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a b s t r a c t

This paper presented a model for simultaneously measuring the two-dimensional temperature and par-
ticle concentration distribution from the images of the flame. In order to determine the relationship
between a point in the three-dimensional space and its image in the camera, the optical image-formation
process was analyzed. The inverse problem of the radiation transfer in the participating medium was
studied. The mathematics method to simultaneously solve the temperature and the particle concentra-
tion was discussed. To validate the model presented in this paper, a test furnace with the fuels mixed
by pulverized-coal and oil was set up. The temperature and particle concentration of a cross section were
measured under different coal feed rates. The comparison between the measured temperature by the
pyrometer and the calculated temperature according to the flame image proved that the two-dimen-
sional distribution of temperature can be obtained accurately. The particle concentration distribution
was reasonable under different cases.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Many advances in the thermal sciences depend on accurate
determination of temperature and particle concentration distribu-
tion. To measure the temperature and the particle concentration of
the flame, the emission of the flame or the extinction of the laser
was detected by the sensors [1], but the previous measurements
were mainly restricted to time-average ‘‘point” measurements.

Recently, the investigations have been focused on the recon-
struction of temperature profile in target space according to its
boundary heat flux, which is a kind of inverse problem of radiation.
Li [2,3] and Liu [4,5] have reconstructed the temperature profiles in
plane-parallel, spherical, cylindrical, semitransparent, gray media
by the inverse analysis from the data of the radiation intensities
exiting the boundaries. Silvaneto [6] presented an inverse radiation
analysis for simultaneous estimation of optical thickness, single
scattering albedo and the coefficients of phase function for an
anisotropic scattering plane-parallel medium.

Temperature reconstruction using Charge-Coupled Device
(CCD) camera is a typical application of the radiative inverse prob-
lem, which has made significant progress in recent years. Keanini
[7] described a method for measuring time-varying temperature
distribution using high frame rate visible imaging CCD cameras.
Zhou [8,9] deduced the temperature distribution in the pulver-
ized-coal furnace using CCD camera. An imaging-based instrumen-

tation system for three-dimensional temperature measurement of
a combustion flame was presented by Yan [10]. Simultaneous mea-
surement of flame temperature and soot concentration was con-
ducted by Lu et al. [11].

However, the radiation absorption coefficient, which is decided
by the particle concentration in the flame, always was considered
as a known constant in the previous work. If this method is applied
in a real situation, the concentration distribution of particles in the
medium is generally not known, and the resulting absorption and
scattering coefficients are not available as inputs to temperature
reconstruction.

This paper describes a model that the temperature and the par-
ticle concentration are both considered as the unknowns. The solv-
ing method to temperature and particle concentration is discussed.
The two-dimensional distributions of the temperature and the par-
ticle concentration in the pulverized-coal flame are calculated
simultaneously with four CCD cameras.

2. Theory

Two processes should be considered for the image-formation of
three-dimensional flame on the target of CCD camera. The first one
is optical process which determines the original emission point in
the three-dimensional flame space for each pixel in the flame im-
age in the CCD camera. The next one is radiative transfer process
which describes the variations of the radiation energy during prop-
agation in the participating medium.
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2.1. Optical model of the flame image-formation

There are some differences between the image-formation of the
flame and common object. In the flame image-formation, the space
between the flame and the lens of the camera is filled with partic-
ipating medium. Every point in the space is almost emitting point
and there is no clear object plane.

According to geometrical optics, the relationship between ob-
ject plane and image surface can be described as:

x � x0 ¼ f � f 0 ð1Þ

where f is object focus, f0 is image focus, x is the distance between
object plane and object focus and x0 is the distance between image
plane and image focus.

For a fixed optical system, the focus and the position of the im-
age plane are always known, so x can be obtained by Eq. (1). A vir-
tual object plane in the position of x can be considered in the
participating medium and each point on this plane corresponds
to a certain determining point in the image. However, the point
on the virtual object plane is not the real emitting point. The emis-
sion from this point to the target of the camera is the sum of radi-
ations in a solid angle through this point, as shown in Fig. 1.

The aperture angle U is defined to describe this angle, which
was determined by the following equation:

U ¼ tg�1 d=2� L � tgh
L

� �
þ tg�1 d=2þ L � tgh

L

� �
ð2Þ

where d is the lens diameter, L is the distance between the virtual
plane and lens, h is the view angle.

If the aperture angle is small enough, the total emission in the
angle U can be considered a ray through this point. According to
the optical parameters of the image fiber used in this paper
(d = 6 mm; L = 1 m; h = 0–45�), the aperture angle U are shown in
Fig. 2. It can be seen that the aperture angle is between 0.16�
and 0.36�. So the total emission in the angle U can be simplified
to a single ray through a point in the virtual object plane. Thus
the direction of each ray which arrives at the each pixel can be
determined.

2.2. The radiative transfer along one ray

For an absorption, scattering and emission participating med-
ium, radiative transfer equation (RTE) is as following [12]:

dIk
dS
¼ �Kext;kIk þ Kabs;kIbk þ

Ksca;k

4p

Z
4p

Ikð�S0ÞPð�S; �S0Þdx ð3Þ

where Kext;k is the extinction coefficient, Kabs;k is the absorption coef-
ficient, Ksca;k is the scattering coefficient, Kext;k ¼ Kabs;k þ Ksca;k; P is

the scattering phase function, Ibk is the local blackbody intensity.
The left hand term represents the change of the energy, the first
term in the right hand represents the energy attenuation due to
the medium absorption and out-scattering, the second term in the
right hand represents the energy augmentation due to the medium
emission, and the third term in the right hand represents the energy
augmentation due to the medium in-scattering.

To most area in the pulverized coal–fired boiler, the ignoring of
the particle scattering brings error less than 7% [13]. Hence, the
scattering is ignored in this study, Kext;k ¼ Kabs;k þ Ksca;k ¼ Kabs;k, so
the radiative transfer equation will be simplified as:

dIk
dS
¼ �Kabs;kIk þ Kabs;kIbk: ð4Þ

According to Planck law, Ibk, the black radiation spectral inten-
sity under a specified temperature and at a specified wavelength,
has the relation with the temperature T as following:

Ibk ¼
C1k

�5

p½eC2=ðkTÞ � 1� ð5Þ

where C1 and C2 is the first and the second Planck constant, respec-
tively, C1 ¼ 3:741� 10�16ðw m2Þ, C2 ¼ 1:43879� 10�2ðm KÞ.

The participating medium in the pulverized coal–fired furnace
consists of gases such as CO2, H2O and particles such as carbon par-
ticle and fly ash.

A homochromous filter centered at 0.56 lm was mounted in
the front of the camera in this study. Therefore, the radiation inten-
sity captured by the camera is the homochromous radiation inten-
sity at 0.56 lm. At this wavelength, almost all the gases in the
furnace can be considered as transparent medium. As for the par-
ticle, the main test object we considered here is in the outlet area
of the pulverized-coal burner in the boiler, where the concentra-
tion of carbon particles is high and fly ash is low. Therefore, the
contribution of fly ash in the absorption coefficient is ignored
and the carbon particles are only considered.

According to Mie theory, the absorption coefficient of the parti-
cle cloud with a size distribution can be obtained according to the
following equation:

Kabs ¼ 1:5f vQ abs=D32 ð6Þ

where D32 is Sauter Mean Diameter, which is determined by size
distribution:

D32 ¼
R1

0 NðDÞD3dDR1
0 NðDÞD2dD

ð7Þ
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Fig. 1. Image-formation process in the participating medium.
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Fig. 2. Variation of aperture angle with view angle.
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