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Abstract
The two-dimensional multi-angle light scattering (2D-MALS) technique has been extended for single-shot size measure-
ments of soot aggregates in flames. Six cameras are used for instantaneous acquisition of the elastic scattering from the 
aggregates at different directions between 10 to 90◦ of a laser light sheet. Two diluted ethylene (50 and 60% by volume of 
C
2
H

4
 fuel diluted with inert N

2
 ) coflow laminar diffusion flames with little flickering are used as proof of concept. Results 

of instantaneous, average and fluctuating 2D fields of the effective radii of gyration, which are expected to characterize the 
size of the aggregates, compare well with the literature, demonstrating the applicability of the proposed sizing method to 
weakly unsteady combustion processes.

1 Introduction

In situ measurements of particle aggregate characteristics 
are crucial for a better understanding of physico-chemical 
mechanisms related to aggregate formation and evolution in 
combustion processes [3, 28, 41]. Although modelling and 
simulation of these complex formation mechanisms have 
matured significantly over the last years [3, 41], there are 
still considerable discrepancies between predicted and actual 
particle aggregate properties. The dissimilarities are in part 
a consequence of the lack of data and techniques capable 
of providing accurate measurements of the physical and 
chemical characteristics of particle aggregates during their 
development under a variety of combustion conditions. The 
existent ex situ tools are not suited for on-line monitoring 
and require extractive sampling, which perturbs the flow and 
chemistry under investigation [14, 35]. In contrast, optical 
diagnostic techniques can assess relevant aggregate attrib-
utes in situ and non-invasively, such as particle sizes, mor-
phology, composition and concentration [28]. These diag-
nostic techniques are suited for optimization and monitoring 

practical combustion systems. For example, many industrial 
combustors and engines frequently produce undesirable 
soot aggregates from incomplete combustion of hydrocar-
bon fuels and release them into the environment, causing 
detrimental effects on human health (e.g., lung, heart and 
vasculature) and on climate (e.g., global warming and melt-
ing of icebergs) [4, 16, 25, 48, 50]. The maximization of 
efficiency together with the reduction of soot emissions rely 
on the knowledge about the complex aggregate development, 
which can be gained from these type of measurements. This 
knowledge is paramount for the optimization and up-scaling 
of technical combustion systems for production of uncount-
able particle aggregate commodities with tailored properties 
[41, 49].

A variety of in situ optical techniques have been devel-
oped to characterize aggregate properties in the combus-
tion [28]. Among them, line-of-sight attenuation (LOSA), 
sometimes termed light extinction, has been extensively 
used for point-wise and two-dimensional measurements of 
aggregate volume fraction [e.g., 7, 13, 11, 45]. This quantity 
can also be obtained through multi-wavelength information 
from aggregate radiative emission, referred to as spectral 
soot emission (SSE) techniques [e.g., 6, 26, 32]. Laser-
induced incandescence (LII) has also been vastly employed 
to provide point measurements and planar fields of aggre-
gate volume fraction as well as primary-particle size and, 
in combination with elastic light scattering (ELS), aggre-
gate size [e.g., 37, 43, 42, 55, 29]. Elastic light scattering 
techniques based on few or multiple detectors (multi-angle 
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light scattering, MALS) can estimate primary-particle size, 
aggregate size and morphology [e.g., 10, 38, 21, 36, 24]. 
For incipient aggregate particles (composed of few primary 
particles), small-angle X-ray scattering (SAXS) [e.g., 8, 15, 
19] and small-angle neutron scattering (SANS) [e.g., 31, 
53, 58] can provide quantitative aggregate information. For 
more mature aggregate particles (tens to several hundreds of 
primary particles), wide-angle light scattering (WALS) [33, 
34] or multi-angle light scattering [e.g., 10, 21, 24] are pref-
erable to measure aggregate size and morphology in a point-
wise manner. The latter ELS technique has been recently 
extended to two dimensions (2D-MALS) for measurements 
of the averaged aggregate characteristics [1, 20, 27].

The elastic light scattering method has been already 
proved to be a powerful tool for aggregate particle siz-
ing [18, 28, 46]. Until now, the approach has been mainly 
applied in two ways: (i) using a single one-dimensional 
detector [e.g., 10, 21, 24] or one camera sensor [e.g., 1, 
20, 27] mounted on a scanning goniometer, and (ii) using 
multiple one-dimensional fixed detectors [e.g., 36, 38] or a 
camera sensor imaging a wide-angle elliptical mirror [e.g., 
33, 34, 17]. The first methodology allows for averaged meas-
urements of aggregate properties in one or two dimensions 
(according to the detector) in only stationary environments, 
due to the need of a time-consuming sequential signal acqui-
sition for the various angular positions, whereas the second 
methodology allows for point-wise instantaneous measure-
ments not only under steady but also unsteady environments, 
due to its simultaneous multi-angle signal registration.

In the present work, single-shot two-dimensional multi-
angle light scattering is introduced. The proposed approach 
overcomes limitations of previous ELS techniques as it com-
bines the advantages of simultaneous signal acquisition with 
the capability of two-dimensional measurements. Therefore, 
instantaneous 2D fields of the scattered light signal ratio 
at various angles are less affected by changes in the flame 
conditions during the acquisition of the set and instantane-
ous quantities can be measured, allowing the evaluation of 
higher-order statistics within a plane as opposed to existing 
techniques that provide averaged quantities only. The present 
apparatus for synchronously signal recordings is composed 
by six camera sensors that are calibrated for their dissimilar 
optical setups based on the light scattering from pure gases. 
The performance of the proposed approach is demonstrated 
in N2-diluted 50 and 60% C2H4 (with 50 and 40% N2 by 
volume, respectively) coflow laminar diffusion flames with 
small flickering. The measured averages and fluctuations of 
the effective radius of gyration fields of soot aggregates are 
compared and related to the literature.

2  Theoretical background

It is well-known that nearly spherical primary nanoparticles 
randomly aggregate and agglomerate forming fractal-like clus-
ter structures in many combustion processes [3, 41, 49]. This 
section will describe the relevant concepts about elastic light 
scattering in the framework of fractals for the application of 
the present measurement technique. More details can be found 
in the reviews by Jones [18] and by Sorensen [46]. The fractal 
aggregate can be described as

where Np is the amount of monodisperse primary particles 
forming the aggregate, kf  is a proportionality factor generally 
in the range of 1.7–3.5 [18, 21, 24], rp is the radius of the 
primary particle, Df  is the fractal dimension characterized 
by a non-integer number normally in the range of 1.4-2.2 
[18, 21, 46] and Rg is the radius of gyration, defined as

where dp,i is the distance between the mass centre of the pri-
mary particle i and the mass center of the aggregate. Rg is a 
representative characteristic of the aggregate size.

The relationship between scattered intensity and scattering 
angle is the most fundamental for size measurements of aggre-
gates. The scattering wave vector, linked to the detection angle, 
is defined as the difference between the incident and scattered 
wave vector. Its magnitude q is given by

where � is the light wavelength used in the measurements 
and � is the angle between the incident and scattered wave 
vector.

The light scattered by fractal aggregates can be interpreted 
by the Rayleigh–Debye–Gans theory (RDG) [18, 46], within 
10% of accuracy for Df ≃1.8 [46]. The scattered intensity Isca 
collected by a sensor (assuming monodisperse distribution 
from both aggregates and primary particles, and independent 
scattering signals from primary particles) can be described as

where � is a proportionality factor related to the collection 
efficiency of the detection system, Iinc is the incident light 
irradiance, na is the aggregate number density, V is the probe 
volume, d�p∕dΩ is the differential scattering cross-section 
of the primary particle and S

(
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)
 is the optical structure 
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The behaviour of the optical structure factor with respect 
to qRg can be approximated in three different regimes as

where � is an empirical proportionality factor around unity 
[46].

In the Guinier regime, an effective radius of gyration can 
be estimated from the angular coefficient of the linear curve 
fitting from the scattered light intensity ratio as a function 
of the square of the scattering wave vector. To this end, the 
ratios of scattered light intensities are obtained from Eq. (6) 
by the aid of a Taylor expansion:

where Rg,eff is the effective radius of gyration.
An actual aggregate population is generally composed 

of polydisperse distributions of both primary particles and 
aggregates. Therefore, the measured radius of gyration (out-
put of the present technique) is an effective value represent-
ing the ensemble of the polydisperse aggregate [27, 33, 46]. 
The value is a weighted average associated with the distribu-
tions of the number of primary particles in the aggregates, 
aggregate number density and radius of gyration of aggre-
gates. The effective radius of gyration can be mathematically 
defined as [27]

It is possible to observe from this equation that the Rg,eff 
value is larger than the arithmetic mean value, because the 
scattered light signal is dominated by larger aggregates [20, 
27, 33]. Therefore, this fact must be taken into account for 
a meaningful comparison of statistics between measured 
effective radii of gyration by MALS techniques and radii of 
gyration from sampled aggregates or from computational 
simulations, for example.

3  Experimental setup

Two diluted-C2H4 non-sooting coflow laminar diffusion 
flames are investigated in the present work. Here the term 
‘non-sooting’ refers to the absence of soot aggregates 

(5)S(qRg) = 1 qRg ≪ 1 (Rayleigh regime)

(6)S(qRg) ≅ 1 −
1

3
q2R2

g
qRg ≤ 1 (Guinier regime)

(7)S(qRg) = 𝛽
(
qRg

)−Df qRg > 1 (Power law regime)

(8)

Isca(�, 0)

Isca(�, �)
=

S(0)

S(qRg,eff)
≈ 1 +

1

3
R 2
g,eff

(q(�, �))2 qRg,eff ≤ 1

(9)Rg,eff =

√√√√∫ N2
p
R2
g
(Np)na(Np)dNp

∫ N2
p
na(Np)dNp

.

downstream of the flame closed tip due to soot-oxidation 
process, despite the presence of soot at upstream locations 
[22]. The flames are produced in a burner with a 4-mm-
inner 6-mm outer-diameter vertical tube centralized in a 
44x70-mm2 rectangular duct. The diluted fuel is a mixture of 
50 and 60% C2H4 (ethylene) by volume with 50 and 40% N2 , 
respectively. A mixture of 21% O2 and 79% N2 by volume 
is used to emulate air in the coflowing stream through the 
rectangular duct, because compressed air was not available. 
The coflow oxidizer stream supports the flame stabilization, 
attenuating environmental fluctuations. The measurements 
are taken after about 5 min when the burner is thermalized 
and the flow conditions are statistically stationary. The gas 
flow rates, fixed in both flames, are controlled by Bronkhorst 
mass flow meters within uncertainties below 3%. The flow 
rates of fuel and oxidizer are 0.18 L/min and 63.88 L/min 
under 1 atm and 301±2 K, respectively. The fuel velocity at 
the pipe exit displays a parabolic profile with a bulk velocity 
of 0.24 m/s, while the coflowing gas has an approximately 
constant velocity of 0.35 m/s, obtained using a packed bed 
of spheres and a honeycomb. For a better optical access, no 
housing is used around the burner. The burner exhaustion 
is collected by a chimney hood located about 1.5 m above 
the measurement region. The burner is fixed upon a motor-
ized table, which can be used to explore different regions of 
interest (ROI).

The experimental setup is presented in Fig. 1. A single-
pulse frequency-doubled Nd:YAG laser (Quantel YG980, 
maximum energy 820 mJ @ 10Hz) operating at 532-nm 
wavelength is employed. The laser power is controlled by a 
combination of half-wave plate and a polarizing beamsplit-
ter cube (Thorlabs PBS25-532-HP), while the laser output 
energy is kept constant at 150±4 mJ. This system allows 
for energy adjustment with minor variations in the beam 
profile and ensures vertical polarization in the measurement 
region (polarization ratio better than 3000:1). A power meter 
(Coherent LabMax-Top), located at the end of the optical 
path, monitors the laser light power. The light sheet, passing 
through the burner diametral plane, is formed by a -50-mm 
cylindrical lens followed by a 500-mm plano-convex lens. 
A minimum smearing effect at oblique detection angles is 
observed in the present measurements. The smearing can 
appear as a consequence of imaging onto different pixels 
the scattering signal from aggregates at the same radial loca-
tion in the flame but at a different position along the light 
sheet thickness [27]. A circular aperture diaphragm is used 
between the two lenses to crop the upper and lower edges 
of the light sheet, avoiding spurious reflections at the latter 
lens rim and removing regions with lower laser fluence. The 
formed laser sheet has an approximate constant height of 
36 mm. The scattered light is imaged by six CCD cameras 
(LaVision Imager proX, 1600 × 1200 pixel sensor, 7.4 μ m 
pixel pitch, 14 bit) positioned in a circular arrangement 
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around the burner from � = 10◦ to 90◦ (angles measured with 
respect to the forward propagation direction of the incident 
light) with 16◦ angular space between adjacent cameras. The 
selected camera positions are a compromise between the 
sensitivity for small aggregates (necessity of large q-val-
ues) and the applicability limits of the RDG approximation 
( qRg ≤ 1 and Isca(0)∕Isca(�) ≤ 2 ). The cameras are equipped 
with 100-mm objective lenses (Tokina ATX Pro D Macro) 
and positioned at about 500 mm from the burner centre, 
leading to a vertical magnification close to 0.2. The magni-
fication adopted allows for the registration of the entire flame 
soot region in a single-shot picture. Scheimpflug adapters are 
used to obtain sharp images in the entire ROI. Flame lumi-
nescence is strongly suppressed by a 532-nm bandpass filter 
with 10-nm bandwidth mounted in front of the objective 
lens in combination with a short sensor exposure time. The 
system is triggered by a programmable time unit controlled 
by Davis 8.4 software (LaVision). The images are acquired 
at 10 Hz with the laser light pulse (about 12 ns) centred 
at the 0.5-μ s sensor exposure time. The scattering signal 
from aggregates are acquired with a low laser fluence below  
0.2 J/cm2 to prevent alteration in the soot morphology [22, 
51, 57] or influence by possible LII signal [29]. Blackout 
materials are used in the surroundings to minimize stray 
light.

The objective apertures and sensor binning are adjusted 
taking into account the collected scattered signal and the 
spatial resolution, both related to the camera viewing direc-
tion (detection angle). The signal magnitude is proportional 
to the probe volume, which at a detection angle � is a factor 
of 1∕ sin(�) greater than that at 90◦ [27]. The objective aper-
tures are adjusted to f/5.6 for cameras at 10◦ , 26◦ and 42◦ , and 
they are adjusted to f/4 for the others. The sensor binning is 

set to 1x2 (horizontal x vertical) for all cameras, leading to 
a minimum spatial resolution of 6 pixel/mm at 10◦ sensor. 
Due to the perspective, the images become narrower along 
the horizontal direction for smaller detection angles by a 
factor of sin(�) . The acquired scattered signals are always 
between 15% and 90% of the full sensor range, to obtain a 
good signal-to-noise ratio and to operate the sensor in its 
linear region. The highest signals are recorded at the flame 
wings for the 60% C2H4 diffusion flames (Fig. 3c).

4  Signal processing

The image processing and evaluation procedure, very 
important to extract meaningful sizing measurements from 
the 2D-MALS signal, will now be described. The signal 
processing is performed using Matlab R2019b software. 
The procedure steps (flowchart illustrated in Fig. 2) can be 
summarized as: (1) noise removal, (2) background correc-
tion, (3) optical setup correction, (4) spatial correction, and 
(5) radius of gyration evaluation. Figure 3 presents these 
steps applied on a typical light scattering image from soot 
aggregates.

First, salt-and-pepper noise, sometimes present in the 
raw scattering images Iraw (Fig. 3c), is removed by a 3 × 3 
median filter as follows

where u and v are the camera coordinates, � is the detection 
angle in the image stack, t is the time instant and i and j 
denote integer indexes varying from -1 to 1.

(10)Ifilt
raw

(u, v, �, t) = median{Iraw(u + i, v + j, �, t)} ,

Fig. 1  Single-shot 2D-MALS arrangement using six cameras for 
in  situ planar-measurements of the instantaneous effective radii 
of gyration. Legend: (1)  Nd:YAG laser, (2)  mirror, (3)  half-wave 
plate, (4) polarizing beamsplitter cube, (5) beam dump, (6) cylindri-

cal lens, (7)  aperture, (8)  plano-convex lens, (9)  burner, (10)  power 
meter, (11)  bandpass filter, (12)  lens, (13)  Scheimpflug adapter and 
(14) CCD camera
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Second, a background image (Fig. 3a) is subtracted 
from the instantaneous scattering images to correct for 
stray laser light (from scattering by optical components 
along the laser beam path and reflections on the surfaces), 
ambient light, flame luminescence and camera noise (from 
thermal noise, readout noise and differences in A/D con-
verters). Following Altenhoff et al. [1], the background 
image Ibg is generated for each camera viewing direction 
based on averaged images of the dark background Iavg

dark
 

(without flame and laser), the laser background Iavg
laser

 (with-
out flame, but with laser on) and the flame background 
I
avg

flame
 (with flame, but without laser) according to

Each averaged image is calculated from 100 images. It is 
important to mention that the flame luminescence, which 
is low in the present measurements (see Fig. 3a) due to the 
use of bandpass filter and small exposure time, can only be 
properly corrected in instantaneous light scattering measure-
ments when the flame is steady.

Third, the optical setup must be calibrated since the 
actual characteristics of each detector can differ from those 

(11)
Ibg(u, v, �) = I

avg

laser
(u, v, �) + I

avg

flame
(u, v, �) − I

avg

dark
(u, v, �) .

stated by the manufacturer. The optical setup calibration 
accounts for differences in the imaging system (such as 
differences in the sensor quantum efficiencies, light col-
lection efficiencies, lenses, bandpass filters, apertures, 
Scheimpflug tilt angles, hardware-binned pixel sizes, mag-
nifications, AD conversion factors), as well as the angle-
dependent probe volume, aberrations from the optical 
components and inhomogeneities in the laser light sheet 
(spatial variation in the laser fluence). To this end, a cali-
bration image is computed based on the light scattering 
from gases [1, 21, 33, 36]. The scattered light from gas 
molecules irradiated by vertically polarised light, which 
is in the Rayleigh regime, must be isotropic (Eq. 5). As a 
consequence, the non-uniformities in the recorded calibra-
tion image are linked to the optical setup. An averaged 
image Iavg

N2
 of 150 light scattering images from pure nitro-

gen, flowing through the entire burner, is used to calibrate 
the optical setup. To increase the recorded signal in each 
image, a long frame exposure is used to integrate over the 
light scattering from 80 laser pulses. For the time-average 
computation, fluctuating intensity values above 3 standard 
deviations within  the pixel history are filtered out to 
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Fig. 2  Flowchart of the image processing and evaluation procedure steps for instantaneous size measurements using single-shot 2D-MALS
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remove possible scattering from isolated dust particles that 
inevitably entrain in the outer region of the flow. Addition-
ally, the calibration offset (from stray laser light, ambient 
light and camera noise, for example) is considered based 
on the light scattering from pure helium, which has a neg-
ligible molecule cross-section compared to that of nitrogen 
[2, 33]. An averaged image Iavg

He
 is calculated from 150 

helium scattering images, also using 80 laser pulses within 

a long frame exposure. Therefore, the calibration image 
Ical (Fig. 3b) is computed subtracting the averaged images 
of Rayleigh scattering from gases:

The corrected instantaneous image of scattering signal Isca 
(Fig. 3d) is obtained subtracting the median-filtered raw 

(12)Ical(u, v, �) = I
avg

N2
(u, v, �) − I

avg

He
(u, v, �) .

Fig. 3  Processing steps on a typical instantaneous image of the light 
scattering from soot aggregates in the diluted 60% C

2
H

4
 diffusion 

flame for the 58◦ direction: a  background image, b  optical-setup 
image, c   single-shot raw image and d  background-corrected image 

divided by optical-setup image with undistorted region of interest 
(dashed white polygon). e–j Dewarped signal images normalized by 
the maximum of the set and masked by the flame shape for different 
viewing directions. In all images the laser irradiates from right to left
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image Ifilt
raw

 by the background image and then dividing by 
the optical-setup calibration image, that is

 
Forth, to evaluate the radius of gyration in two dimensions, 

the scattering images must be spatially coincident, so the inten-
sity ratio can be computed on a pixel basis. In the present 
work, the scattering images are dewarped by Homography 
transformations (camera pinhole model) [12], correcting for 
the perspective of the measured plane due to the tilted cam-
era viewing directions (cf. Figs. 3d and  3e–j). To this end, a 
calibration plate composed by dot markers in a 5 × 5 mm Car-
tesian grid is employed as a target (Fig. 4). It is placed at the 
ROI, aligned with the laser light sheet. The dot centres from 
the calibration images Itarget are automatically detected based 
on the centroid. A homography matrix �� for each camera is 
then obtained from the correspondence between the dot mark-
ers in the image and those in the physical space (x, y) apply-
ing the Direct Linear Transformation (DLT) [12]. The planar 
homography transformation, using homogeneous coordinates, 
is defined as

where k is a normalization factor for the homogeneous coor-
dinate that depends on the marker i at the camera position � , 
s is a scaling factor to convert pixel coordinates into physi-
cal coordinates and m are entries of the homography matrix 
related to the camera parameters. The scaling factor dictates 
the final spatial resolution of the dewarped images. In the 
present work, s = 9.3 pixel/mm is adopted based on the cali-
bration markers in the images and in the physical space. The 
dewarped instantaneous scattered image Idwpsca  results from the 
perspective transformation using the calculated homography 
matrix entries according to

(13)Isca(u, v, �, t) =
Ifilt
raw

(u, v, �, t) − Ibg(u, v, �)

Ical(u, v, �)
.

(14)
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,

The transformation function is readily available in the Mat-
lab Image Processing toolbox for a given correspondence of 
points. The physical coordinate (x, y) is sometimes termed 
in the plots as (r, HAB) in reference to the radial direction 
and height above the burner, respectively.

Although this simple camera model does not consider 
lens aberrations or strong image distortions (e.g. barrel and 
cushion types), both are negligible in the present measure-
ments as observed in Fig. 4. The present calibration images 
show dot markers with expected elliptical shape due to the 
perspective projection of the round dots and excellent linear 
alignments among markers at the same abscissa and those 
at the same ordinate (keeping in mind that angles between 
lines are not preserved in a perspective view) [12]. Excellent 
spatial coincidence is obtained among the corresponding 
points using the employed camera model, quantified by a 
root mean square error of 0.11 pixel and a maximum pro-
jection error of 0.5 pixel (Fig. 5). The maximum projection 
error is observed along the horizontal direction for the 10◦ 
view and was anticipated due to the shrinkage of the calibra-
tion plate in this camera image (Fig. 4). Projection errors 
below half a pixel are desirable to minimize possible spatial 
mismatch among dewarped images that could bias the scat-
tering signal ratios and consequently the effective radius of 
gyration values. 

In many cases, the initial image transformation needs 
to be further corrected for (i) misalignment between the 
calibration plate and the light sheet and for (ii) refractive 
index fluctuations. Frequently, the calibration plate is not 
perfectly aligned or it is slightly tilted relative to the light 
sheet (measurement plane), therefore the dewarped scatter-
ing images end up not being spatially coincident [39, 54, 56]. 
Additionally, the refractive index can fluctuate dynamically 
along the scattering and illumination paths under combus-
tion processes [40, 47, 52]. Chemical reactions during the 
combustion locally change the gaseous mixture composition, 
temperature and density, directly influencing in the refractive 
index. Therefore, patterns in the scattering images can be 

(15)Idwp
sca

(x, y, �, t) = transform{Isca(u, v, �, t), perspective} .

Fig. 4  Acquired images of a calibration plate for the six viewing directions. Region of interest is overlaid as dashed red polygon in the 90◦ direc-
tion
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subjected to deformation and blur, due to light deflection by 
the inhomogeneous refractive index, which can not be suf-
ficiently corrected by the initial geometric mapping based on 
a calibration plate surrounded by air at ambient temperature. 
The problem is worst for cameras at low detection angles 
and for measurements under high-temperature flames. In 
the present measurements, the flames are statistically stable 
with very little flickering. Therefore, a minor additional spa-
tial correction based on matching the flame morphology of 
dewarped scattering images is enough to remedy these prob-
lems. The additional corrections also fix common horizontal 
offsets between the scattering images (below 15 pixels in the 
present work), which hinder a pixel-wise measurement. Cor-
responding points (features) are extracted at specific posi-
tions along the enlarged flame boundary and the skeleton of 
the time-averaged dewarped scattering signal image for each 
camera direction (Fig. 6), because of their similar relative 
spatial variation of the scattering dewarped signal inten-
sity (Eq. 4). The flame boundary is obtained thresholding 
the scattered signal image, while the skeleton is computed 
from the intensity gradient. Corresponding point locations 
are derived based on the extreme positions of skeleton lines 
(dashed curves in Fig. 6) and their interception position 
on the flame centreline. The additional correction is then 
obtained by a 2nd-order polynomial transformation for each 
camera as

(16)
x�
i
=a1,� + a2,� xi,� + a3,� yi,� + a4,� xi,� yi,� + a5,� x

2
i,�

+ a6,� y
2
i,�

(17)
y�
i
=b1,� + b2,� xi,� + b3,� yi,� + b4,� xi,� yi,� + b5,� x

2
i,�

+ b6,� y
2
i,�

where the quotation mark represents the transformed 
coordinate position and a and b are coefficients computed 
assuming the points at 90◦ direction as target positions, i.e. 
(x�

i
, y�

i
)=(xi,90◦ , yi,90◦ ).

In the present work, the additional correction employed is 
the same for all instantaneous flames with the same dilution 
and it can be expressed as

where the polynomial transformation employs the com-
puted coefficients a and b for each viewing direction. The 
root mean square errors for these transformations are below 
0.7 pixel (i.e. 0.08 mm). Contrarily, for other measurements 
under high temporal variations of refractive index along the 
viewing directions (e.g., high-temperature turbulent flames), 
instantaneous spatial corrections are necessary for single-
shot measurements.

Finally, the evaluation of an instantaneous two-dimen-
sional field of the radius of gyration is based on ratios of 
the dewarped scattering fields according to Eq. 8, after the 
image processing steps aforementioned. The use of instanta-
neous signal ratios instead of absolute quantities makes the 
approach robust against temporal changes in the flame con-
ditions and inevitable pulse-to-pulse fluctuations in the laser 
energy. Since two-dimensional scattered signal at rigorously 
0◦ detection angle is not feasible as the projected area equals 
zero, the value is usually generated from the extrapolation 
of scattering fields of smallest angles [1, 21, 24, 34] or from 
using the scattering field at the lowest detection angle of 10◦ 

(18)
Icorr
sca

(x, y, �, t) = transform{Idwp
sca

(x, y, �, t), polynomial} ,

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
xerror [ pixel ]

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8
y er

ro
r [ 

pi
xe

l ]

Cam 1
Cam 2
Cam 3

Cam 4
Cam 5
Cam 6

Fig. 5  Projection errors along x and y directions between correspond-
ing points used for calibration of the six cameras. The root mean 
square error is marked with a dashed line

Fig. 6  Corresponding control points (symbols) for extra spatial cor-
rection extracted from time-averaged dewarped images at a 26◦ , b 58◦ 
and c 90◦ directions. The intensity is normalized in each image to 
enhance visualization. Computed flame skeleton based on the signal 
intensity is displayed as dashed white curves
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instead [20, 27, 33]. The latter approach tends to bias the 
estimated values towards smaller radii of gyration, increas-
ing the error [27, 33]. In the present analysis, the scattered 
signal at 0◦ is computed from a 2nd-order extrapolation 
using the three smallest-angle scattering fields. The scatter-
ing wave vector is assumed constant for the entire camera 
sensor at each detection angle (i.e. parallel light rays), due 
to the much larger camera distance compared to the size 
of the ROI. The additional relative error in the angle, and 
consequently in the scattering wave vector magnitude, is 
less than 2% using this assumption. Local averaged values 
within a 7x7 kernel (white square in Fig. 3j) are employed 
in each scattering image for the calculation of the scattering 
ratio at each point. The dynamic spatial range (DSR), ratio 
between ROI and spatial resolution, is above 100 for the 
present measurements. Figure 7 presents examples for the 
evaluation of the effective radius of gyration in three points 
in the measurement field. Following Eq. 8, the instantaneous 
2D field of effective radius of gyration is extracted from the 
slope of a least-squares line fitting using those scattering 
ratios versus the corresponding square of the scattering wave 
vector magnitudes as

where p0 and p1 are fitting coefficients, and the effective 
radius of gyration is

 

(19)
Isca(x, y, 0

◦, t)

Isca(x, y, �, t)
≈ p0(x, y, t) + p1(x, y, t)(q(�))

2 ,

(20)Rg,eff(x, y, t) =
√
3 p1(x, y, t) .

Following Sorensen [46], the Guinier linear fit is only 
recommended for values of I(0)∕I(�) ≤ 2 (which is slightly 
above qRg ≤ 1 ). Nevertheless, it is acceptable to stretch this 
limit for Guinier analysis of fractal aggregates with polydis-
persity driven by the aggregation kinetics, according to the 
same author. In these polydisperse systems, linear depend-
ency can extend far beyond this limit, such as in the case of 
Titania aerosol [46] and soot aggregates from ethylene lami-
nar diffusion flames [27]. For the present demonstration, we 
evaluate the effective radius of gyration using I(0)∕I(𝜃) < 4 
since good linearity is observed (Fig. 7). This minimizes 
discontinuities in the radius of gyration fields and allows 
for a more robust evaluation with more viewing directions 
included. The differences between the present evaluation 
with that using a more conservative limit are estimated to 
be below 5% for the investigated flames of the current work. 
For future measurements, the camera positions can be opti-
mised according to the maximum expected effective radius 
of gyration of the system.

5  Results and discussion

The proof of concept of the present single-shoot 2D-MALS 
approach will now be demonstrated in 50 and 60% C2H4 
diluted coflow laminar diffusion flames with small flick-
ering, where fluctuations of the aggregate morphology is 
expected in space and time. The flickering can be roughly 
estimated from the fluctuation of the flame shape height, 
obtained from the scattered signal (Fig. 6). The standard 
deviation of the height from the present 50 and 60% C2H4 
diffusion flames are 4.8 pixels (0.51 mm) and 1.5 pixels 
(0.16 mm), respectively. The presence of flame flickering 
is a result of buoyancy-induced instabilities, due to com-
bustion, combined with oscillations at the surroundings, 
because the present coflowing stream is insufficient to fully 
shield the inner flow. Both flames display a cone-like shape, 
which is entirely registered in single-shot pictures.

Figure 8 presents instantaneous effective radius of gyra-
tion fields and R2 fields of the least-squares fitting from the 
60% C2H4 diffusion flame at three random times (named 
as t1, t2 and t3). The measurement region is restricted to 
locations with sufficient signal intensity. Instantaneous flame 
masks, based on overlaid transformed scattering images, are 
used to filter out measurements. Typical range and spatial 
distribution of soot aggregate sizes can be observed in the 
two-dimensional measured fields (Fig. 8a–c). The present 
single-shot 2D-MALS provides measurements of effective 
radius of gyration between 80 and 180. Regions of radius 
of gyration below 80 are not detected due to the lower scat-
tering signal (revisit Fig. 3c). This is a result of the small 
aggregate sizes combined with a low amount of these aggre-
gates (Eq. 4). Interestingly, the highest scattering signals at 
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Fig. 7  Examples of line fittings for effective radius of gyration com-
putation using single-shot 2D-MALS
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the upper region of the flame wings do not correspond to the 
highest effective radii of gyration. This is expected due to 
the high soot concentration in these regions. The soot incep-
tion occurs at the fuel-rich areas at the centreline region 
and wings of the diffusion flame, and subsequently surface 
growth and aggregation happen [44]. Since the inception 
process at the wings occurs earlier upstream compared to 
that at the centreline region, more aggregates are formed 
at the former region and then advected towards the flame 
centreline, increasing the concentration at the upper wing 
region.

The uncertainty of effective radius of gyration by single-
shot 2D-MALS is expected to be about 10% around the 
flame centreline, similar to that found in the literature using 
RDG approximation for sizing estimation [9, 27, 30, 46]. 
Nevertheless, the present uncertainties at the wings are much 
higher, not better than 40%, due to the relatively low spatial 
resolution to resolve the large radial intensity gradients of 
light scattering in these regions. Therefore, a slight spatial 
mismatch among intensity fields could locally alter the effec-
tive radius of gyration measurement, generating fluctuating 
noise. This issue might be improved in a future experiment 
by imaging with higher spatial resolution, following Kem-
pema and Long [20].

The intensity ratios used in the 2D-MALS computa-
tions exhibit excellent line regression with respect to the 
square of the scattering wave vector magnitude, showing R2 
of the least-squares fitting greater than 0.9 in most part of 
the measured field (Fig. 8d–f). For all instantaneous fields 
of both flames, R2 is always above 0.7, indicating that the 
present optical setup is properly corrected using Rayleigh 
scattering and spatial correspondence is suitable.

Typical instantaneous centreline profiles of effective 
radius of gyration are displayed in Fig. 9 for the 60% C2H4 

diffusion flame, including the same instants plotted in Fig. 8. 
The size of the soot aggregates increases with height above 
the burner along the centreline until the flame tip, leading to 
the biggest aggregates at the flame tip. This is an expected 
behaviour due to the longer residence time in the flame expe-
rienced by the soot aggregates [44]. Upstream this region, 
the sizes decrease due to oxidation [44]. The variations of 
effective radius of gyration and axial length among centre-
line profiles are mainly influenced by the flickering flame 
behaviour.

Figure 10 presents time-averaged effective radius of gyra-
tion fields and their standard deviation fields from the 50 
and 60% C2H4 diffusion flames. The fields are calculated 
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from 100 instantaneous effective radius of gyration fields. 
It is important to mention that the amount of measurements 
employed in the statistics changes locally (and is accounted 
for) due to small border oscillations of the flame (flame 
flickering). Time-averaged values obtained from less than 
20 instantaneous measurements are filtered out. The single-
shot MALS allows for measurements of two-dimensional 
fields of fluctuations, which were only possible by scan-
ning point-wise WALS measurements before [33, 34]. In 
both flames, the biggest soot aggregates are found at the 
flame tips (Fig. 10a,c). This finding has been also reported 
by many other researchers for a variety of diffusion flames 
[e.g., 5, 23, 44]. The averaged soot aggregate sizes in the 
60% C2H4 diffusion flame are greater than those in the 50% 
C2H4 diffusion flame. This is an expected behaviour due to 
the longer residence time for the soot to grow by aggrega-
tion and agglomeration in the less diluted flame, as reported 
in the literature [20, 27, 44]. The averaged field for the 60% 
C2H4 diffusion flame is not perfectly axisymmetric due to 
the insufficient amount of samples to converge the statis-
tics. This flame exhibits about 3-fold more flickering than 
the 50% C2H4 diffusion flame. For both flames, the greatest 
fluctuations of the effective radios of gyration are observed 
at the flame tip and wings. This is caused, not only due 
to flame flickering, but also due the highest signal gradi-
ents leading to bigger errors in the spatial correspondence 
between signals from different views in these regions. The 
low spatial resolution in the present measurements, which 
is a trade-off for a high dynamic spatial range, is not enough 
to sufficiently resolve aggregation variations in the flame 
wings of the diffusion flame. We should emphasise that 

the present single-shot 2D-MALS technique, differently 
from the existing averaged 2D-MALS, is able to deliver 
higher-order moments of the effective radios of gyration 
(e.g., skewness and kurtosis) in weakly unsteady flames. 
Nevertheless, here the analysis is restricted to the first- and 
second-order moments (i.e. average and standard deviation), 
since the amount of the present data would be insufficient to 
converge statistics of higher order.

The range of the present values of effective radius of 
gyration are compared with measurements using averaged 
2D-MALS technique in N2-diluted laminar C2H4 coflow 
laminar diffusion flames from other researching groups. 
Table 1 reproduces the range of values extracted from the 
masked 2D fields of effective radius of gyration measured 
by Ma and Long [27] and by Kempema and Long [20]. 
Measurements in 40% C2H4 diffusion flame from the latter 
authors are included as a reference of the upper limit values 
expected according to the flame dilution. From the table, 
it is possible to observe that the present measurements are 
within the expected range of averaged effective radius of 
gyration of soot aggregates for the studied flames. It is worth 
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Table 1  Averaged effective radius of gyration measured using 
2D-MALS techniques in N

2
-diluted laminar C

2
H

4
 coflow laminar dif-

fusion flames from the literature and from the present work

40% C
2
H

4
50% C

2
H

4
60% C

2
H

4

Ma and Long [27] – – 50–200
Kempema and Long [20] 20–70 – 20–180
Present work – 80–140 80–180
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mentioning though that effective radii of gyration below 
80 are not observed in the present results due to the low 
acquired scattering signal, as explained previously, and that 
the radii of gyration reproduced from the literature might be 
underestimated. Since the latter measurements were evalu-
ated from intensity ratios with respect to ten-degree viewing 
direction ( Isca(10◦)∕Isca(�) ), instead of zero-degree direction 
(cf. eq. 4), the derived effective radii of gyration tend to be 
biased towards lower values [27, 33].

Effective averaged soot radii of gyration along the centre-
line of 50 and 60% flames as a function of the height above 
the burner are given in Fig. 11. The averaged values are 
computed based on the time average of single-shot effective 
radii of gyration (present 2D-MALS technique) and based 
on the time-averaged light scattered signals, following the 
work of Altenhoff et al. [1]. The latter technique serves as a 
target result, because it has been already proved to be an effi-
cient tool for measuring averaged effective radius of gyration 
by different groups [e.g., 1, 27]. Standard deviation bars are 
added every fifth measurement location in order to not over-
crowd the graph. Excellent agreement is obtained between 
both approaches, attesting the performance of the single-
shot 2D-MALS technique. For both flames, the averaged 
curves of effective radius of gyration increase smoothly and 
monotonically towards a peak around 24 and 31 mm HAB 
for 50 and 60% flames, respectively, and then decrease. The 
decreasing behaviour is a consequence of the soot oxidation 
at the flame closed tip [5, 23, 44]. The decreasing slopes 
are less stiff than those found in the instantaneous effective 
radius of gyration profiles (Fig. 9) as a result of smoothing 
by the average procedure, where the flame shape change 

(due to flickering) may lead to the contribution of different 
regions of the flame in the evaluation. The scattered sig-
nal diminishes significantly for upstream and downstream 
positions of the profile, as discussed previously, causing the 
termination of the measured profiles at both sides. The pre-
sent results are in very well agreement with the 2D-MALS 
measurements performed by Ma and Long [27] and Kem-
pema and Long [20] away from the extreme of the flame 
tip. Their averaged effective radii of gyration of the soot 
aggregate along the centreline did not decrease upstream, 
because their diluted C2H4 diffusion flames were sooting 
flames, with different flow rates (and flow dynamics) than 
those from the non-sooting flames of our work.

The present technique allows assess the probability den-
sity function (PDF) of effective radius of gyration. Examples 
of such PDF distributions at 20.5 mm HAB for the 50% 
flame and at 23.8 and 30.5 mm HAB for the 60% flame along 
the centreline are presented in Fig. 12. The distributions are 
obtained over a 5x5 kernel centred at the aforementioned 
positions for better convergence. Lognormal curves (con-
tinuous curves) and time-averaged values (dashed vertical 
lines) are also plotted for comparison. The distributions of 
effective radius of gyration follow lognormal curves for both 
flames (Fig. 12). Lognormal distribution shapes are also 
observed at the wings of both flames (not presented for sake 
of space). The curves are in agreement with transmission 
electric microscope (TEM) measurements reported in the 
literature for a variety of diluted C2H4 diffusion flames [20].

6  Conclusion

The present work extends the two-dimensional multi-angle 
light scattering technique for measurements of effective 
radii of gyration of soot aggregates on a single-shot basis. 
A single-pulse laser is combined with six CCD cameras cir-
cularly positioned from 10 to 90◦ for synchronous signal 
recordings. The approach is demonstrated in N2-diluted 50 
and 60% C2H4 coflow laminar diffusion flames with small 
flickering. Dissimilarities of the optical setups at the six dif-
ferent viewing directions are successfully corrected based 
on the light scattering from pure gases. Spatial distortions 
in the camera images are sufficiently corrected based on the 
pinhole model followed by a minor 2nd-order polynomial 
correction to take into account the misalignment between 
the calibration target and the light sheet and the non-homo-
geneous refractive index along the light path.

Results show single-shot fields of effective radii of gyra-
tion of soot aggregates with high R2 values of least-squares 
curve fittings. Instantaneous centreline profiles of effec-
tive radii of gyration present monotonic increase of sizes 
with height above the burner upstream the flame tip due 
to aggregation and agglomeration of soot clusters. At the 
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flame tip, effective radii of gyration decrease with HAB due 
to oxidation for both flames under study. Time-averaged 
fields of effective radii of gyration evaluated by sing-shot 
2D-MALS remarkably agree with those computed by aver-
aged 2D-MALS [27], technique already established in the 
literature. The range of aggregate sizes and the behaviour 
of the centreline profiles of the current work are in line with 
other researchers. The proposed technique can additionally 
provide fields of higher-order statistics, such as standard 
deviation, skewness and kurtosis as well as probability den-
sity function maps of effective radii of gyration of aggre-
gates. The present standard deviation fields show the greatest 
values at the flame wings and tip, whereas PDF distribu-
tions are characterised by lognormal curves for both stud-
ied flames. In summary, the present single-shot 2D-MALS 
prove to be a tool for acquiring instantaneous full-region-
of-interest snapshots of the effective radios of gyration of 
aggregates in weakly unsteady diffusion flames and might 
be extended to more complex combustion processes.
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