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A B S T R A C T   

This paper reports an image analysis approach using a newly-developed open-source program to extract quan-
titative measurements of soot volume fraction (SVF) from digital video images of burning n-heptane droplets. 
The automated program developed in this work can analyze images of fixed and untethered droplets to quantify 
sooting dynamics. The images analyzed in the program were taken from experiments carried out in the Multi- 
user Droplet Combustion Apparatus (MDCA) onboard the International Space Station (ISS). In these experi-
ments, video imaging of burning droplets was obtained using backlighting by a laser diode with a wavelength of 
653 nm. The light was collimated before it passed through the droplet and soot-containing region, after which 
the light was then attenuated and projected onto the camera’s sensors. This technique facilitates the measure-
ments of SVF based on the principles of the full field light extinction method (FFLEM). The measurements 
provide quantitative data that reveal the sooting dynamics of liquid fuels during droplet combustion processes. 

The analyses of a soot-attenuating image (ISS n-heptane, untethered droplet) at an instant during the burning 
show that the SVF distribution has a peak at the soot shell location. It then decreases due to soot oxidation when 
the location is further away from the burning droplet. Regarding temporal effects on the maximum SVF (SVFmax), 
results show that SVFmax first increases after the burning is initiated until a peak value is reached, after which 
SVFmax decreases. The SVFmax values identified in this study for n-heptane are quantitatively consistent with 
previously reported values for fiber-supported droplets and are reached relatively early in the burning history. n- 
Heptane images are also analyzed to show the effects of initial droplet sizes on the maximum soot volume 
fraction. Results show that SVFmax decreases with increasing initial droplet size, which is consistent with visual 
observations of less soot formed and dimmer flame brightness as Do increases.   

1. Introduction 

As an integral part of the combustion processes for many liquid fuel 
systems, sooting dynamics have received much attention due to their 
close relationship with radiant heat transport and post-flame particulate 
control [1]. The complexities of sooting dynamics in practical combus-
tors, such as sprays, can be reduced by studying the combustion of 
isolated fuel droplets. When the gas transport around a burning fuel 
droplet is entirely driven by the evaporation process of the fuel without 
external flow influences, it results in a one-dimensional (1-D) burning 
configuration that is spherically symmetric. When soot particles form in 
this configuration, they will be positioned between the flame and the 

droplet in a porous shell-like structure by a balance of forces acting on 
them: outwardly directed follow because of the fuel evaporation and 
inwardly directed thermophoresis. This spherically symmetric combus-
tion configuration still links to sprays that set the initial conditions for 
combustion in engines [2], where the in-cylinder environment can 
include the presence of fuel droplets [3–6]. Moreover, the soot shell 
structure in this configuration will significantly facilitate the analyses of 
sooting behaviors during combustion. 

The spherically symmetric gas transport and 1-D flow process are 
often promoted by carrying out experiments in microgravity environ-
ments. The removal of the convection effects and the resulting spherical 
symmetry provides an ideal condition for soot agglomerate observations 
[7]. Jackson et al. [8] observed the combustion of sooting fuel droplets 
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under microgravity, using n-heptane, monochloroalkanes, and their 
mixtures, and discovered the effects of soot on droplet vaporization 
rates. The degree of sooting, however, was based on visual observation 
of the soot shell opacity, which reflected the relative sooting tendencies 
with constant backlighting [8,9]. Bae and Avedisian [10] proposed a 
semi-quantitative assessment of soot by defining an “apparent soot 
index” (ASI), a ratio of the darkest areas surrounding a droplet for JP8/ 
TPGME blends relative to that of “pure” JP8. This ratio provided a more 
quantitative measurement of sooting behavior than purely visual 
observation. A more accurate measurement of the spatial distribution of 
soot formation in the combustion zone would benefit from inferring a 
three-dimensional distribution of soot from a two-dimensional image. 
Such a capability is presented in this paper to examine the soot volume 
fraction (SVF, fv), which reflects the volume fractions occupied by soot 
within the flame [11]. 

In droplet combustion studies, two diagnostic approaches for SVF 
measurement were favorably considered due to their nonintrusive na-
ture: laser-induced incandescence (LII) and full-field light extinction 
method (FFLEM) [12]. LII uses photo-detectors to record the incandes-
cence emitted from soot particles heated to their sublimation tempera-
ture by a short-duration, high-powered laser [13]. Vander Wal et al. [14] 
performed laser-induced incandescence measurements for relative soot 
concentration measurements of heptane and decane fuel droplets 
burning under normal-gravity conditions. Gupta et al. [15] also con-
ducted soot volume fraction measurements with LII for methanol/ben-
zene droplet flames. However, LII does not provide an absolute soot 
volume fraction and must be calibrated against other techniques [16]. 
Moreover, the high-intensity LII pulses can cause dramatic morpholog-
ical changes and even mass loss to the soot particles. Another possible 
problem for LII is the significant signal trapping for heavily sooting 
flames [12]. 

The full-field light extinction technique can provide nonintrusive 
measurements for absolute soot volume fraction values [1]. This tech-
nique is based on the principle of light attenuation, which occurs when a 
laser beam passes through a spherically symmetric soot-containing re-
gion of the droplet flame. Soot volume fraction distribution is then 

determined by an inversion process of the laser intensity attenuation 
through planar surfaces that are normal to the radial direction. More-
over, FFLEM experiments that are coupled with tomographic inversion 
techniques have the ability to examine the entire soot field instanta-
neously and thus can provide the absolute SVF distribution in droplet 
flames [17]. 

Choi and Lee [18] conducted the first FFLEM-based microgravity 
droplet combustion experiment using FFLEM-based nonintrusive soot 
measurements. The tomographic inversion technique involving Abel 
transforms was utilized to obtain the soot concentrations for micro-
gravity heptane droplet flames. Lee et al. [19] later conducted a 
comprehensive study on the effects of initial diameter on sooting and 
burning behavior of isolated droplets under microgravity conditions. 
Manzello et al. [20] demonstrated, for the first time, that sooting ten-
dency decreases with larger droplets, which were accompanied by 
higher burning rates under microgravity conditions. Manzello et al. [21] 
also investigated the soot shell formation mechanism in microgravity 
droplet combustion. Urban et al. [22] studied the sooting behavior of 
small ethanol droplets at higher ambient pressures and various oxygen 
indices in microgravity environments. Manzello et al. [23] performed 
microgravity combustion experiments on hexane, heptane, nonane, and 
decane droplets to investigate the fuel-dependent effects on droplet 
burning and sooting behaviors. They found the soot standoff ratio (SSR) 
for decane was significantly smaller than that of other fuels tested, while 
the flame standoff ratios (FSR) were of similar magnitude. In a recent 
study, Park and Choi [24] studied the effect of the residence time of fuel 
vapor transport on the sooting behavior of ethanol droplet flames under 
microgravity conditions. 

Despite the continuous interest in sooting dynamics within the 
microgravity droplet combustion community, there is currently no 
open-source program available to extract soot volume fraction mea-
surements from consecutive digital images [18–24]. In the present 
study, an automated sooting analysis program for both fixed and moving 
droplets is developed in MATLAB, which offers high-performance 
computation and visualization capabilities and various application 
development toolboxes [25]. The fuel system used in the present study is 

Nomenclature 

Dik Operation coefficients for the three-point Abel inversion 
Do Initial droplet diameter, mm, m, or pixel 
fv Soot volume fraction 
fv,j Soot volume fraction of the j-th element 
fv,max Maximum soot volume fraction 
I Light intensity 
Ij Incident light intensity of the j-th element 
Ij+1 Transmitted light intensity of the j-th element 
Io Incident light intensity prior to the first element 
Ke Extinction coefficient 
L Path length of the light beam, m 
Lj Path length of the attenuated light in the j-th element, m 
n Number of the ray-of-interests under investigation 
P Line-of-sight projection data, m 
r Projection of R onto the x-z plane; or radius, m 
rd Radius of the droplet, m or pixel 
ri Radial distance from the center of the droplet on the x-z 

plane, m or pixel 
R Direction of interest in the three-dimensional space 
t Time, s 
x x-axis in the Cartesian coordinate system 
y y-axis in the Cartesian coordinate system; direction along 

the light beam 
z z-axis in the Cartesian coordinate system 

Greek Letters 
κ Attenuation coefficient 
λ Wavelength of the laser light, m 
θ Direction-of-analysis angle 
ρp Pearson correlation coefficient 
Abbreviations 
ASI Apparent Soot Index 
BW Black-and-white 
CIR Combustion Integrated Rack 
DOA Direction-of-analysis 
DOE Department of Energy 
FFLEM Full-field light extinction method 
FLEX-2 Flame Extinguishment-2 
fps Frames per second 
HiBMs High Bit-Depth Multispectral 
ISS International Space Station 
LOS Line-of-sight 
MC Monte Carlo 
MDCA Multi-user Droplet Combustion Apparatus 
MP Megapixel 
ppm Parts per million 
ROI Ray-of-interest 
SSR Soot Standoff Ratio 
SVF Soot Volume Fraction  
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n-heptane because of its relevance as a primary reference fuel compo-
nent for gasoline and a constituent component of gasoline and jet fuels. 

The innovations of this work can be categorized into three aspects. 
First, a detailed theoretical derivation of the method and its imple-
mentation are presented in this paper. Second, an open-source program 
is developed to automatically obtain SVF measurements from images 
recorded during droplet combustion experiments. The program can 
extract SVF data for untethered droplets during combustion. The pro-
gram is applied to analyze experimental data from the International 
Space Station (ISS) experiments on burning droplets. During these ex-
periments, droplets were untethered and can drift during a burn, and 
thus the new feature of automatically identifying the droplet center is 
critical to analyzing the images. Finally, this paper uses the data ob-
tained from the newly developed automatic program to present the in-
fluences of initial droplet diameters (Do) on the SVF dynamics of n- 
heptane droplet combustion. Results reported showcase the capability of 
the new program and also provide unique insights into the sooting dy-
namics of droplet combustion. Specifically, the effects of initial di-
ameters and their temporal evolution on SVF are presented, covering a 
wide range of initial diameters (1.59 mm to 3.55 mm). 

The next sections outline the experimental design and procedures, 
the theory of FFLEM, the newly developed “analyze_SVF” algorithm for 
SVF measurements, and a presentation of the results. 

2. Description of the experiment 

The data presented here are obtained from experiments performed 
onboard the International Space Station as part of the Flame 
Extinguishment-2 (FLEX-2) program, which focused on untethered 
droplet combustion experiments [26–28]. The images of n-heptane 
analyzed in this study were previously reported in Ref. [26], empha-
sizing the droplet and flame dynamics as the initial droplet diameters 
increased from half a millimeter to almost 5 mm, without much 
emphasis on the quantitative sooting information. In this work, the ef-
forts have been focused on obtaining quantitative soot measurements, 
which will provide valuable data for detailed numerical modeling 
(DNM) of droplet combustion [28–30]. 

The Multi-user Droplet Combustion Apparatus (MDCA), integrated 
into the Combustion Integrated Rack (CIR), is used to perform experi-
ments onboard the ISS. An outline of the experimental approach and 
procedures is discussed here, while detailed hardware descriptions are 
reported elsewhere [31–33]. 

The fuel droplets are formed by dispensing liquid fuel through two 
needles, which are separated by a small distance to create a liquid 
bridge. Once the desired droplet size is reached, the liquid bridge is 
slightly stretched to minimize the drift after droplet deployment. The 
two needles are then rapidly retracted with an untethered droplet left 
between two igniters. The fuel droplet is ignited by two hot wires that 
are energized after the needles are retracted. The igniters are then 
retracted after ignition to minimize the influence on the thermal field 
around the droplet, and the spherical droplet flame is thus obtained. The 
ambient environment is atmospheric pressure air at room temperature. 
The droplet burning process is recorded by a High Bit-Depth Multi-
spectral (HiBMs) camera (1 MP at 30 fps) with a backlight source that 
facilitates the implementation of the FFLEM technique as discussed 
below. A color camera (0.3 MP at 30 fps) is also part of the hardware to 
provide self-illuminated flame images. The color flame images are not 
involved in the FFLEM method reported in this work but are mentioned 
for the completeness of the experimental hardware. 

The backlit lighting for the HiBMs camera on MDCA onboard the ISS 
is provided by a laser diode with a wavelength of 653 nm. The light is 
collimated before passing through the droplet and the soot-containing 
region and then attenuated and projected onto the HiBMs camera sen-
sors. This diagnostic technique facilitates soot volume fraction mea-
surements using the full-field light extinction method. 

3. Full-field light extinction method 

Fig. 1 provides a schematic of the FFLEM, which is used to quanti-
tatively obtain the SVF within the MDCA for the spherically symmetric 
droplet combustion configuration. The laser beam is collimated, and the 
parallel light travels through the soot-containing region that contains 
small particles. When light passes through a medium with small parti-
cles, the incident light beam is attenuated by absorption and scattering 
processes [34]. These two processes result in a combined attenuation of 
the light, called extinction. The attenuated light beam is projected onto 
the camera sensor that is orthogonal to the incident light and along the 
line-of-sight direction (LOS, i.e., y-direction in Fig. 1). With the condi-
tion of spherical symmetry, the recorded intensity on black-and-white 
(BW) images is radially symmetric to the center of the fuel droplet. 
Therefore, a ray-of-interest (ROI) can start from the center of the droplet 
to investigate the projected light intensity. The variation of the light 
intensity in the recorded images I(r), as a function of the radial direction 
r, is negatively related to the transmittance of the light beam through the 
soot-containing region. This projected light intensity data depend on the 
symmetric distribution of the SVF. Therefore, tomographic inversion 
techniques can be applied to reconstruct the spatial distribution of the 
SVF with light-intensity data on the BW images and other parameters 
related to the experimental setup, as discussed later. The main as-
sumptions of this process include the symmetric field distribution [35], 
and soot particles are small, so the Mie theory is applicable [36]. 

The so-called line-of-sight projection data, P(r), is a mathematical 
parameter that can be expressed as the integration of the field distri-
bution of SVF [35]: 

P(r) =

∫ ∞

−∞

fv(R) dy =

∫ ∞

−∞

fv

(

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2 + y2
√

)

dy, (1)  

where R is a direction of interest in the three-dimensional space, r is the 
projection of R onto the x-z plane (i.e., the same plane of the camera 
sensor and thus the BW images), y is the direction along the light beam, 
and fv is the soot volume fraction. Fig. 2 presents the coordinate system 
related to Equation (1) to better illustrate the relationship between R 
and r. 

To perform the tomographic inversion and thus calculate the soot 
volume fraction, the value of P in Equation (1) is needed. Discretization 
in both y- and z-directions, as shown in Fig. 3, facilitates the process of 
obtaining a mathematical expression for P. We use m (i.e., k = 1, 2, 3 … 

m) and n (i.e., j = 1, 2, 3 … n) elements to represent the domain in z- and 
y-directions, respectively, as shown in Fig. 3. Note that the x-direction 
can be discretized in the same way as the z-direction, but it is unnec-
essary because of the spherical symmetry condition on the x-z plane (cf. 
Fig. 1). Therefore, this analysis is only concerned with the z-direction on 
the x-z plane. After the discretizing in the y-direction, the integral form 
of Equation (1) can be expressed as a summation: 

P(r) =

∫ ∞

−∞

fv

(

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2 + y2
√

)

dy =
∑

n

j=1

fv,j Lj, (2)  

where fv,j, Lj are soot volume fraction and the path length of the atten-
uated light in the j-th element, respectively. 

For each element (e.g., j) in the y-direction, the light beam of in-
tensity Ij is incident on the medium, and the light beam is then attenu-
ated as it passes through the medium due to extinction (see Fig. 4). The 
intensity of the transmitted light, Ij+1, and the incident light, Ij, is related 
by a modified form of Bouguer’s Law [37,38]: 
Ij+1

Ij

= exp(−κj⋅Lj) = exp

(

−
Ke⋅fv,j

λ
⋅Lj

)

, (3)  

where the small particle Mie theory [36] gives the expression of the 
coefficient κ as 
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κj =
Ke⋅fv,j

λ
, (4)  

λ is the wavelength of the laser light, and Ke is the extinction coefficient 
[39]. 

With Equation (3), we can get that 

fv,jLj = −
λln

(

Ij+1/Ij

)

Ke

. (5) 

Plugging Equation (5) into Equation (2) yields 

P(r) = −
∑

n

j=1

λln
(

Ij+1/Ij

)

Ke

= −
λ

Ke

∑

n

j=1

ln

(

Ij+1

Ij

)

= −
λ

Ke

ln

(

I2

I1

⋅
I3

I2

⋅
I4

I3

⋅...⋅
In+1

In

)

= −
λ

Ke

ln

(

In+1

I1

)

.

(6) 

We use Io and I to present the incident light intensity prior to the first 
element (i.e., I1 = Io as shown in Fig. 4) and the transmitted light in-
tensity after the last element (i.e., In+1 = I in Fig. 4), respectively. 
Therefore, Equation (6) can be written as 

P(r) = −
λln (I/Io)

Ke

. (7) 

The values of P can be calculated, along with the ROI (i.e., r-direction 
in Figs. 1 and 2), using Equation (7). In the present study, the ratio of 
light intensity, I/Io, is evaluated from two images: the first image is the 
background image taken prior to droplet ignition that provides the 
incident light intensity Io, and the second image is a soot-attenuated 
image recorded during combustion, which gives the transmitted light 
intensity, I. 

With the measured P values, the field values that correspond to the 
soot volume fraction can be determined using a purely mathematical 
technique: the three-point Abel inversion technique, as recommended 
by Dasch [35] for the specific application related to the present study. 
The field distribution fv(ri) can then be found at a finite domain using 

fv(ri) =
1

Δr

∑

m

k=1

Di k P(rk), (8)  

where ri = i⋅Δr is the radial distance from the center of the droplet on the 
x-z plane (i.e., on the recorded BW soot-attenuated image), Δr is the data 
spacing, Dik is the operator coefficients for the three-point Abel inver-
sion [35], P(rk) is the discretized form of P(r) and is calculated using 
Equation (8). Note that there are a number of typos in the article (i.e., 
[35]) that provides Dik, and that the errata can be found in [40]. 

The tomographic inversion technique based on Equation (8) has been 
widely used for obtaining quantitative measurements of soot volume 
fraction in droplet combustion experiments performed under low 
gravity [18–21]. However, no open-source program is currently avail-
able to extract soot volume fraction measurements from consecutive 
digital images. Moreover, there is no program capable of extracting soot 
volume fraction when the droplet drifts during combustion, as the 
droplet in previously reported experiments for such measurements was 
tethered and thus not free to move [18,20,21]. This work aims to bridge 
these gaps by developing automated analysis algorithms based on 
MATLAB to analyze images with both tethered and untethered droplets 
during combustion, as discussed in the next section. 

4. The MATLAB algorithm: analyze_SVF 

In the present study, an automated program based on MATLAB is 
developed to analyze the sooting images and thus quantitatively extract 
soot volume fraction. This program is termed “analyze_SVF,” and it can 
analyze images of droplets that are both anchored to support fibers (i.e., 
‘tethered’) and free-floating (or ‘untethered’). The program can be 
accessed at https://github.com/yiren6/analyze_svf.git. 

The program is designed to automatically find SVF for multiple axes 

Fig. 1. Schematic of the full-field light extinction method for soot volume fraction measurements.  

Fig. 2. Schematic of the coordinate system under investigation for fv 
measurements. 
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(r) within a given region and to accommodate the droplet drifting issue 
that is common in ISS droplet combustion experiments. The program is 
designed to use public functions within the image processing toolbox: 
imfindcircles.m and improfile.m, and the financial toolbox: tsmovavg. 
m. The program flow chart is described in Fig. 5. The use of the MATLAB 
programming language developed, based on Fig. 5, is a personal choice 
of the authors. Other programming languages (e.g., Fortran, C++, Py-
thon, etc.) in which to express the algorithm could have been used. 

The algorithm prompts the user to load the original and attenuated 
images. While doing so, the program automatically converts the image 
to a grayscale intensity matrix with an 8-bit unsigned integer. Since the 
program adopted a semi-automatic algorithm to identify the droplet 
center and diameter, the user must manually measure the droplet radius. 
Such measurements are usually carried out in existing image processing 
programs [41], and measurements are taken from Ref. [26], which uses 
ImagePro by Media Cybernetics for image analyses. After obtaining 

droplet radius measurements for both images, the user then inputs a 
potential range of droplet radii, usually at a range of ± 10 pixels from 
the manual measurement, to facilitate the program to identify the cen-
ters of droplets (in matrix coordinate) and the radii (in pixels) of the 
droplets for both images. The centers and radii of droplets are then 
stored and later used to construct ROIs. Two prompt windows for the 
images will prompt out with the droplet boundary marked in the red 
circle to help the user verify if the program correctly identifies the 
droplet. The marked droplet boundary is shown in Fig. 6a. 

Once the user confirms the droplet selection, the program asks for the 
number of ROI under investigation. For a single ROI analysis (i.e., nROI 
= 1), the program asks the user to input the endpoint of the ROI using a 
mouse. For multi-ROI analysis (nROI ∕= 1), the user inputs a direction-of- 
analysis (DOA) angle θ using two mouse inputs, start and end accord-
ingly. Those endpoints are then stored, together with the droplet center 
that was found in the earlier steps, to construct ROI (or ROIs). As 
illustrated in Fig. 6b, the first ROI is marked in blue, and the last ROI is 
marked in red for multiple ROI scenarios. It is worth noting that only the 
angle marked with θ in the first quadrant is defined by the user, and the 
counterpart of that angle in the third quadrant is generated automati-
cally by the program. 

With the DOA angle defined, the program draws additional ROIs by 
evenly dividing up the DOA angle so that the angle between any two 
ROIs on the same quadrant is θ/(nROI-1). This process is achieved by 
constructing endpoints based on the center of the droplet, the radius of 
the starting ROI, and the position of the starting ROI using basic 
trigonometry. 

Once the ROIs are determined, the program calls for improfile.m to 
obtain the intensity for both attenuated and original images at each ROI. 
The intensity profiles are then stored and sent to SVFcal.m to calculate 
the SVF at each ROI. SVFcal.m uses the tomography inversion technique 
described previously, which is based on the three-point Abel inversion 
method. The result is then stored in a matrix and can be exported for 
future investigation. 

5. Results 

Selecting appropriate ROIs to extract the measurements of soot 
volume fraction is very important so that reliable data can be generated 
from the program “analyze_SVF.” As discussed previously, both incident 

Fig. 3. Illustration of discrete domains in y- and z-directions.  

Fig. 4. The attenuation of the light beam in the y-direction while it passes 
through the j-th element. 
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light intensity from a background image and transmitted light intensity 
from a soot-attenuated image along the ROIs are needed to perform the 
calculation. With an ideal spherically symmetric configuration, one can 
select any ROI as the configuration under investigation is one- 
dimensional. However, some restrictions do exist that are related to 
the ISS FLEX-2 experimental setup, including the existence of hot-wire 

igniters on the background image and the influence of soot tails 
formed during combustion on the soot-attenuated image. 

Fig. 7 shows an original image for one of the ISS n-heptane (Do =
2.63 mm) test runs. Two hot-wire igniters appear on this image (and all 
other images with time zero, i.e., prior to ignition, for every ISS test run). 
As such, there are some directions in which we are unable to extract the 

Fig. 5. Flowchart for the analyze_SVF.m program and its sub-program.  

Fig. 6. Illustration of (a) original image with droplet boundary marked in a red circle, and (b) attenuated image with DOA angle marked as θ, which is defined by the 
user starting from blue ROI and ending with red ROI on the first quadrant. 
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incident light intensity from such a background image (i.e., the back-
ground information is blocked by the two hot-wire igniters). Those di-
rections need to be avoided when selecting ROIs, as shown in Fig. 7. 

The other situation in which the ROI needs to be selected carefully 
involves the effects of large soot aggregates formed during combustion. 
Fig. 8 shows a soot-attenuated image in which soot aggregates form a 
tail-like shape, and the soot shell is distorted. The two soot tails shown in 
Fig. 8 are developed from soot particles formed around igniters during 
ignition. When the hot-wire igniters are charged, soot particles can form 
around the igniters. Upon retraction of the igniters, soot particles can be 
dragged along with the igniters, and a tail-like structure can be formed 

when soot particles continue to form and aggregate. With the formation 
of the soot tail and the dragging effect of hot-wire retraction, the soot 
shell can be distorted and thus becomes elliptical, as shown in Fig. 8. In 
this case, the ROI should be selected to pass through the spherical 
portion of the soot shell (i.e., the portion where the dotted circle over-
laps with the soot shell). It is suggested that one should select ROIs along 
a direction that is perpendicular to the direction in which the soot shell 
is distorted (see ROIs 1 and 2 in Fig. 8). 

Fig. 9 shows the soot volume fraction for ROI 1, ROI 2, and the 
average profile for the image shown in Fig. 8. The coordinates in Fig. 9 
are traditionally used to plot the SVF distributions [20,21]: the x-axis 
represents the non-dimensional radius (i.e., r/rd, defined as the spatial 
radius divided by the radius of the droplet, and r/rd = 1 indicates the 
position of the droplet surface), and the y-axis represents SVF. The order 
of magnitude of the soot volume fraction obtained here is usually −6, 
and thus the SVF is reported in parts per million (ppm) in the present 
study. As shown in Fig. 9, the profiles for the two ROIs are consistent 
with each other, and the averaged profile can be easily obtained to 
illustrate the SVF distribution for the image shown in Fig. 8. It is evident 
in Fig. 9 that fv exhibits a peak (fv,max) that coincides with the soot shell. 
The SVF then decreases due to soot oxidation. 

In untethered droplet experiments performed onboard the ISS, the 
influence of the soot aggregate on the soot shell could sometimes be 
worse than that shown in Fig. 8. Fig. 10 presents a situation in which the 
soot tail passes through the soot shell in an instant during the burning. 
As the formation of the soot tail is unwanted, any ROI passing through 
the soot tail should be avoided. Fig. 11 shows the soot volume fraction 
profile for six ROIs, among which three of them (i.e., ROIs 1 to 3) are 
passing through the spherical portion of the soot shell, and the other 
three (i.e., ROIs 4 to 6) are touching the soot tail, to illustrate the effects 
of soot tails on the SVF profile. 

As shown in Fig. 11a, the fv profiles for ROIs 4 to 6 have multiple 
peaks, and the data enclosed by the dotted ellipse result from the ROIs 
passing through the soot tail structure. These scattering data are purely 
due to the influence of the ignition and hot-wire retraction, and thus 
they do not reflect the spherically symmetric configuration of interest. 
On the other hand, despite the unavoidable asymmetry artifacts induced 
by hot-wire retraction, it is still possible to make quantitative mea-
surements of fv for spherically symmetric combustion by manually 
selecting ROIs that best reflect a spherically symmetric fv spatial distri-
bution. The fv profiles for ROIs 1 to 3 in Fig. 11b show such relatively 
“clean” distributions where only one peak is observed for one ray, and 
such a peak occurs at the location of a soot shell. Therefore, only data for 

Fig. 7. Illustration of a background image on which hot-wire igniters appear 
and thus some directions need to be avoided when selecting ROIs. 

Fig. 8. Illustration of selecting ROIs for a soot-attenuating image (ISS n-hep-
tane test run, Do = 3.10 mm, at 0.25 s/mm2) on which soot shell is distorted by 
soot aggregates. Each ROI starts from the center of the droplet. 

Fig. 9. Soot volume fraction profile for two ROIs illustrated in Fig. 8 and the 
averaged SVF profile for these two ROIs. 
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ROIs 1 to 3 should be selected to represent the fv profile for the image 
shown in Fig. 10. The fv shape deviation among ROIs 1 to 3 was quan-
tified using a Pearson correlation test [42]. This test calculated the fv 
shape deviation between ROI 1 and ROI 2, which represents the central 
ROI intersecting the soot shell at the most spherically symmetric loca-
tion, as well as the deviation between ROI 3 and ROI 2. The Pearson 
correlation coefficients for the fv shape deviation were reported as 0.996 
for ROI 1 to ROI 2 and 0.958 for ROI 3 to ROI 2. A Pearson correlation 
coefficient close to 1 indicates an identical shape. In this case, both ROI 1 
and ROI 3 had values close to 1, indicating strong shape similarity 
among ROIs 1 to 3. Therefore, the approach of extracting fv from a 
relatively symmetric ROI, as demonstrated by the azimuthal angle be-
tween ROI 1 and ROI 3, is valid for reconstructing fv measurement in 
spherically symmetric droplet combustion under minor perturbations. 
The averaged fv profile obtained using ROIs 1 to 3 is also plotted in 
Fig. 11b. From the averaged profile in Fig. 11b, the maximum soot 
volume fraction can be obtained for the instant depicted in Fig. 10. The 
standard deviation of the difference between the fv profiles obtained 
using ROIs 1 to 3 and the averaged fv profile is 0.0412 ppm, representing 

a 0.432% spreading of the maximum average fv. This small deviation 
further supports our approach of using ROIs to extract fv for spherically 
symmetric droplet combustion. 

To validate results obtained by the “analyze_SVF” program, SVF 
analyses are performed on one previously published image using the 
program developed in this work, and the results are compared with 
those obtained using the procedures developed previously that focused 
on tethered (vs. untethered in this work) droplets [24,43]. For tethered 
droplets, the feature of tracking the position from prior work was not 
required. The reference results (i.e., from methods using the previous 
solver [24,43]) are obtained by running a customized analysis function 
add-on in Matrox Inspector 8.0 for a prescribed ROI. The current results 
are obtained by running “analyze_SVF” developed in this work for the 
same image and ROI. Since the “analyze_SVF” program tracks the po-
sition of a droplet, it automatically applies also to tethered droplets 
where the position of the droplet will not change. The comparisons of 
these results are shown in Fig. 12. It is clear that the results demon-
strated a good match between the two methods, with an average abso-
lute discrepancy of 0.347 ppm, corresponding to 1.50% of maximum 
SVF. To quantify the slight shape difference between the current and 
reference measurements, the Pearson correlation coefficient [42], ρp, is 
calculated. The resulting ρp is 0.989, indicating an almost identical 
tracking for the measurements by the current program and reference 
methodology. These results provide evidence for the accuracy and 
reliability of the “analyze_SVF” program, highlighting its potential for 
quantifying sooting dynamics using FFLEM analyses. 

Furthermore, a Monte Carlo (MC) measurement is carried out to 
quantify the uncertainty of measurements by perturbing the ROI in a 
small region for one attenuated image [44]. According to the FFLEM 
field distribution assumption, the field distribution is spherically sym-
metric [35]. Under the limitation of asymmetricity of experimental data, 
however, the symmetricity of soot is undermined. Selecting ROI on the 
most spherical region of soot distribution is used instead to extract SVF. 
However, the selection of ROI is subjective. When two researchers 
extract SVF using the developed code from this work, they may not 
select the exact ROIs, despite adhering to a selection criterion of defining 
ROI at the most spherical region of soot distribution. This induced un-
certainty of measurement. Hence, a Monte Carlo measurement around a 
small azimuthal ROI perturbation quantifies the uncertainty of mea-
surement for potential minor differences in defining ROIs. This study 
uses attenuated images from the ISS n-heptane test run at initial di-
ameters of Do = 1.59, 1.75, 1.93, 2.27, 2.63, 2.76, 2.88, 3.10, 3.32, and 
3.55 mm with scaled time t/Do2 at 0.2 and 0.3 s/mm2 to quantify the 
uncertainty. The selection of initial diameters covers the entire scope of 
the analyzable dataset, and the selection of scaled time at 0.2 and 0.3 s/ 

Fig. 10. Illustration of a soot-attenuating image (ISS n-heptane test run, Do =
2.63 mm, at 0.30 s/mm2) where the soot “tail” passes through the soot shell. 

Fig. 11. Soot volume fraction distributions for the image illustrated in Fig. 10: (a) fv along six ROIs; (b) fv along three ROIs and their average.  
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mm2 is based on the condition that soot does not form small aggregates 
while the soot shell has developed enough to enable SVF measurements. 
The SVF is measured for four ROIs distributed evenly among a 4-degree 
azimuthal section at the most spherical portion of the soot distribution. 
The standard deviation of SVF measurements for these four ROIs is then 
calculated, and the overall average standard deviation is 0.0815 ppm, 
which should be recognized as the uncertainty of an SVF measurement 
induced by the ROI definition in this work. Table 1 lists the observed 
average standard deviation for each individual test run. 

The SVF profiles shown in Figs. 9 and 11b are only for one instant in a 
certain burning event. To investigate the temporal effects on fv,max, one 
should analyze all the images for a particular test run (i.e., one initial 
droplet diameter) following the protocol discussed previously (see 
Figs. 7 to 11). We take one n-heptane test run with Do = 2.88 mm to 
illustrate this process, and Fig. 13 shows the results. 

The fv distributions from 0.10 to 0.50 s/mm2 are plotted in Fig. 13a. 
Each fv profile in Fig. 13a has a peak value that indicates the maximum 
soot volume fraction for each instant (i.e., each image). The maximum 
soot volume fraction is then plotted against the normalized time in 
Fig. 13b. It is evident that the fv,max first increases until a peak value is 
reached (i.e., 14.76 in Fig. 13b) at around 0.35 s/mm2, after which fv,max 
decreases. Therefore, if one is interested in obtaining the maximum fv for 
a particular test run (i.e., one particular Do), scanning every single image 
in the test is not required. Alternatively, one should find the trend 

depicted in Fig. 13b and identify when fv,max starts to decrease. As long 
as a similar trend in Fig. 13b is clearly observed, the scan can then be 
stopped. For all the n-heptane images analyzed in this study, analyzing 
images up to 0.5 s/mm2 is sufficient to reveal the trend in Fig. 13b and 
thus identify the fv,max for a particular test run. 

The trends of the soot volume fraction shown in Figs. 9, 11, and 13 
are consistent with previously published results [20,21]. More impor-
tantly, the maximum fv values identified in this study are quantitatively 
consistent with the previously reported values, considering some in-
fluences of the initial droplet diameter [20]. 

Using the program and protocol discussed above, n-heptane images 
from ISS experiments reported previously [26] are analyzed to obtain 
the maximum soot volume fraction for each Do, and Fig. 14 shows the 
results. Images for n-heptane are selected here to study the effects of 
initial droplet sizes on fv,max because the extinction coefficient for n- 
heptane is known. Furthermore, soot shells for n-heptane images are 
more intact compared to experimental images of other fuel systems, 
such as iso-octane [27] and 50/50n-heptane/iso-octane [28]. 

Fig. 14 shows that fv,max decreases with increasing Do for ISS n- 
heptane tests (i.e., Do > 1.5 mm). This result is consistent with visual 
observations of less soot formed and dimmer flame brightness as Do 
increases, as shown in Ref. [26]. The trend shown in Fig. 14 is likely to 
be associated with flame temperature and thus the tendency to form 
soot. With an increased initial droplet size, the radiative losses from the 
droplet flames reduce the flame temperature. Consequently, the reduced 
flame temperature would decrease the tendency to form soot (i.e., limit 
soot formation), as pyrolysis reactions that produce soot precursors have 
a more significant temperature dependence than the reactions that 
attack the soot precursors [45,46]. 

6. Conclusions 

An algorithm has been developed that successfully extracts soot 
volume fractions from digital images of burning droplets of sooting fuels 
in an automated manner. The algorithm is based on the full field light 
extinction method and utilizes the tomography inversion technique, 
using three-point Abel inversion to quantitatively obtain the soot vol-
ume fraction data. This program extends the image analysis capability of 
the ISS FLEX-2 project and thus enables us to obtain more quantitative 
data for evaluating the sooting dynamics during liquid fuel combustion. 

The proper selection of the ray-of-interests when using the algorithm 
depends on the nature of the soot-attenuating images being analyzed. 
One should select ROIs along the direction in which the background 
intensity is not blocked by the hot wire igniters and the soot shell is not 
distorted. The program is used to analyze untethered droplets during n- 
heptane droplet combustion. The results of the soot volume fraction as a 
function of a non-dimensional radius show a peak that coincides with 
the soot shell location. The analysis of the temporal effects on the 
maximum soot volume fraction shows that SVFmax first increases after 
the burning is initiated until a peak value is reached, after which SVFmax 
decreases. The SVF profiles and SVFmax values reported in this work are 
consistent with previously reported results. The investigations of n- 
heptane tests with different initial droplet sizes indicate that SVFmax 
decreases with increasing initial droplet size, which is consistent with 
visual observations of less soot formed and dimmer flame brightness as 
Do increases reported previously. 
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Fig. 12. Comparisons of soot volume fraction measured by the “analyze_SVF” 

program developed in this work and a previous solver [24,43]. 

Table 1 
Standard deviation of SVF measurements from perturbed ROIs at a 4-de-
gree azimuthal section.  

Do (mm) Average Standard Deviation (ppm)  
1.59  0.0854  
1.75  0.0854  
1.93  0.0718  
2.27  0.0601  
2.63  0.0676  
2.76  0.0902  
2.88  0.120  
3.10  0.0765  
3.32  0.1060  
3.55  0.0523  
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