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Abstract

Spherically symmetric droplet combustion experiments were performed at the NASA Glenn Research Center (GRC)

2.2 second drop tower in Cleveland, OH in an effort to better understand the mechanism leading to sootshell formation.

Rapid insertion of a blunt plunger was used to remove the symmetric sootshell that formed during the period of quasi-

steady burning. This allowed for the observation of sootshell re-formation. Soot particles were formed near the flame

front and migrated towards the droplet to ultimately reside at the sootshell location. These experiments helped to bring

about a better understanding of soot transport in microgravity droplet combustion.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Spherically symmetric droplet combustion studies

can be used to develop and validate sub-models that

can be incorporated into more complex models of spray

processes [1–4]. Generating spherically symmetric flames

requires the use of a microgravity environment to elim-

inate buoyant transport. Single droplet combustion

studies performed in microgravity can be used as a first

step for advancing understanding of complex spray

processes [1–4].

An important observation, which the present study is

predicated on, was the formation of a spherically sym-
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metric sootshell between the droplet surface and the

flame front. The formation of the sootshell, unique in

microgravity, is thought to influence the droplet burning

process in ways not previously considered. [5,6]. To elu-

cidate the influence of sooting on droplet burning re-

quires detailed understanding of sootshell formation.

The formation of a spherically symmetric sootshell

was first reported by Shaw et al. [7]. Choi et al. [8] and

Jackson and Avedisian [9] modeled the spherically sym-

metric combustion of an n-heptane droplet. The soot-

shell location was defined where the Stefan and

thermophoretic velocities (or fluxes) counter-balanced.

Both models over-predicted the location of the sootshell.

Perea et al. [10] developed a model to describe the gas-

phase temperature distribution around a droplet. The

sootshell location was defined where the particle veloc-

ity was equal to zero. It was concluded that thermopho-

resis and drag alone cannot explain sootshell formation.
ed.

mailto:samuel.manzello@nist.gov 


Nomenclature

D mass diffusivity

FSR flame standoff ratio (flame diameter divided

by droplet diameter)

fv soot volume fraction

Le Lewis Number, Le = a/D
m complex index of refraction

r radius

SSR soot standoff ratio (sootshell diameter

divided by droplet diameter)

v velocity

Greek symbol

a thermal diffusivity

Subscripts

i instantaneous

ph photophoresis

th thermophoresis
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Perea et al. [10] subsequently modified their model by

incorporating photophoresis and the sootshell was pre-

dicted to be stable at a SSR � 4.3. Recently, Ben-Dor

et al. [11] performed numerical analysis on the formation

of sootshell structure in buoyancy-free spherical n-hep-

tane droplet flames. It was concluded that the effect of

the diffusiophoretic force was significant and must be in-

cluded to explain sootshell formation [11]. Dobbins et al.

[12] suggested an alternative mechanism for the forma-

tion of sootshells. They reported that the particles within

the sootshell may initially be comprised primarily of

soot precursor material and the carbonaceous particles

are then formed through carbonization of the condensed

soot precursor material at the sootshell location.

Based upon the different modeling results, differences

exist regarding the mechanism of sootshell formation.

Experimental observation of sootshell formation tends

to be difficult to achieve in practice. In droplet combus-

tion, sootshells are formed within 0.1s after ignition. At

such short times after ignition, sootshell formation

occurs in the midst of a dynamic environment in which

the flame size and the attendant gradients in temperature

are changing. In the present study, observation of the

sootshell formation process in microgravity droplet

combustion is presented. An experimental technique is

described that allowed the sootshell to be displaced after

it has formed. During the re-formation process, the

flame size remained nearly constant, thus eliminating

the difficulties described above. These experiments

helped to bring about a better understanding of soot

transport in microgravity droplet combustion.
2. Experimental description

Experiments were performed at the NASA-GRC 2.2

second drop tower. The details of the experimental

apparatus are given elsewhere [13]. For this reason, only

a brief description will be provided here. During the

microgravity experiments, a stepper motor driven syr-

inge was used to generate the fuel droplets onto a
15lm diameter SiC fiber. The liquid fuel droplet was ig-

nited using two horizontally opposed hot-wire igniters.

Droplet diameter was measured by digitizing the laser

backlit image of the droplet as a function of time and

applying a non-subjective image processing technique

to threshold the droplet from the background. The lumi-

nous droplet flames were imaged using a high-resolution

CCD camera and the flame diameter was determined by

measuring the spatial extent of the luminous region.

Soot volume fraction distributions were obtained by

applying a three-point Abel inversion to the projected

light extinction measurements [6].

In order to displace the sootshell and cause re-forma-

tion, a pneumatic probe was inserted and retracted rap-

idly into the droplet flame. The velocity of the sampling

probe during sootshell displacement was 30cm/s. This

value was the same for both insertion and retraction.

The probe insertion speed was varied to determine con-

ditions to effectively displace the sootshell. If the probe

velocity was too low, the sootshell remained in place.

The total residence time of the probe within the flame

(defined as time probe initially reached the luminous

flame boundary to the time the probe was retracted from

the luminous flame boundary) was 0.5s.
3. Results and discussion

Fig. 1 displays laser backlit images for a hexane

droplet of 1.44mm in initial diameter burning under

microgravity conditions. Soot volume fraction was cal-

culated as a function of time after sootshell displace-

ment. The relative standard uncertainty in measuring

soot volume fraction was ±15%. Plotted in Fig. 2 is

the spatial variation of the soot volume fraction as a

function of time. The maximum soot volume fraction in-

creased as the sootshell migrated towards the droplet

surface. The increase in soot volume fraction may be

an artifact of constraining the same amount of soot to

a smaller volume. To gauge the total sooting magnitude

required measurement of the soot mass. The soot mass



Fig. 1. Laser backlit images for a hexane droplet of 1.44mm in initial diameter burning under microgravity conditions. Sootshell

displacement and re-formation are shown.
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Fig. 2. Soot volume fraction distribution as a function of non-

dimensionalized radial position. For each distribution time was

defined as the time after sootshell displacement.
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Fig. 3. FSR and SSR as a function of time after sootshell

displacement.
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was calculated by integrating the soot volume fraction

distribution with respect to the volume of the soot con-

taining region. The calculated soot mass increased (due

to soot formation and growth) as the sootshell migrated

radially inward. Therefore, the increase in soot volume

fraction cannot be due solely to compression of the same

amount soot into a smaller volume.

The FSR and SSR were determined as a function of

time after sootshell displacement and are shown in Fig.

3. The uncertainty in these measurements was ±5%. The
FSR remained nearly constant during the observation

period which suggests the presence of quasi-steady con-

ditions. However, the SSR decreased markedly as time

progressed. More significantly, the magnitude of the

FSR and SSR were nearly equal at the time of sootshell

re-formation. This suggests that soot particles were

formed near the high-temperature region and sub-

sequently transported in the direction of the droplet.

Plotted in Fig. 4 is the average sootshell velocity ver-

sus radial location. The maximum velocity of the soot-

shell was located near the flame front. The velocity of
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Fig. 4. Sootshell velocity as a function of non-dimensional

radial position.
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the sootshell decreased as the sootshell moved towards

the droplet surface. The reduction in sootshell velocity

was speculated to be due to the increase in viscous drag.

The model of Perea et al. [10] suggested that photo-

phoresis was a necessary component in forming a stable

sootshell. Mackowski [14] analyzed the influence of

photophoretic velocity in combustion systems and de-

fined the ratio of the photophoretic Lewis number to

that of the thermophoretic Lewis number as

Leph
Leth

/ vph
vth

ð1Þ

This ratio was dependent on the size as well as the com-

plex refractive index of the particles. The complex index

of refraction typically used for soot (m = 1.57 � 0.56i)

and soot particle size in microgravity droplet combus-

tion [15] was used to interpolate the results of Mackow-

ski [14]. Based on this interpolation, the ratio of vph/vth
was �0.01. Thus, for soot particles, the magnitude of

the photophoretic velocity was expected to be �1% of

the thermophoretic velocity.
4. Conclusions

Experimental observation of the mechanism of soot-

shell formation, from initiation near the flame and trans-

port of the soot toward the sootshell, was presented.

Soot particles were formed near the flame front and

migrated towards the droplet under the influence of

thermophoresis. The sootshell velocity decreased as it

moved towards the droplet surface. The reduction in

sootshell velocity was due to an increase in viscous drag
due to the Stefan flux. Photophoresis is not believed to

be an important mechanism in the transport of soot

agglomerates.
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