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Microgravity n-Heptane Droplet Combustion
in Oxygen–Helium Mixtures at Atmospheric Pressure
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Results are presented from experiments on the combustionof freely � oated n-heptane droplets in helium–oxygen
environments conducted in Spacelab onboard the Space Shuttle Columbia during the � rst launch (STS-83) of the
Microgravity Science Laboratory mission in April 1997. During this shortened � ight, a total of eight droplets were
burned successfully in nominally 300 K oxygen–helium atmospheres having oxygen mole fractions of 25, 30, and
35% at a total pressure of 1 atm. Initial droplet sizes ranged from about 2 to 4 mm. The results demonstrated both
radiative and diffusive � ame extinction during burning, whereas droplet surface regression followed the d-square
law. The full range of possible droplet-burning behaviors was thus observed. The results provide information
for testing future theoretical and computational predictions of burning rates, soot and � ame characteristics, and
extinction conditions.

Introduction

A DVANCEMENT of basic understanding generally is served
best by studyingwell-de� ned problems. Isolated, single-drop-

let burning is the simplest example of nonpremixed combustion
that involves participationof a liquid phase (the fuel) in addition to
the gas-phase diffusion � ame. Investigationof the combustion of a
single, isolated liquid droplet affords the opportunity to study the
interactions of physical and chemical processes in an idealized and
simpli� ed geometricalcon� guration.The insightsgained from such
investigations can then be applied for improving means of burning
liquid fuels with greater ef� ciency, cleanliness, and safety.

The experimental apparatus described is designed for studying
droplets having initial diameters between 1.5 and 5.0 mm. These
dimensions aid in measurement by circumventing spatial resolu-
tion dif� culties encountered for smaller droplets and expose phe-
nomena such as in� uences of radiation energy loss, which are not
signi� cant at smaller sizes under ordinary atmospheric conditions.
In normal gravity, however, combustion of these larger droplets is
strongly in� uenced by natural buoyant convection, which destroys
the desired spherical symmetry. Microgravity provides a means for
greatly reducing these convective effects and, thus, achieving geo-
metrical simpli� cation that facilitatesanalysisand understandingof
the results.

Kumagai1 pioneered the use of microgravity in studying droplet
combustion.His drop tower provided about 1 s of microgravity, en-
ablinghim to burn to completiondropletsof initialdiametersslightly
less than 1 mm. Numerous droplet-combustion drop-tower and
parabolic-� ight studies of this type have since been performed.2¡34

To emphasize the large extent of this work, it may be noted that the
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� rst 34 referencesall report some microgravityexperimental results
butyet representonly partof the wide-rangingexperimentaldroplet-
combustion research that has now been done in microgravity. The
well-known d-square law of droplet combustion, namely, that the
squareof thedropletdiameterdecreaseslinearlywith time, indicates
that, in the largest drop tower available(the 10-s tower in Hokkaido,
Japan), droplets up to about 3 mm in initial diameter can be burned
to completion. Because aircraft � ying parabolic trajectories fail to
produce the low-gravity levels (10¡ 4 –10¡ 6 Earth gravity) needed
to eliminate buoyant in� uences in spherical droplet burning (calcu-
lated by considering in� uences of droplet displacement, velocity,
and acceleration in the conservationequations and by requiring the
dropletto remain in the � eld of viewof the dropletimager for the en-
tire burning history) and because droplet-combustion experiments
in sounding rockets would be fairly ambitious and expensive to
design, Spacelab offers an attractive opportunity to study the com-
bustion of large droplets. Although Spacelab experiments also are
expensive, they offer advantages in that a number of experiments
can be performed in one � ight, and results of early experiments can
be used to decide what later tests need to be done.

Droplet combustionexperimentswere performed in one previous
Spacelab� ight,35 the secondU.S. MicrogravityLaboratorymission,
aboard theSTS-73 launchof the Space ShuttleColumbia.That set of
experimentsemployedthe small,multiusergloveboxfacility,neces-
sitatingdevelopmentof a simpli� ed approachto droplet suspension.
The apparatus adopted � ne � bers to support droplets ranging in ini-
tial diameter from about 2 to 5 mm. This � ber-supported droplet
combustion (FSDC) experimentalso was � own on the STS-83 mis-
sion discussedhere,but the shortened� ightdid notpermitexecution
of any FSDC-2 droplet-burning tests. The FSDC experiments on
STS-73 did provide a considerableamount of information concern-
ing the burning of droplets of methanol and of heptane–hexadecane
mixtures in air, but no data were obtained for heptane droplets that
couldbe comparedwith the results reportedhere.Two limitationsof
the FSDC experimentsare that combustioncan be investigatedonly
in Spacelab cabin air environments and that the � ber support can
causeperturbativedeparturesfromsphericalsymmetryduring com-
bustion. The free-droplet studies here reported eliminate any � ber
effects and allow the pressure and composition of the atmosphere
in which the droplet combustion occurs to be adjusted as desired,
thereby providing greater � exibility. Improvements in the diagnos-
tic instrumentationalso provide greater � delity of the experimental
measurements.
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In the present experiments, n-heptane was selected as the fuel,
and mixtures of helium and oxygen,with different oxygen percent-
ages and different total pressures,were employedas the atmosphere
in which the droplet combustion occurs at normal cabin tempera-
ture. The many recent studies of n-heptane combustion and chem-
ical kinetics,36 – 42 following from heptane’s adoption by much of
the scienti� c community as an attractive model pure fuel for ob-
taining basic information relevant to combustion in practical en-
gines, especially diesels, motivated the choice of this fuel for the
present work. Many heptane–air droplet-combustion experiments
have been performed in drop towers (so many that heptane almost
has become a standard fuel for droplet-burning studies), and to fa-
cilitate direct comparisonswith this extensive database, it would be
of interest to employ oxygen–nitrogenmixturesas the oxidizingen-
vironment in Spacelab experiments.The selection of helium rather
than nitrogen as the diluent in the present experiments was based
on a number of considerations. Experimental and computational
results indicated that the use of helium reduces sooting, increases
burning rate, and leads to � ame extinction at larger droplet diame-
ters, thereby improving the ease with which accuratemeasurements
can be made. The higher thermal diffusivity of helium plays an
important role in achieving these bene� ts. Although no heptane
droplet-combustion experiments have previously been performed
in helium–oxygenmixtures (other than the exploratoryexperiments
run in developing the present Spacelab experiments), systematic
drop-tower experiments can readily be performed in the future, for
initial droplet diameters below about 1.5 mm, to provide compar-
isons with the Spacelab results on large droplets. Additional inter-
est in helium dilution stems from its potential use in increasing � re
safety.

This paper presents initial results from experiments on free-
� oated n-heptane droplet combustion conducted at a total pressure
of 1 atm in three different oxygen–helium environments onboard
the STS-83 � ight of the Space Shuttle Columbia during the � rst
Microgravity Science Laboratory mission (MSL-1). The general
purpose of these experiments is to produce data over a wide range
of initial conditions,which will provide a basis for re� ning existing
phenomenologicalunderstandingof droplet burning and extinction
processesand permit quantitativeassessmentof our theoreticalabil-
ity to predict these phenomena. These data are to be utilized specif-
ically to test theoretical predictions of liquid-phase and gas-phase
steady and unsteady phenomena and of � ame-extinction phenom-
ena in the spherically symmetrical burning of a pure fuel droplet.
Through study of larger droplets than have been tested previously,
the range of characteristic times over which chemical–kinetic in� u-
ences can be investigated is increased. Unanticipated phenomena
might also occur at these longer times.

Fig. 1 Schematic diagram of the internal apparatus of the DCE.

Experimental Approach
The experiments were conducted in the droplet combustion ex-

periment (DCE) apparatus located in rack 8 within the Spacelab
facility, in the cargo bay of the Space Shuttle Columbia. Rack 8 was
chosenfor theDCE becauseit is locatedclose to the centerof gravity
of the Space Shuttle and, thus, produces low residual gravity levels
compared to other rack locations. The primary components of the
DCE apparatusare the combustionchamber, the internal apparatus,
the diagnostic system, and the gas-supply system. The combustion
chamber is a 346-mm-long cylindricalsection with a 342.9-mm in-
side diameter,manufacturedfrom 6061-T6 aluminum.The cylinder
heads are elliptical with a 2:1 ratio. The combustion chamber has
an internal volume of 42.4 liters. The internal apparatus, shown in
Fig. 1, is mounted inside the combustion chamber and contains the
droplet-deployment mechanisms, two diametrically opposed hot-
wired igniters, a fuel-supply system, and a gas-mixing fan. The
droplet-deploymentsystem consisted of two L-shaped hypodermic
needles(outer diameter0.254 mm) made of stainless steel, mounted
horizontallyon the shafts of the two dc motors. These servo motors
are placed in such a manner that the needle tips meet tangentially,
from opposite directions,when they are brought together. The nee-
dle tips were � ared slightly (� are diameter 0.341 mm) so that the
fuel droplet generated between the needles is centered and held in
place when the needles are stretched prior to deployment. Droplets
are deployed freely by injecting a metered amount of fuel between
the tips of the two needles, stretching the droplet slightly and then
withdrawing the needles simultaneously at a high acceleration. At
the moment that a droplet is deployed, the hot-wire igniters are ac-
tivated to initiate combustion of the freely � oating droplet, and they
are then withdrawnslowly away from the regionof combustion.The
precise positioningof the needles and the timing of the sequence of
events are controlled by the experiment control computer (ECC), a
microprocessor located within the DCE avionics compartment.

Figure 2 shows the DCE primary diagnostic system, which con-
sists of a 35-mm, high-speed motion-picture camera that captures
the back-lit images of the droplet (droplet-imagingcamera in Fig. 2)
and an intensi� ed-array camera with an orthogonal view that im-
ages the ultraviolet (uv) emission arising from the hydroxyl-radical
chemiluminescence in the � ame zone (� ame-imaging camera in
Fig. 2). In addition, a standard color video camera is used to moni-
tor the experiment operations within the combustion chamber. The
back lighting for the droplet-view camera is provided by a colli-
mated beam from a red-light-emittingdiode light source. The � eld
of view for the high-speeddroplet-viewcamera is a 30 £ 30mm area
centered around the deployment location. The high-speed camera
is run at 80 frames/s, and the black-and-white images are recorded
on a Kodak Teck Pan � lm. A telecentric lens system is used with
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Fig. 2 Schematic diagram of the DCE primary diagnostic system.

the high-speed camera to minimize the magni� cation factor when
the free-� oating droplet moves in and out of the � eld of view. The
optics and the development processes for the 35-mm � lm are op-
timized to obtain an edge resolution up to 18 ¹m. The � ame-view
charge-coupleddevice camera, located along an axis perpendicular
to the droplet-viewcamera, has a � eld of view of 50 £ 50 mm, and
its imaging optics consist of a 50-mm uv-transmissive lens and a
narrow-band interference � lter centered at 310 nm. The uv images
are taped on a Hi-8 video recorder and have a standard video time
resolution of 30 frames/s or 60 � elds/s. Both the droplet images
and the uv � ame images are time-stamped accurate to 1/1000 of a
second so that they can be time correlated during data analysis. A
crew-view port in the combustionchamber allows the crew member
to monitor the experiment visually or, alternatively, to take 35-mm
still, color picturesof the burning droplet using a Nikon F4 camera.

The temperature and pressure in the combustion chamber are
also monitored, in this case at a rate of 10 Hz, throughoutan exper-
imental run by the ECC, and the data are stored in onboard mem-
ory units. The ECC forms the heart of the DCE avionics. Besides
controlling the droplet-deployment servo-motors and their optical
encoders, the ECC controls the fuel-syringe stepper motor and the
linearsteppermotors for thehot-wire igniters.It also forms the inter-
face for crew commanding of the experimentby a lap-top computer
or for ground-control commands, so that the droplet deployment
and ignitionprocessescan be accomplishedeither by the crew or by
ground commanding.During the STS-83 � ight, two burns were run
by ground command; the rest were run by a crew member onboard.

Experiment initial conditions are � rst established by venting the
combustion chamber to space vacuum and then � lling it with a pre-
mixed gas bottle containing the required oxygen–helium mixture.
The gas bottles are � lled on the ground in such a manner that, when
they are emptied into the evacuated DCE combustion chamber, the
desiredambientpressureandoxygenconcentrationsare established.
Because several burns are conducted in a given environment, the
postcombustionenvironment is sampled for ground analysis by us-
ing an evacuatedbottleprior to venting.This improves the precision
in determining the environment in which each droplet is burned. A
Shuttle crew member initiates a chosen experimental run by posi-
tioning the droplet-deployment needles and the hot wire at a pre-
determined home position prior to the start of an experimental run.
The process of injecting a measured amount of fuel, stretching the
needles, and then deploying the droplet is accomplished by using
commands from the lap-top computer connected to the ECC. The
igniters are then energizedfor a predeterminedtime period and then
withdrawnslowly away from the deploymentsite. The stretchedpo-
sitionof the deploymentneedlesprior to deployment,the positionof

the hot-wire igniters relative to the droplet surface, and the precise
timing between dispense, deployment, and ignition are predeter-
mined based on theoreticalcalculationsfor stretcheddroplet shapes
and droplet evaporation rates; extensive ground-based tests were
carried out in the NASA Lewis Research Center 5-s drop tower to
re� ne the parameterselections.The 35-mm,high-speed� lm camera
and the uv camera are activated just before the automated sequence
of droplet stretch, deployment, and ignition.

The research-grade(99% purity) n-heptanefuel used in this study
was obtained from a commercial vendor and was degassed prior to
loading in the fuel syringe for approximately three months before
being installed in the combustion vessel. The fuel composition was
analyzed before and after the � ight, and negligible (much less than
1%) changes were found in fuel composition.

Data Reduction and Results
The principal data are obtained from the back-lit images of the

dropletand OH-chemiluminescentimages of the � ame. Figure 3, an
example of the former, shows the sequence of events in an experi-
mental run. The � rst frame shows the droplet formed on the needles
prior to stretching and the pair of hot-wire igniter loops in place.
In the second frame, the droplet has been stretched and is ready for
deployment. The third frame, taken just after needle extraction, is
at the time of maximum amplitude of liquid oscillation. The next
frame shows the beginning of the soot buildup during ignition; the
soot � ows outward along the axis of the loops but avoids the hot
wires themselvesbecauseof thermophoreticand/or gas-� oweffects.
In subsequentframes, the ignitershavebeen retracted,and the histo-
ries of the soot shell and droplet diametercan be traced.Noteworthy
are the clarity with which individualsoot agglomeratescan be seen,
the gradual decrease in soot-shell elongation toward the retracted
igniter axis, and the decrease in soot density with increasing time.

As a consequenceof the shortenedmission, only eight successful
runs were carried out, all at 1 atm and with three different oxygen–

helium mixtures. The droplet initial sizes were between 1.7 and
4.1 mm. Results of analyses of all frames of the droplet-view and
� ame-view images are shown in Figs. 4–6 in terms of historiesof di-
ameter squared for each of the three different atmospheres.Table 1
summarizes the test atmospheres, the initial droplet diameters d0

employed in analysis, the burning-rate constants K derived from
the data, and the average droplet drift velocities V measured from
the back-lit � lm. The ways in which these values were obtained are
described subsequently. The numbering of the experimental runs,
given in Table 1, is selected for conveniencein describingthe results
and re� ects neither the designations employed during the experi-
ments nor the order in which the experimentswere performed.
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The back-litimagesof thedropletsand theOH-chemiluminescent
images of the � ame were digitized and analyzed using a per-
sonal computer-based image-analysis system.43 The system iden-
ti� es edge locations on the basis of gradations in intensity. This
procedure is most accurate for droplets later in the burning history;
initiallythe relativelyheavysootingmakesedgedeterminationmore
dif� cult. For the data shown in Figs. 4–6, the reporteddiameters are
those of a circle having the area measured by the image-analysis
system. The small-scale irregularities visible in � gures are repre-
sentative of inaccuracies associated with the image resolution and
analysis. For the droplets, the results were checked by visual mea-
surements of some � lm frames and by direct measurement of two
orthogonal diameters using the image-analysis system. Accuracies
of droplet diameters were inferred from these results to be better
than 5%. The � ame images almost always were observed to be
quite round with well-de� ned edges. Pro� les of OH are to be ob-
tained by deconvolutionof the � ame-image intensities, but because

Table 1 Experimental conditions, measured burning
rates, and average drift velocities

Run no. O2% d0 , mm K; mm2 /s V ; mm/s

1 35 1.9 1.34 4.17
2 35 3.1 1.21 1.70
3 35 4.1 1.19 1.54
4 30 3.2 1.02 1.99
5 30 3.9 1.02 1.09
6 25 2.8 0.91 1.12
7 25 3.2 0.94 0.90
8 25 4.1 0.99 1.62

Fig. 3 Selected back-lit frames for the 4-mm droplet in 35% oxygen, showing deployment, ignition, and subsequent combustion.

this analysishas not been completed,only the outer � ame diameters
are reportedhere.These outer diametersare essentiallydiametersof
maximum� ame-imageintensitiesbecauseat the edge the intensities
fall rapidly from the maximum to zero. From the � ame and droplet
diameters, the � ame standoff ratio, that is, the ratio of the � ame
diameter to the droplet diameter, can be computeddirectly.Figure 7
shows these ratios as functions of time for all eight experimental
runs.

From the back-lit views, such as those of Fig. 3, the soot particles
are quite visible. The outer boundary of the soot cloud is rather
well de� ned in these photographs.Although the major diameter of

Fig. 4 Square of the droplet and � ame diameters as functions of time
for an ambientoxygen–helium environmenthavingan oxygenmolefrac-
tion of 35% at 1-atm pressure.
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Fig. 5 Square of the droplet and � ame diameters as functions of time
for an ambientoxygen–helium environmenthavingan oxygenmolefrac-
tion of 30% at 1-atm pressure.

Fig. 6 Square of the droplet and � ame diameters as functions of time
for an ambientoxygen–helium environmenthavingan oxygenmolefrac-
tion of 25% at 1-atm pressure.

Fig. 7 Flame standoff ratios as functions of time.

this cloud is in� uenced by initial conditions and initially decreases
rapidly with time, the minor diameter seems fairly representative
of a spherical combustion process. Figure 8 shows the ratio of this
minimumouter soot-clouddiameterds to the liquiddropletdiameter
dl as a function of the scaled time t=d2

0 . Data on this � gure were
taken from all eight runs at 1- or 0:5-s time intervals. Additional
soot-particle information, such as distributionsof number densities
and sizes and shapes of soot particles and agglomerates, remain to
be extracted from the back-lit � lms.

For later investigationof the effects on the burning-rate constant
K of the Reynolds number Re, the relative velocity of the droplet
with respect to the gas is needed. For this purpose, the relative ve-
locity may be taken to be the drift velocity V reported in Table 1.
This velocity was obtained from the image-analysis system43 by

Fig. 8 Soot standoff ratios as functions of time.

tracking the centroidof the droplet area and the � ame area. Because
the droplet and � ame views are orthogonal, droplet drift in three
dimensions is obtained by assuming that the droplet is in the cen-
ter of the � ame. Most of the droplet motion is in the droplet view
because the droplet-view camera is located along an axis perpen-
dicular to the droplet deployment plane, the plane within which the
deployment needles and igniters move. Deployment and ignition
imbalances generate droplet velocities in this plane, although those
velocities were observed to be appreciably smaller than velocities
in most earlier experiments, namely, on the order of 1 mm/s rather
than 10 mm/s. The droplet drift velocity could be larger or smaller
than the relative velocity that belongs in Reynolds number because
the gas need not be at rest, but gas velocities were calculated to
be small as a consequence of allowing suf� cient time for gas cur-
rents to dissipate prior to initiating an experimental run. In most
runs, the drift velocities were found to be nearly constant, but in
35% oxygen, where droplets burned to completion, sudden droplet
accelerations were observed near the end of combustion for rea-
sons that are still under investigation. The 3.0-mm depth of � eld
of the droplet-imagingcamera was suf� cient to maintain negligible
(less than 20-¹m) error in droplet-diameter measurements associ-
ated with droplet motion.

Discussion of Results
The results shown in Figs. 4–6 span the full range of droplet-

combustion behavior. In all of these � gures, time is measured start-
ing from the � rst frame following withdrawal of the deployment
needles, and droplet and � ame views are synchronizedwithin 0.1 s
through Greenwich mean time stamps. Needle withdrawal induces
droplet oscillations in the � rst spherical harmonic mode. These os-
cillationsare evident in the back-lit images, and amplitudesand fre-
quencies may be extracted from those images in the future because
the frame-to-frametime reduction is suf� cient for that purpose.The
long timescales in Figs. 4–6 cause the oscillations to appear as scat-
ter at the beginning.The oscillationamplitude and duration increase
with increasing droplet size. In all cases, oscillation amplitudes are
viscously damped to immeasurable values in less than 1 s. Ignition
occurs between 0.3 and 0.5 s after deployment,with the longer time
corresponding to the larger droplets, as can be seen from Fig. 4,
where the � rst � ame-diameter points mark ignition. Only for the
largest droplets did oscillations persist through ignition. The hot-
wire ignition was not observed to induce any droplet oscillation or
motion. This stands in contrast to spark ignition, which can cause
droplet oscillationand movement,21 ;44 although perhaps not signif-
icant movement for the larger droplets studied here.

The droplet diameter increases during ignition; the initial value
reported in Table 1 is the maximum value achievedafter this expan-
sion.The coef� cientof thermalexpansionof heptaneproducesabout
an 11% increase in volume between ambient temperature and boil-
ing temperature,correspondingto a 7% increasein d2

l . Althoughthis
is consistentwith data in Fig. 4 for d0 D 2 mm, the initial expansion
of the other two droplets in Fig. 4 appreciablyexceedsthis estimate.
The reason for the difference is believed to be chamber-atmosphere
gas initiallypresentwithin the liquid.For the 3-mm dropletin Fig. 4,
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a small gas bubble is observed to burst during ignition and to pro-
duce the dip in the droplet-diametertrace shortly before 1 s; for the
largest droplet the gas desorbs gradually over a period of about 2 s.
These gas-dissolutioneffects are weaker in Figs. 5 and 6, and in no
cases are they signi� cant after 2 s.

35% Oxygen
The data for the richest oxygenenvironment,shown in Fig. 4, ex-

hibit nearly classicalbehaviorafter the initial transients.The square
of the droplet diameter decreases essentially linearly with time, all
the way to zero diameter. The largest droplet passes out of the � eld
of view of the back-lit camera at the time that its droplet-diameter
data in the � gure end, but the � ame remains suf� ciently in the � eld
of the � ame-view camera for the entire combustion history.Similar
behavioroccurs for one droplet in Fig. 5 and for one in Fig. 6; in all
cases, the � ame view recorded the entire combustion history.

Unlike the droplet diameter, the � ame diameter gradually in-
creases and then decreases during d-square burning. This is con-
sistent with calculated in� uences of the outer transient region that
surrounds the quasisteady region during droplet combustion.45;46

The surface regression of liquid is controlled mainly by the inner
quasisteady convective–diffusive region of the gas adjacent to the
liquid,givingrise to the d-squarebehaviorin the � rst approximation,
but there are perturbationsassociated with the perpetually outward
isotherm movement in an outer transient-diffusiveregime. A small
parameter for matched asymptotic expansions can be de� ned as

² D .½1=½l/
1
2 .1/

where ½ denotes density and the subscripts 1 and l the ambient
gas and the liquid, respectively.The length scale in the inner region
is of the order of the droplet diameter, whereas that in the outer
region is larger by the factor ²¡1 . The processes occurring in the
outer region produce perturbationsof order ² on the solutions in the
inner region.45

For illustrative purposes, approximate all gas-phase diffusivities
by a constant Dg . The classical burning time of a droplet is then

tb D
d2

0

8Dg²2 .1 C B/
.2/

where B denotesthe transfernumber. Includingthe � rst perturbation
from the outer transient zone results in45
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and the corrected burning time is

t 0
b D

tb

1 C ² .2=¼/ .1 C B/
.5/

The ordinaryd-square law is expressedby the � rst two terms on the
right-hand side Eq. (3). Use of the solution to Eq. (2) for d0 on the
right-hand side of Eq. (3) clearly demonstrates that the remaining
term on the right-hand side of Eq. (3) is a correction of order ².
Because the value of ² in these experiments is only a few percent,
that reduction in the burning time is small, although the logarithmic
singularity causing d.dl /

2=dt to approach zero as t approaches t 0
b

might be re� ected in the last few droplet-diameter points in Fig. 4
for d0 D 2 mm. By contrast, the in� uence of this perturbationon the
� ame-diameter history is large.

The history of the � ame diameter depends quantitatively on
whether the � ame is located in the inner or outer zone.Althoughit is
in the outerzone for suf� cientlyhighdilutionsof the atmosphere,es-
timates indicate that it should spend most of its life in the inner zone

in these experiments,especiallyfor Fig. 4. The classicalquasisteady
ratio of � ame to droplet diameter (the � ame standoff ratio) is

r D .1 C B/

1 C YO21 º
.6/

where º denotes the mass of oxygenconsumedper unit mass of fuel
burnt and YO2 the mass fraction of oxygen. The � rst perturbation to
the � ame position when it is located in the inner region is45

d f
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Here the perturbationof order ² diverges as t approaches zero and
also (logarithmically) as t approaches tb . These divergences lead to
appreciabledeparturesof the � ame locationfrom its quasisteadypo-
sition, giving a small � ame radius at early times and always forcing
the � ame into the outer region just prior to burnout. The � ame-
diameter histories in Fig. 4 are qualitatively consistent with these
predictions.Quantitativecomparisonswere not made becauseof the
constant-propertyapproximationsin the theory, althoughpublished
theoretical� ame histories45 qualitativelyresemble the experimental
results.By extendingrecentwork,46 it may bepossibleto accountfor
variable properties accurately in the asymptotic analysis when the
� ame is in the outer region. Numerical modeling approaches31 can
account for variable properties irrespective of whether the � ame is
in the outer region; both approachesare worthwhile and can help to
make quantitativecomparisonswith experiment.Qualitatively sim-
ilar behavior also has been obtained from a simpli� ed numerical
model,47 which could be tested quantitativelyagainst these experi-
ments.

If the � ames were in the inner quasisteadyzone and unperturbed
by the outer transient zone, then the square of the � ame diameter
would decrease linearly with time. This clearly does not happen
in Fig. 4, except possibly toward the end of each burn. Within the
accuracy of the data, the � ame-diameter curves approach straight
lines that reach zero at approximatelythe same time that the droplet-
diameter curves reach zero (the extrapolateddroplet-diametercurve
for d0 D 4 mm). This indicates that the last term in Eq. (8) is the
main cause of the observed departure of � ame diameter from qua-
sisteady behavior. The � ame standoff ratio is, however, a more sen-
sitive indicator of achievementof a quasisteady� ame position.The
standoffratios for runs 1 and 2, shown in Fig. 7, resemble thosepub-
lished previously45 and suggest that these ratios passed through the
quasisteady value quickly, near the in� ection point, indicating that
quasisteady conditions were not achieved, the � rst term in Eq. (8)
becoming important at the end of the burn. The large circle at the
end of run 3 (and also runs 4 and 8) in Fig. 7 marks the passage of
the droplet from the � eld of view, an event that prevents late-time
standoff ratios from being obtained. The data that do exist for run
3 are, however, consistent with those of runs 1 and 2 and suggest
approximate universal scaling if the time were normalized by tb , in
agreement with predictions from Eqs. (2), (7), and (8).

The � ame-view camera records a nonzero � ame diameter in the
last frame before complete � ame disappearance.This diameter cor-
responds to the last � ame-diameter data point of each run in Fig. 4
and will be referred to as the � ame diameter at extinction d f e . Al-
though values of d f e in Fig. 4 are too small to measure with much
accuracy, they do appear to increase somewhat with increasing ini-
tial droplet diameter d0 (although this is not totally certain for the
4-mm droplet because in that case the last � ame view is at the edge
of the frame). Variation of d f e with d0 is inconsistentwith previous
theory 36 – 38 for pure heptanedroplets,which postulatedquasisteady
behavior up to conditions of � ame extinction through reduction of
Damköhler numbers, so that d f e is independentof d0 .

These extinctionsappear to be diffusive in the sense that the heat
loss that reduces the � ame temperature is conductive. The quasis-
teady theories36– 38 expressed results in terms of droplet diameters
at extinction dle rather than d f e, but by use of r of Eq. (6) they can
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readily be expressed in terms of d f e. Because the chemistry respon-
sible for extinction occurs at the � ame, in a sense d f e is of more
fundamentalrelevancethan dle as a measureof the time availablefor
chemistry to occur. It would be necessary to use d f e instead of dle

here becausedle is too small to measure. In fact, within the accuracy
of the timing in Fig. 4, it is impossible to determine whether the
� ame extinguishes before or after the droplet disappears; either of
these two situations is possible theoretically,depending on how re-
active the fuel vapors are, and in Fig. 4 the two events seem to occur
almost simultaneously. Although the extinctions must be diffusive
for these small � ames, the quasisteadyapproximationappears to be
inapplicable because dle is practically zero, whereas d f e is not; the
extinctions seem to occur after the � ame has moved into the outer
zone.Diffusiveextinctionanalyseshavenot yet been worked out for
� ames in the outer transient zone, but the requisite asymptotic the-
ory can readilybe developed,as shouldbe done for comparisonwith
these experimental results, as well as computational predictions.

The irregularity in the � ame-diameter trace in Fig. 4 for d0 D
4 mm may be due to ignition of a large soot aggregate passing
throughthe � ame; there is a consequentnonsphericaloutwardbulge
of � ame luminosity that leads to the abrupt brief increase in the
area-average � ame diameter at about 6 s into the burn, with very
little resulting in� uence on the droplet shape or diameter history.
This explanation relates to the sooting tendency, to be discussed
more fully later, which is much more severe in this oxygen-rich
atmosphere than in the other atmospheres. The soot particles form
and aggregate in a hot fuel-rich region inside the � ame at a diameter
appreciably smaller than the � ame diameter.23 After the growing
soot particles become large enough that thermophoretic forces no
longer can balance the Stefan-� ow drag, the soot is transported
outward through the � ame by the � ow, and the largest particles can
be ignited as they pass through the � ame.

The droplet-diameter curves in Fig. 4 are slightly convex down-
ward, in contrast to the concavity typically observed for heptane
droplet combustion17;22 and often attributed to gradual droplet heat
up. In other words, just as with methanol,35 the burning-rate con-
stant seems to decrease slightly rather than increase with time. For
methanol, this behavioris known to be associatedwith water absorp-
tion during combustion,but water does not dissolveto any apprecia-
ble extent in heptane. Although various hypotheses have been put
forward for explaining the curvature, the true source of these small
departures from linearity in Fig. 4 remains a topic for future study.

30% Oxygen
The two burns represented in Fig. 5 exhibit very different behav-

iors. The smaller droplet, which leaves the back-lit � eld of view at
about 8 s, burns very much like the droplets in 35% oxygen; the
classicald-square history and � ame expansionand then contraction
are evident. Extrapolation of the droplet-diameter curve indicates
that this droplet would disappear very near the time of � ame ex-
tinguishment. The extinction again is diffusive at a small but now
reasonably measurable � ame diameter. An interesting open ques-
tion concerns whether this occurs in the quasisteady regime, that
is, whether there would have been a measurable droplet diameter
at extinction. The greater dilution of the atmosphere, in compari-
son with 35% oxygen, will greatly slow the gas-phase combustion
chemistry and thereby produce earlier � ame extinction, possibly
during quasisteady burning for both droplet and � ame.

For the larger droplet, however, � ame extinction occurs well be-
fore the dropletdiameterapproacheszero; in fact, it occurs at nearly
themaximum� ame diameter.This extinctioncannotbediffusivebe-
cause the rate of conductiveheat loss from the � ame is larger earlier
in the � ame history,when the � ame diameter is smaller. During this
period, the diffusive energy loss rate is greater; that is, the tendency
toward diffusive extinction is greater, but the � ame is observed to
be strong, without tendency toward extinction. Radiant energy loss
from the � ame is known to lead potentially to � ame extinction48

and has been documented for the combustion of larger methanol
droplets in air.35 There are both maximum and minimum diameters
beyond which combustion does not occur,49 the energy loss being
diffusive at the minimum diameter and radiative at the maximum.
The data for the larger initial diameter in Fig. 5 represent the � rst
documented radiant extinction for heptane droplet combustion.

Because the gas is nearly transparent, the total rate of radiant en-
ergy loss from the � ame is proportionalto d3

f . The strong increasein
emissivity with temperature enables radiant loss rates to be treated
universally through asymptotic analysis.50 Infrared band emissions
from H2O and CO2 are major contributionsto the radiant loss,51 and
the necessary band emissivities are available.51 ;52 Although hep-
tane experiences radiant energy loss from soot as well, numerical
modeling51 has shown that the radiant loss reduces � ame tempera-
tures appreciablyfor largerdropletsand therebymay reducesooting
and radiant energy loss from soot in the present experiments so that
the band radiation may still be dominant, as it is for methanol.51

The radiant energy loss rate must be compared with the diffusive
rate of heat generation by combustion in developing radiant extinc-
tion criteria. Because this diffusive rate is proportional to d2

f , the
tendency toward radiant extinction increases in proportion to d f .
It, therefore, may be expected that, as the � ame diameter grows
with time, a diameter may be reached at which extinction occurs
through radiant loss. This explains why the larger droplet in Fig. 5
can experienceradiantextinction,whereas the smaller one does not;
the � ame of the smaller droplet does not become suf� ciently large.
Radiant extinctionmay occur slightly after the maximum � ame di-
ameter is reached, as occurs in Fig. 5, because the diffusive rate of
heat release is decreasingwith time as a consequenceof the decreas-
ing droplet diameter.

Analyses of radiant extinctioncan parallel earlier analysesof dif-
fusiveextinctioninsofaras chemicalkineticsare concerned.Radiant
energy lossmust, however,be included,and the � ame motion cannot
be treated as quasisteady.Time-dependent,spherically symmetrical
numerical computations are well suited for such calculations.30;51

Asymptotic analyses could employ rate-ratio asymptotics in the in-
nermost � ame zone, � anked by radiant-loss zones,50 with Eq. (7)
applied for the time-dependent � ame diameter and the associated
mixture-fraction� eld needed for the scalar dissipation.Analyses of
this last type would be worthwhile to pursue but have not been com-
pleted. The continuing evolution of the mixture-fraction � eld that
would be calculatedfromsuch theoriescouldwell predictextinction
not exactly at the maximum � ame diameter but rather shortly after
the � ame has begun to shrink slightly, as observed in Fig. 5.

It is noteworthythat, ford0 D 4 mm in Fig. 5, quasisteadyd-square
droplet-diameterbehavior occurs for a long time, nearly 10 s, prior
to � ame extinction.This emphasizeshow remarkablydecoupledthe
dropletand � ame processare. The slightdownwardconvexityof the
droplet curves, identi� ed previously for 35% oxygen, is also seen
during this quasisteadyburning for the larger droplet in Fig. 5. After
extinction, the droplet evaporation rate is seen in Fig. 5 to decrease
more noticeably,as expected.This decrease is, however, less abrupt
than for methanol droplets.19;35 The larger � ame standoff ratio for
heptane results in more energy being left in the gas after extinction
and a consequent more gradual decrease in vaporization rate.

The experiments reveal a number of interestingaspects of the dy-
namics of soot particles. These particles normally migrate around
the soot-diameter position as they aggregate and eventually move
out through the � ame. The soot passing through the � ame is very
evident in the back-lit view because the particle velocity rapidly
increases after the particle traverses the reaction zone as a conse-
quence of the suddenly favorable temperature gradient for enhanc-
ing the outward thermophoreticvelocity, in contrast to the retarding
thermophoretic effect for particles inside the � ame. The lower gas
density in the vicinity of the � ame also helps to increase velocities
there. Soot particles, thus, are helpful markers of gas motion once
thermophoreticeffects are subtracted; temperature gradients can be
inferred from thermopherotic effects.

A distinctivebehavior of the soot particles associatedwith � ame
extinction was observed most clearly in 30%-oxygen atmospheres.
When the � ame extinguishes,all soot particlesmove inward rapidly
toward the droplet and then turn around and gradually move out-
ward, eventually becoming essentially stationary. This behavior is
qualitatively consistent with predictions by an asymptotic analysis
of the history of gas motion produced by extinctionof the diffusion
� ame around a droplet.53 The gas-density increase associated with
the temperaturedecreaseafterextinctiongives rise to the inwardmo-
tion, whereas the continuing slow droplet vaporization causes the
subsequentoutwardmotion.Becauseof the theoreticalidealizations
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andanticipatedexperimentalinaccuracies,quantitativecomparisons
were not attempted.

The � ame-standoffcurves for runs 4 and 5 in Fig. 7 are of similar
shape and would correlate better with t=tb , as discussed earlier for
35% oxygen. If the 3-mm droplet had not passed out of the � eld
of view, its � ame-standoff curve (run 4) might have developed an
in� ection like those seen for runs 1 and 2. The radiant extinction
precludes an in� ection for run 5.

25% Oxygen
All three � ames in Fig. 6 experience radiant extinction like that

seen for the largerdroplet in Fig. 5. The 30%-oxygenconcentration,
thus, approximately provides the boundary between diffusive and
radiant extinction. Only in that atmosphere did the smaller � ame
extinguishdiffusivelyand the large one radiatively.In 25% oxygen,
the lower peak temperatureshave reducedthe chemical rates to such
an extent that � ames of all sizes measured extinguish radiatively.
The corresponding � ame-standoff curves for runs 6 to 8 in Fig. 7
have no in� ection and would correlate to a clearly larger � ame-
standoff ratio than for 35% oxygen, as would be expected from the
stoichiometry according to Eq. (6).

It is seen from Fig. 6 that there is a tendency for larger droplets to
have their � ames persist for a longer time (although some possible
departure from this behavior is seen for the two smaller droplets). A
correlation of this type is expected from Eq. (7) because of the ap-
pearanceof the time dependencethrough t=tb . In weakatmospheres,
extinctionoccursearlyenoughthat the initialoutwarddiffusiontran-
sient is dominant, and Eqs. (7) and (8) become approximately

d f

dl
D r 1 ¡ .r ¡ 1/

d0

2 ¼ Dgt
.9/

which is valid, of course, only for t > r 2d2
0 =.4¼ Dg/. The corre-

sponding formula is a little more complicated when the � ame is in
the outer region,45 as it may be in 25% oxygen. By focusing on the
initial � ame transient, however, asymptotic analysis of radiant ex-
tinctioncan always be simpli� ed for suf� ciently weak atmospheres.

The droplet-diametercurves in Fig. 6 exhibit a gradual approach
to a very small vaporization rate after � ame extinction. This small
rate is to be expected for quasisteady heptane droplet vaporiza-
tion in the atmosphere at ambient temperature.Even for these early
extinctions, appreciable periods (4 or 5 s) of quasisteady droplet
regressionare observedduring combustion.These periods are suf� -
cient for the initial ignitionenergy input to become inconsequential.
Weaker ambientmixtureswould be needed for loss of the inner qua-
sisteady region and fully transient behavior strongly dependent on
initial conditions to occur.

In contrast to Figs. 4 and 5, no systematic curvature of droplet-
diameter lines is found in Fig. 6, a difference that deservesexplana-
tion. As describedearlier for the larger droplet of Fig. 5, for all three
droplets of Fig. 6 extinction was observed to result in a brief con-
traction of the soot-particle cloud, followed by a gradual weak and
diminishing expansion, eventually leaving stationary soot particles
in the vicinity of the stationary droplet, attesting to the extremely
low level of ambient gas motion.

Additional Comments on Soot Observations
As indicated earlier, droplets studied here exhibited a certain de-

gree of sooting, the level increasingwith increasingoxygenconcen-
tration. In the back-lit view of the droplet, visible soot � rst appears
at the moment of ignition. Two lobes of soot clouds stretching from
the igniter hoops almost to the droplet surface formed initially on
each side of the droplet. These lobes, which developed during the
short premixed ignition period, persisted for a brief portion of the
droplet lifetime before dispersing into a spherical soot shell dur-
ing the subsequent diffusion-� ame burning. This behavior resem-
bles somewhat that of similar previous drop-tower experiments.32

Figure 3 shows the structure of the soot shell at different times for
the 4-mm droplet burning in the environment of 35% oxygen. Ini-
tially, when the diffusion � ame lies close to the droplet surface,
a thick, almost continuous shell of soot surrounds the droplet, but
this almost continuousstructurequicklybreaksup into well-ordered
specklesof soot aggregates,which still surround the dropletat a dis-

crete distance from its surface. Later on, once the droplet diameter
shrinksbelow a certain value, soot productionin the region between
the droplet surface and the � ame ceases. The soot that was formed
earlier then aggregates into large clusters, which are carried away
by their consequent increased drag.

Soot-shell diameters ds were measured for all runs by the proce-
dure described earlier. The ratio ds=dl was always found to increase
with time, except possibly late in the burning history, when soot-
cloud diameters are dif� cult to measure. This increase in ds=dl was
found to occur in drop-tower studies for smaller droplets23 and was
attributed to the balance between thermophoretic and drag forces.
Other previous work22 showed the ratio ds=dl for heptane droplets
0.6–0.9 mm in diameter, burning in air, to correlate with the scaled
time t=d2

0 . For this reason,the samescalingwas tested for the present
data, as shown in Fig. 8. A reasonable correlation is seen to occur
in Fig. 8 for all runs except that of the smallest (2-mm) droplet.The
2-mm data lie close to the correlation found previously,22 whereas
the soot standoff ratio ds=dl depends more strongly on t=d2

0 for
the larger droplets. Because many different phenomena (such as
soot production, growth, and agglomeration) contribute to the re-
sults shown in Fig. 8, perfect correlation with t=d2

0 (which is pro-
portional to t=tb ) is not to be expected. If ds =dl marks a balance
between drag and thermophoretic forces, then an increase in this
ratio with t=d2

0 would be consistent with an increase in average
soot-particle diameter; because of the many uncertainties involved,
however, quantitative estimates were not made.

Additional Comments on Burning-Rate Constants
The burning-rate constants K reported in Table 1, averaged be-

tween about 1 or 2 s and 3–8 s after ignition, depending on the
run, exhibit some interestingsystematic variations.They clearly in-
crease with increasingoxygencontent of the atmosphere,as is to be
expected, and they have the expected general order of magnitude,
between 0.9 and 1.4 mm2/s. In contrast, the value in air is between
0.5 and 0.8 mm2/s because of the lower diffusivity of nitrogen in
comparison with helium. The burning-rate constants show, how-
ever, a decrease with increasing initial droplet diameter d0 in 35%
oxygen, no dependence on d0 in 30% oxygen, and an increase with
increasing d0 in 25% oxygen. These results can be compared with
previouslypublishedresults for heptanedropletshaving d0 between
0.2 and 1.8 mm, burning in air. Depending on the experiment, the
earlier studies indicate that K increases18 with d0 , decreases22 with
d0, or is independent25 of d0. Reasoning has been put forward for
a decrease as a consequence of increasing contaminant absorption
associated with soot formation,22 and this is consistent with our
observed dependence in 35% oxygen, our most highly sooting en-
vironment. This argument cannot, however, explain our results in
25% oxygenor those reportedby Hara and Kumagai.18 ;25 It appears
that closer attention may have to be paid to the relative velocity of
droplet and gas to explain the results completely. In this work, use
may be made of previous results, such as theoreticalstudies of con-
vective effects on droplet combustion at low Reynolds numbers,54

as well as correlationsfor higherReynolds numbers.55 Although the
convective effects to be explained here are not large, typically less
than 20%, more study of their sources is desirable. The additional
data to be obtained from the MSL-1 re� ight may help to resolve the
situation.

Conclusions
The results of the DCE aboard STS-83 provided a great deal of

information even though the shortened � ight permitted only eight
successfulruns to be completed.It was establishedthat, at 1 atm and
about 300 K ambient temperature in oxygen–helium atmospheres,
heptane droplet combustion experiences diffusive extinction for
35% oxygen and radiative extinction for 25% oxygen for droplets
of initial diameters between about 2 and 4 mm. At 30% oxygen,
diffusiveextinctionoccurs for small droplets (less than about 3-mm
initial diameter) and radiative extinction for large droplets (greater
than about 4-mm initial diameter). After ignition, the square of the
droplet diameter decreases linearlywith time even though the � ame
diameter behaves in a more complex manner that is consistentwith
current understandingof the dynamics of droplet combustion.
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Burning-rate constants increase with increasing oxygen content
of the atmosphereand exhibitsome variationswith initial dropletdi-
ameter and with droplet motion. Soot productionexperiencesa rich
variety of evolutionarybehavior and is much stronger in 35% oxy-
gen than in 25% oxygen. Soot-cloud diameters divided by droplet
diameters increasesomewhatwith time and correlateapproximately
with time from ignition scaled by the burning time for different ini-
tial diameters. Many additional details of the droplet-combustion
process were observed and explained.

Much more research remains to be done on the basis of these
results. Radiative extinctions need to be analyzed in a quantitative
manner theoretically, as do diffusive extinctions for situations in
which the � ame is in� uenced by the outer transient zone surround-
ing the quasisteady burning region. Fuel pyrolysis in the gas and
absorptionof pyrolysisproductsby the liquid need to be treatedbet-
ter quantitatively.Many aspects of soot productionand soot-particle
histories require further attention. As with many fundamental sci-
enti� c investigations, the present work, thus, has uncovered an ap-
preciable number of additional areas worthy of further study.
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14Chauveau, C., and Gökalp, L., “Experiments on the Burning of
n-Heptane Droplets in Reduced Gravity,” Proceedings of the Seventh Eu-
ropean Symposium on Material Science and Fluid Physics in Microgravity,
Vol. 295, ESA Special Publications, European Space Agency, Paris, 1989,
pp. 467–472.

15Sato, J., Tsue, M., Niwa, M., and Kono, M., “Effects of Natural Convec-
tion on High-Pressure Droplet Combustion,” Combustion and Flame, Vol.
82, No. 2, 1990, pp. 142–150.

16Jackson, G. S., Avedisian, C. T., and Yang, J. C., “Soot Formation
During Combustion of Unsupported Methanol/Toluence Mixture Droplets
in Microgravity,” Proceedings of the Royal Society of London, Vol. A435,
1991, pp. 359–369.

17Choi, M. Y., Dryer, F. L., and Haggard, J. B., Jr., “Observations on a
Slow Burning Regime for Hydrocarbon Droplets, n-Heptane/Air Results,”
Twenty-Third Symposium (International) on Combustion, Combustion Inst.,
Pittsburgh, PA, 1991, pp. 1597–1604.

18Hara, H., and Kumagai, S., “Experimental Investigation of Free Droplet
Combustion Under Microgravity,” Twenty-Third Symposium (International)
on Combustion, Combustion Inst., Pittsburgh, PA, 1991, pp. 1605–1611.

19Cho, S. Y., Choi,M. Y., and Dryer, F. L., “Extinctionof a Free Methanol
Droplet in Microgravity,” Twenty-ThirdSymposium (International) on Com-
bustion, Combustion Inst., Pittsburgh, PA, 1991, pp. 1611–1617.

20Yang, J. C., Jackson,G. S., and Avedisian,C. T., “Combustionof Unsup-
ported Methanol/Dodecanol MixtureDroplet at Low Gravity,” Twenty-Third
Symposium (International) on Combustion, Combustion Inst., Pittsburgh,
PA, 1991, pp. 1619–1625.

21Jackson, G. S., Avedisian, C. T., and Yang, J. C., “Observations of
Soot During Droplet Combustion at Low Gravity: Heptane and Heptane/
Monochloro–Alkane Mixtures,” International Journal of Heat and Mass
Transfer, Vol. 35, No. 8, 1992, pp. 2017–2033.

22Jackson, G. S., and Avedisian, C. T., “Experiments on the Effects of
Initial Diameter in Spherically Symmetric Droplet Combustion of Sooting
Fuels,” AIAA Paper 93-0130, Jan. 1993.

23Choi, M. Y., Dryer, F. L., Green, G. J., and Sangiovanni, J. J., “Soot
Agglomeration in Isolated, Free Droplet Combustion,” AIAA Paper 93-
0823, Jan. 1993.

24Mikami, M., Kono, M., Sato, J., Dietrich, D. L., and Williams, F. A.,
“Combustion of Miscible Binary-Fuel Droplets at High Pressure Under Mi-
crogravity,” Combustion Science and Technology, Vol. 90, Nos. 1–4, 1993,
pp. 111–123.

25Hara, H., and Kumagai, S., “The Effect of Initial Diameter on Free
Droplet Combustion with Spherical Flame,” Twenty-Fifth Symposium (In-
ternational) on Combustion, Combustion Inst., Pittsburgh, PA, 1994, pp.
423–430.

26Mikami, M., Kato, H., Sato, J., and Kono, M., “Interactive Combustion
of Two Droplets in Microgravity,” Twenty-Fifth Symposium (International)
on Combustion, Combustion Inst., Pittsburgh, PA, 1994, pp. 431–438.

27Mikami, M., Niwa, M., Kato, H., Sato, J., and Kono, M., “Clari� cation
of the Flame Structure of Droplet Burning Based on Temperature Measure-
ment in Microgravity,” Twenty-Fifth Symposium (International) on Combus-
tion, Combustion Inst., Pittsburgh, PA, 1994, pp. 439–446.

28Tanabe, M., Kono, M., Sato, J., Koenig, J., Eigenbrod,C., and Rath, H.,
“Effects of Natural Convection on Two Stage Ignition of a n-Dodecane
Droplet,” Twenty-Fifth Symposium (International) on Combustion, Com-
bustion Inst., Pittsburgh, PA, pp. 455–461.

29Chauveau, C., Chesneau, X., and Gökalp, I., “High Pressure Vaporiza-
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