caliper. More
detailed discussion of the measurement and analysis pro-
cedure is given elsewhere (33).

A semiquantitative assessment of the relative amount of
soot formed for the various mixtures examined is made by
defining an “apparent soot index” (ASI) as the ratio of the
darkest areas surrounding a droplet (dark areas are due to
soot) for JP8/TPGME blends relative to that of “pure” JP8:

(i.e., ASI ) 1 for JP8). The dark areas are identified by ImagePro

Plus software and combined according to eq 1. Although this
is an arbitrary definition as it considers soot visible in only
one plane, it provides more quantitative judgments of soot
formation compared to a simpler visual inspection of
photographic image intensity.

Soot aggregates are acquired from deposits on the support
fibers at the end of the burning process and then analyzed
using a LEO 922 energy-filtering transmission electron
microscope which utilizes Koehler illuminations for superior
digital image contrast. The aggregates sampled in this way
correspond to the very end of the burning process. Mean
aggregate “diameters” are extracted from transmission
electron microscopy (TEM) negatives using the aforemen-
tioned image analysis software. The soot samples were
prepared for TEM analysis by crushing them into finer-sized
specimens using a mortar and pestle for a uniform specimen
thickness over a large area. The soot specimens were attached
to a copper-grid film 1/8 in. in diameter (SPI Supplies, model
no. 3330C, Formvar on 300 mesh) with 2-propanol solvent
and then mounted in the TEM instrument.

Results and Discussion
Flame and Soot Cloud Structure. Figure 3 illustrates the
development of the soot cloud with selected black and white
photographs using intense backlighting for JP8 (Figure 3a),
JP8 + 10% TPGME (Figure 3b), and JP8 + 20% TPGME (Figure
3c) droplets. The three sets of photographs were selected to
correspond to (D/Do)2 of 0.8, 0.6, and 0.3. The time after
ignition is indicated beneath each photograph. The second
photograph of each set happened to correspond to the most
intense (i.e., darkest) image for that set as determined by the

ASI ≡
area of the dark region around the TPGME/JP8 mixture droplet

area of the dark region around the pure JP8 droplet
(1)

FIGURE 3. Selected backlit photographs of (a) JP8, (b) JP8/10%
TPGME, and (c) JP8/20% TPGME droplets burning in air. The
backlight intensities are identical. Note that the soot cloud is barely
visible for (c).

FIGURE 4. ASI of JP8/TPGME blends (TPGME 0%, 10%, and 20%
in volume).
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software analysis. With high-intensity backlighting, the
droplet and soot are both visible for JP8 and JP8 + 10%
TPGME. Some obscuration of the droplet is evident at later
times due to soot accumulation in the shell for JP8, which
decreases with increasing TPGME concentration. At 20%,
the soot shell is not visible at all. This shows the influence
of oxygen in TPGME on mitigating the formation of soot
precursor species as noted previously.

Assuming that a less dense soot cloud implies less soot
formed, the sooting propensities according to Figure 3 are
in the order JP8 > JP8/10% TPGME > JP8/20% TPGME. This
trend is consistent with the ASI shown in Figure 4, which
also includes measurements from ref 8 for a JP8/50% hexanol
(7.9% oxygen content) blend for comparison. The line drawn
is meant to illustrate the trend.

At later times in Figure 3, soot deposits can be seen on
the fiber. These were extracted from the fiber and analyzed

by TEM. Figure 5 shows TEM images of soot aggregates for
JP8 and JP/TPGME blends. The aggregates appear to have
a somewhat spherical or elliptical shape which is consistent
with previous work on a different flame geometry (16).
However, while the mean aggregate size (calculated as the
arithmetic mean of the transverse and longitudinal lengths)
is about 80 ((17) nm and is independent of concentration,
the aggregate size is considerably larger than that of the soot
precursors reported in buoyancy-dominated flames (16). The
trend of larger aggregate size with reduced convection level
is consistent with prior observations (37).

It is common practice to define a flame “standoff” ratio
as the relative position of the flame to the droplet diameter,
Df/D, and similarly for the soot shell, Ds/D. The local droplet
diameter that is used to form these ratios is shown in Figure
6 for both 10% and 20% TPGME in which the data are
presented in coordinates of the classical theory of spherically
symmetric droplet combustion (see, e.g., ref 18). Compara-
tively high scatter in the data of the 10% TPGME mixture is
the result of soot obscuration of the droplet image. On the
other hand, the data quality of the 20% TPGME mixture is
higher because of reduced soot formation (Figure 3c). For
comparison to pure JP8, data from ref 8 are included in Figure
6 (curve-fit line).

Mixture Effects. Two noticeable features of the addition
of TPGME are as follows. First, an initial heating period for
JP8 (spanning the time range of τ labeled in Figure 6) was
significantly decreased by the addition of TPGME (both 10%
and 20% concentrations). This reduction is the result of a
higher thermal diffusivity of TPGME relative to JP8 which
produces a smaller thermal penetration depth (28) for TPGME
relative to JP8. Second, preferential vaporization is observed
for both TPGME mixtures, even though pure JP8 did not
show evidence of preferential vaporization even with its
multicomponent nature.

The inset in Figure 6 is an idealization of preferential
vaporization. It is typically considered to be due to a volatility
difference between components in a multicomponent fuel
blend in which the most volatile species evaporates and leaves
behind the second component or additional components,
which then evaporate sequentially. A flat transition zone
(“plateau”) is the result of compensating the reduction of
liquid density from the droplet temperature increasing during
the transition, with evaporation of the droplet. The plateau
is evident for the 10% mixture and to a lesser degree for the
20% mixture. While JP8 itself is a highly multicomponent
blend, preferential evaporation is not evident from the trends
reported previously (8), indicating that with so many
components in JP8 many are evaporating simultaneously to
eliminate the distinction between components. The con-

FIGURE 5. TEM images of soot aggregates collected at the end of
burning: (a) JP8, (b) JP8/10% TPGME, (c) JP8/20% TPGME.

FIGURE 6. Evolution of the droplet diameter for both JP8/TPGME
mixtures (10% and 20%). The initial heating period of the JP8 droplet
is marked as “τ”. The trend line in the inset illustrates the preferential
vaporization of the JP8/10% TPGME mixture.

FIGURE 7. (a) Evolution of flame and soot shell standoff ratios for both JP8/TPGME (10% and 20%) mixture droplets burning in air. (b)
Ratio of the flame to soot shell diameters with time scaled by the droplet burning lifetime. There are no Ds measurements for JP8/20%
TPGME in (a) because the soot shell was not clearly articulated for this mixture (see Figure 3).
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centration of TPGME in JP8 is far higher than that of any
other single constituent in JP8, so one may view the JP8/
TPGME blend more like a binary mixture of constituents
with different boiling points and volatilities. Figure 6 lends
support to this interpretation. For significant differences in
boiling points of binary mixture droplets, the plateau can be
quite pronounced (27).

Figure 7a shows the evolution of the flame and soot
standoff ratios. Only data for the 10% mixture are shown
because at 20% TPGME the soot shell was all but eliminated
as shown in Figure 3. From Figure 7a, 1 < Ds/D < Df/D,
which follows because soot forms on the fuel side of the
flame. With soot forming on the fuel-rich side of the flame,
and the flame largely dictating the temperature gradient,
soot aggregate trapping is expected to track with the flame
front. This point is more clearly seen in Figure 7b, which
shows that Df/Ds is essentially constant throughout burning
for JP8 and JP8/TPGME blends.

The 10% TPGME mixture has an evolution of flame
standoff ratio almost identical to that of JP8 as shown in
Figure 7b, whereas the 20% TPGME mixture has a slightly
higher ratio than JP8 at the late burning regime due to faster
burning. The flame standoff ratio increases continuously as
burning progresses, which is due to fuel vapor accumulation
early on (38). Figure 7a also shows that the soot standoff
positions are virtually indistinguishable between JP8 and the
10% TPGME mixture. Furthermore, while Ds/D tracks with
Df/D, Ds/D shows a weaker dependence on time because of
the inertia of the soot aggregates, which makes them less
responsive to thermal and dynamic changes in the sur-
rounding gas.

Correlation. The values of D, Df, and Ds are linked by the
radial convection field, the temperature gradient from the
droplet surface to the flame, and the forces acting on the
soot aggregates which depend on these fields. A relationship
among the variables was previously presented as (8)

where t is the time, tb is the droplet lifetime, and C and n are
empirical fitting coefficients. According to eq 2, data plotted
as (Df - Ds)/(Ds - D) vs t/tb would fall on a single curve.
Figure 8 shows that this is in fact the case for JP8 and a 10%
JP8/TPGME mixture. The solid line comes from eq 2 and was
derived from JP8 and JP8 + 10% TPGME data. Note that, for
JP8 + 20% TPGME, the soot shell diameter could not be
measured due to the significant reduction of soot formation
and accumulation (see Figure 3c), so there are no data for
the 20% mixture in Figure 8 (e.g., Figure 7a). The line in
Figure 8 is a best fit using eq 2 with C ) 3.47 and n ) -0.44

for this data set. The utility of a correlation such as eq 2 is
that it allows a prediction of Ds given the droplet and flame
diameters for this complex blend.
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