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Experimental determination of distributions of soot particle diameter
and number density by emission and scattering techniques∗
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A diagnostics method was presented that uses emission and scattering techniques to simultaneously determine the dis-
tributions of soot particle diameter and number density in hydrocarbon flames. Two manta G-504C cameras were utilized
for the scattering measurement, with consideration of the attenuation effect in the flames according to corresponding ab-
sorption coefficients. Distributions of soot particle diameter and number density were simultaneously determined using the
measured scattering coefficients and absorption coefficients under multiple wavelengths already measured with a SOC701V
hyper-spectral imaging device, according to the Mie scattering theory. A flame was produced using an axisymmetric lami-
nar diffusion flame burner with 194 mL/min ethylene and 284 L/min air, and distributions of particle diameter and number
density for the flame were presented. Consequently, the distributions of soot volume fraction were calculated using these
two parameters as well, which were in good agreement with the results calculated according to the Rayleigh approximation,
demonstrating that the proposed diagnostic method is capable of simultaneous determination of the distributions of soot
particle diameter and number density.
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1. Introduction

Soot particles are prevalent in the combustion process of
hydrocarbon fuel. The study of soot particles in combustion
flames benefits the promotion of combustion efficiency and
the development of combustion theory and technology. Many
properties of particles depend on the particle sizes. Therefore,
measurement of particle size in combustion flames is of great
research value and significance.

Available measurement techniques of particle size in-
clude the optical[1–10] and the non-optical measurement
techniques.[5,11–14] Due to the non-intrusion characteristic,
real-time capability, and convenience of simultaneous multi-
dimension measurement, optical methods have been used by
numerous researchers for the measurement of particle param-
eters. Laser-induced incandescence (LII) is one of the most
popular optical techniques, in which soot volume fraction can
be determined by the LII signal intensity.[1–6,8,10,15] What is
more, primary-particle sizes can also be determined based on
the particle-cooling rate after laser heating with pulsed LII,
using the time-resolved LII technique (TiRe-LII).[6,8] The de-
termination of particle sizes involves many models account-
ing for the particle heating by absorption and cooling by
conduction, sublimation, radiation, and other effects, differ-
ent choices of which will lead to large variability of mea-
surement results.[6,8] Nevertheless, determination of particle

sizes and gas temperatures simultaneously is still a difficult
problem.[2,10] Rayleigh-scattering and Laser-induced incan-
descence in combination with the detection of the extinction
using one single laser pulse (RAYLIX) is another optical tech-
nique to measure particle sizes.[1,3] In this technique, combi-
nation of scattering, extinction, and LII techniques is used to
determine particle sizes, which are essentially calculated us-
ing coefficients of absorption and scattering. Emission based
techniques are common methods to measure distributions of
temperature and absorption coefficient,[16–26] which can help
to determine particle sizes in the replacement of the extinc-
tion and LII techniques in the RAYLIX with much simpler
experimental system and lower cost. Yan et al. presented the
two-dimensional (2-D) distributions of temperature and soot
volume fraction using charge-coupled device (CCD) cameras,
with consideration of the broad response spectrum,[20] or us-
ing a double-bandpass filter.[24] Ni et al.[22] captured the mul-
tispectral flame images using CCD cameras with liquid crys-
tal tunable filters, and retrieved the temperature and soot vol-
ume fraction profiles. Huang et al.[25] simultaneously recon-
structed the multi-dimensional distributions of temperature,
scattering and absorption coefficients of participating media,
with the help of multi-spectral light-field imaging technique.
Furthermore, Si et al.[27] measured the distribution of soot ag-
gregate absorption coefficient in axisymmetric laminar ethy-
lene diffusion flames using an imaging approach. By using
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the particle swarm optimization (PSO) algorithm, the primary
particle diameter, primary particle number, and volume frac-
tion were presented. The two-color method adopted in the
imaging method was based on Rayleigh approximation, which
was fit for particles whose diameters are far smaller than the
measurement wavelengths, limiting the application range of
the method. By using a hyper-spectral imaging device, i.e.,
SOC710V, distributions of absorption coefficient under multi-
ple wavelengths have been measured,[23] because the calcula-
tion did not rely on any approximation about particle diameter,
the wavelength-dependent absorption coefficients can be used
to conduct further research of particle diameter and number
density.

In this paper, a diagnostics method that uses emission and
scattering techniques to simultaneously determine the distribu-
tions of soot particle diameter and number density is proposed.
Firstly, the experimental set-up and calculation method for the
scattering measurement will be illustrated. Secondly, the al-
gorithm and corresponding simulation verification will be in-
troduced. Then, distributions of the particle diameter, number
density, and soot volume fraction in an axisymmetric ethylene
laminar diffusion flame will be experimentally determined. Fi-

nally, some conclusions will be summarized.

2. Experimental set-up
The scattering coefficients are computed by measuring

the scattering and transmission laser energy. Figure 1 depicts
the experiment system. An axisymmetric laminar diffusion
flame is generated using ethylene and air with a co-flow lam-
inar diffusion flame burner, consisting of a 10.9 mm inner di-
ameter vertical tube and a 88.6 mm inner diameter concentric
tube, the same as those used in Refs. [23] and [28]. A He–Ne
laser device emits laser light of wavelength 632.8 nm. After
being reflected by mirrors and adjusted by apertures, the laser
light transfers through the flame to be studied and is eventually
captured by a CCD camera (Manta G-504C). Simultaneously,
the scattering energy parallel to the optical table and perpen-
dicular to the laser transmission direction is captured by an-
other CCD camera. Images containing and without scattering
energy almost at the same time can be captured by blocking
the laser light using the screen in the continuous imaging pro-
cess. The flame burner is fixed on a lifting platform, providing
adjustable height where the laser light transfers through the
flame.

(b)

He-Ne laser

CCD camera

CCD camera

flame to be studied

mirror

mirror

aperture

aperture

screen

screen

mirror

mirror

aperture

lifting platform CCD camera

burner

optical table

He-Ne laser

(a)

Fig. 1. Experimental set-up: (a) photograph, (b) schematic diagram.

The scattering energy for a height varies with the spa-

tial position, corresponding to the different extinction conse-

quences. Therefore, a CCD camera (Manta G-504C) is used

to capture the transmission energy. With the transmission en-

ergy, the laser energy during transmission can be calculated

using the absorption coefficients given in Ref. [23]. The steps

above take the extinction effects during laser transmission into

account. Similarly, the extinction effects of the scattering en-

ergy will also be considered. As shown in Fig. 2, in the cor-

responding spatial position, the incident laser energy Ilaser can

be calculated according to the transmission energy Itrans as

Ilaser · exp

(
−

N1

∑
i=n1

κi∆li

)
= Itrans, (1)

where κ represents the local absorption coefficient, which can
be found in Ref. [23]. Moreover, n1 and N1 are the starting
and ending points as shown in Fig. 2, respectively, and ∆l is
the integral length. Similarly, in the same spatial position, the
scattering energy Iscatt can also be computed using the energy
captured by the camera Iscatt−camera as

Iscatt · exp

(
−

N2

∑
j=n2

κ j∆l j

)
= Iscatt−camera, (2)
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where n2 and N2 are the starting and ending points as illus-
trated in Fig. 2, respectively. The two identical cameras have
the same optical property, so the ratio of the scattered energy
can be evaluated, neglecting the broad response spectrum of
the cameras. Accordingly, the scattering coefficients can be
estimated.
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CCD camera

flame to be studied
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Fig. 2. Schematic diagram of the scattering process.

3. Methodology introduction and verification
3.1. Computing the particle diameter and number density

For a group of particles, given particle diameter and num-
ber density, scattering and absorption coefficients can be cal-
culated using the Mie scattering theory.[29] Therefore, accord-
ing to these two kinds of coefficients, the particle diameter
and number density can be computed as well. The absorp-
tion coefficients can be measured using the imaging method.
With the help of hyper-spectral imaging technique, the absorp-
tion coefficients under multiple wavelengths can be simulta-
neously measured. While the scattering measurement men-
tioned above requires an additional laser source, common laser
sources can always emit laser energy under a single wave-
length band. In order to reduce the complexity of the experi-
mental system and ensure the reliability of the results, herein,
the particle diameter and number density will be calculated us-
ing a search method based on the absorption coefficients un-
der multiple wavelengths and the scattering coefficient under a
single wavelength. The refractive index is referenced accord-
ing to Ref. [30].

The flow chart of the search method is shown in Fig. 3.
The method searches for parameter combination in the best
agreement with known conditions, in a set range, with set ac-
curacy. As shown in Fig. 3, first of all, the preliminary param-
eter scopes and step sizes for the particle diameter and number
density should be selected, all the possible parameter combi-
nations can be listed. Then, absorption and scattering coef-
ficients under corresponding wavelengths for all the possible
parameter combinations can be calculated using the Mie scat-
tering theory. According to the average residual fresid calcu-
lated using Eq. (3), the most consistent parameter combination

with known coefficients can be elected,

fresid = fabs + fsca =
Nκ

∑
i=1

∣∣κcal,i −κi
∣∣

κi ·Nκ

+
Nσ

∑
i=1

∣∣σcal,i −σi
∣∣

σi ·Nσ

, (3)

where fabs and fsca are the average residuals in the absorp-
tion and scattering coefficients, respectively. Nκ and Nσ repre-
sent the numbers of these two coefficients, respectively. κcal,i

and σcal,i are the absorption and scattering coefficients of the
parameter combination, respectively. κi and σi demonstrate
known absorption and scattering coefficients, respectively.

absorption coefficients and 
scattering coefficient 

diameter number density

step sizestep size

closest

reduce the scope

reduce the step size

reduce the scope

reduce the step size

diameter and number density

reach setting 
accuracy?

No No

output 
result

Yes

parameter scope 
for diameter

parameter scope 
for number density

known absorption 
coefficients and 

scattering coefficient 

Fig. 3. Flow chart of the search method.

The elected parameter combination is the optimum solu-
tion in the set range, with the set accuracy. Around the elected
parameter combination, further studies with higher accuracy
can be conducted with consideration of reducing the param-
eter scopes and step sizes. Conducting the searching process
introduced above continually results in higher and higher ac-
curacy until reaching the desired accuracy.

3.2. Simulation verification of the search method

Given particle diameter and number density, the absorp-
tion and scattering coefficients can be computed with the
help of the Mie scattering theory, which can be used to re-
calculate the particle diameter and number density using the
search method introduced above. In the simulation, calcula-
tion is based on absorption coefficients under wavelength from
500 nm to 950 nm, with the interval of 50 nm, and scattering
coefficient under wavelength 632.8 nm, in accordance with the
laser device. The simulation results are shown in Table 1. In
this table, the preliminary scope of the particle number den-
sity is 1016–1018 m−3 and that of the particle diameter is 1–
100 nm, the step sizes are 1016 m−3 and 1 nm, respectively.
After achieving the most consistent parameter combination (n,
d) with known conditions, the corresponding scopes and step
sizes change into (n−0.9)×1016 m−3 to (n+0.9)×1016 m−3,
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(d −0.9) nm to (d +0.9) nm, 1015 m−3, and 0.1 nm, respec-
tively. The desired accuracy is two digits after the decimal
point. It can be seen that the mentioned method can retrieve
these two parameters with good performance. The calculation

times are also given in this table, which are all slightly longer
than 7 s. Calculations above are undertaken with an ordinary
personal computer with Intel(R) Core(TM) i7-7770 CPU and
16 GB RAM.

Table 1. Simulation verification of the search method.

No.
Set number density Set Calculated number Calculated Calculation

/1016 m−3 diameter/nm density/1016 m−3 diameter/nm time/s
1 90 10 90 10 7.16
2 19 58 19 58 7.14
3 13.4 57.9 13.4 57.9 7.13
4 23.77 71.26 23.77 71.26 7.16
5 35.994 42.773 35.96 42.78 7.23
6 23.1186 56.2347 23.13 56.23 7.28

4. Data processing
Figures 4(a) and 4(b) show the flame images taken by

the CCD cameras, and figures 4(c) and 4(d) display the corre-
sponding radiation intensity images. Then the scattering sig-
nal can be computed, as shown in Fig. 5(a), and considering
the attenuation effect, the scattering energy without attenua-
tion can be calculated as well, as shown in the same figure.

Figure 5(b) shows the transmission laser energy and corre-
sponding laser energy during transmission, of which the latter
is the incident laser energy for the corresponding spatial posi-
tions, i.e., the energy to be scattered. Therefore, considering
the spatial range each camera pixel corresponds to, the scat-
tering coefficients can be inferred according to the ratio of the
scattering energy with approximation of isotropic scattering.
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Fig. 4. Data processing for scattering signal (height = 30 mm). (a) Flame image containing scattering energy, (b) flame image without scattering
energy, (c) radiation intensity containing scattering energy, (d) radiation intensity without scattering energy.
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Fig. 5. Scattering energy and laser energy (632.8 nm, height = 30 mm). (a) Scattering energy, (b) corresponding incident laser energy.
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Fig. 6. Measurement results (height = 30 mm): (a) particle diameter and
number density; (b) soot volume fraction.

Along with the absorption coefficients under multiple
wavelengths measured in Ref. [23], the distributions of the par-
ticle diameter and number density can be estimated using the
search method, as shown in Fig. 6(a). Using these two param-
eters, the distribution of soot volume fraction can be computed

as well, as shown in Fig. 6(b). The results obtained according
to the Rayleigh approximation[23] are also shown in Fig. 6(b),
and the good agreement verifies the capacity of the diagnostic
method.

5. Results and discussion
The flame burner is fixed on a lifting platform. Therefore,

scattering coefficients at multiple heights can be measured.
Figure 7 shows the scattering images at 12 different heights,
i.e., from 15 mm to 70 mm, with an interval of 5 mm. The
height means the distance above the burner nozzle in verti-
cal direction. At 15 mm and 70 mm heights, the scattering
energy is very weak to identify, therefore, the calculation
below is directed at the other 10 heights. Figures 8(a) and
8(b) show the measurement results of the particle diameter
and the particle number density, respectively. Furthermore,
the soot volume fractions calculated according to the mea-
sured particle diameters and number densities are given in
Fig. 8(c). Different with measurements in references, the
results are calculated according to the Mie scattering theory,

laser

Fig. 7. Scattering images (from left to right: height = 15 mm, 20 mm,
25 mm, 30 mm, 35 mm, 40 mm, 45 mm, 50 mm, 55 mm, 60 mm,
65 mm, 70 mm).
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Fig. 8. Measurement results: (a) particle diameter, (b) particle number density, (c) soot volume fraction.
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and are more reliable. Results show that, for ethylene laminar
diffusion flame with 194 mL/min C2H4 and 284 L/min air, the
particle diameters are in the range of 10 nm to 60 nm. In the
lower part of the flame, i.e., lower than 60 mm, the distribu-
tions of particle diameter are volcano-like, similar to those of
soot volume fraction, demonstrating that the higher soot vol-
ume fraction corresponds to the stronger aggregation effect.
Additionally, in the higher part of the flame, as the height in-
creases, the soot volume fraction peak in the flame center be-
comes increasingly clear. For the particle number density, as
the height increases, in general, the particle number densities
increase, up to the height 65 mm, close to the top visual area of
the flame, where the number densities decrease significantly,
indicating strong consumption, weak generation of soot parti-
cles due to the adequate oxidant, and strong aggregation effect
due to the lower temperature near the flame edge. What is
more, at the height of 65 mm, the trend in the exterior zone is
more obvious than that in the flame center, demonstrating that
the soot particles in the flame center will go through a similar
process at higher position.

6. Conclusion
A diagnostics method using emission and scattering tech-

niques to simultaneously determine the distribution of soot
particle diameter and number density was proposed in this
study. The soot particle diameters and number densities
of an axisymmetric ethylene laminar diffusion flame with
194 mL/min ethylene and 284 L/min air were experimentally
investigated. Firstly, scattering coefficients under 632.8 nm
were experimentally measured, with consideration of the at-
tenuation effect when laser transferred in the flame. Secondly,
a search method to calculate the particle diameter and num-
ber density using absorption coefficients under multiple wave-
lengths and scattering coefficient under a single wavelength
according to the Mie scattering theory was introduced and nu-
merically verified. Then along with absorption coefficients un-
der multiple wavelengths already measured, distributions of
the soot particle diameter and number density at ten differ-
ent heights were calculated. And using these two parameters,
the distributions of soot volume fraction were given as well,
which shows good agreement with those calculated accord-
ing to the Rayleigh approximation. The proposed diagnostics
method is proven to be capable of simultaneous determina-
tion of the distributions of soot particle diameter and number
density. The conclusions are summarized as follows: (i) For
ethylene laminar diffusion flame with 194 mL/min C2H4 and
284 L/min air, the particle diameters are in the range of 10 nm
to 60 nm. (ii) In heights less than 60 mm, the distributions of
particle diameter are volcano-like, similar to those of the soot

volume fraction, pointing out the areas with strong aggrega-
tion effect. (iii) In heights greater than 50 mm, as the height
increases, the soot volume fraction peak in the flame center
becomes increasingly clear. (iv) For the particle number den-
sity, as the height increases, the particle number densities gen-
erally increase, up to the top visual area of the flame, where
the number densities decrease significantly, indicating strong
consumption, weak generation of soot particles due to the ad-
equate oxidant, and strong aggregation effect due to the lower
temperature near the flame edge.
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