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This paper presents a numerical study on the simultaneous reconstruction of temperature and volume fraction fields
of soot and metal-oxide nanoparticles in an axisymmetric nanofluid fuel sooting flame based on the radiative energy images
captured by a charge-coupled device (CCD) camera. The least squares QR decomposition method was introduced to
deal with the reconstruction inverse problem. The effects of ray numbers and measurement errors on the reconstruction
accuracy were investigated. It was found that the reconstruction accuracies for volume fraction fields of soot and metal-
oxide nanoparticles were easily affected by the measurement errors for radiation intensity, whereas only the metal-oxide
volume fraction field reconstruction was more sensitive to the measurement error for the volume fraction ratio of metal-
oxide nanoparticles to soot. The results show that the temperature, soot volume fraction, and metal-oxide nanoparticles
volume fraction fields can be simultaneously and accurately retrieved for exact and noisy data using a single CCD camera.

Keywords: simultaneous reconstruction, temperature distribution, soot and metal-oxide volume fraction,
nanofluid fuel flame

PACS: 44.40.+a, 44.05.+e, 02.30.Zz DOI: 10.1088/1674-1056/27/5/054401

1. Introduction
As hydrocarbon fuel supplies are gradually diminishing

and environmental pollution is getting worse, the need for new
alternatives to conventional hydrocarbon fuels is increasingly
imperative. Furthermore, the development of hypersonic ve-
hicle propulsion systems and power microelectromechanical
systems are largely dependent on the physical and thermal
properties of liquid fuels. Nanofluid fuels are uniform and
stable suspensions containing available nanoscale additives in
dilute concentrations (< 1 vol.%),[1,2] which can enhance fuel
energy density,[3,4] shorten ignition delay time,[5,6] improve
reaction rates,[7,8] and reduce pollutant emissions.[9,10] In ad-
dition, many studies have shown that the addition of nanopar-
ticles can promote the heat transfer rate of the base fuel.[11–16]

Therefore, nanofluid fuels are expected to be the next genera-
tion of new fuels.

Sabourin et al.[7] compared the combustion of the mono-
propellant nitromethane with that of nitromethane containing
colloidal particles of functionalized graphene sheets or metal
hydroxides at room temperature and high-pressure conditions
in a silica glass tube. The results demonstrate that the ignition
temperature decreases and the burning rates increase for the
suspensions compared to those of the monopropellant alone,
especially in the burning rate improvement of greater than

175% for graphene sheet suspension. Gan et al.[17,18] inves-
tigated the burning characteristics of fuel droplets containing
nanosized aluminum, boron, and iron particles, and they pro-
posed various combustion stages (preheating, ignition, classi-
cal combustion, microexplosion, surfactant flame, and particle
droplet combustion) through observing the recorded burning
images of the nanofluid fuel droplets. Tanvir et al.[19] utilized
a droplet stream flame to measure the burning rate of ethanol
droplets with the addition of graphite nanoparticles, which was
determined by estimating droplet sizes at corresponding loca-
tions via backlight shadowgraphy using a high-speed camera.
Liu et al.[20] analyzed the geometrical parameters of nanofluid
fuel flames using an image processing technique to study the
combustion characteristics of flowing nanofluid fuels in a half-
opening slot tube.

To date, studies on the combustion characteristics of
nanofluid fuels are still in the primary stage and the combus-
tion diagnostic methods for nanofluid fuels remain very lim-
ited. Temperature, volume fraction fields of soot, and metal-
oxide nanoparticles in nanofluid fuel flame are important com-
bustion characteristic parameters and should be measured ac-
curately in the burning process of nanofluid fuel for the in-
depth study.

The temperature and particle volume fraction measure-
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ment methods of the participating media are categorized as
contact and noncontact diagnostic methods. The thermocou-
ple method is one of the most common contact methods. Gan
et al.[17] used a type-K thermocouple to suspend the nanofluid
fuel droplet and measure its temperature history during the
burning process. However, the nanoparticles in the droplet
flame easily aggregate and deposit on the thermocouple sur-
face, which decreases the accuracy and sensitivity of temper-
ature measurement. Additionally, only the temperature of the
single point in contact with the thermocouple tip can be mea-
sured.

Optical measurement techniques are currently preferred
for their noncontact and multidimensional measurement ad-
vantages, which include tomography reconstruction, light ex-
tinction/scattering, and laser-induced incandescence (LII). Be-
cause a high-quality background radiation source is needed for
transmission measurements, self-emission tomography sys-
tems have received particular attention in the last decade.
The inverse analysis of radiative heat transfer based on a
self-emission tomography system can be used to reconstruct
the temperature, soot volume fraction, and radiation property
fields of flame from the knowledge of the exit radiation in-
tensity at the boundary surfaces. These days, the optical di-
agnostic technology combined with inverse radiation analysis
for retrieving combustion characteristic fields of flame is de-
veloping fast and intensively.[21–43] Zhou et al.[21] first simu-
lated the three-dimensional (3D) temperature distributions in
furnaces through radiative energy images captured by multi-
ple charge-coupled device (CCD) cameras mounted around
the furnace. They proposed a fast algorithm based on the
Monte Carlo method and angular factor effective of image for-
mation to calculate the radiative energy, and used a modified
Tikhonov regularization method to solve the inversion prob-
lem of 3D temperature distributions. Brisley et al.[23] and Lu
et al.[25] applied an imaging-based multicolor pyrometric sys-
tem combined with a novel optical splitting/filtering device to
visualize temperature distributions in a coal-fired flame. Liu et
al.[32] developed an inverse radiation analysis based on back-
ward Monte Carlo (BMC) methods and the least squares QR
(LSQR) algorithm for concurrent reconstruction of a temper-
ature field and radiative properties in a two-dimensional (2D)
rectangular, absorbing, emitting, and scattering gray medium
by means of CCD cameras. Subsequently, Liu et al.[33,34]

utilized multiple CCD cameras to retrieve the soot tempera-
ture and volume fraction profiles in a 3D optically thin flame.
Niu et al.[38,39] developed hybrid LSQR-particle swarm op-
timization (LSQR-PSO) and LSQR-stochastic particle swarm
optimization (LSQR-SPSO) algorithms to simultaneously re-
construct 3D temperature distribution and radiative proper-
ties of participating media. They found that the temperature
field could be estimated to be more accurate than the absorp-

tion coefficients and the reconstruction accuracy of tempera-
ture distributions, scattering coefficients, and absorption co-
efficients decrease with the increase in extinction coefficient,
but varies little with the scattering albedo. Ni et al.[40] used
four CCD cameras combined with liquid crystal tunable filters
(LCTF) to capture multispectral flame images for obtaining
the line-of-sight radiation intensities, from which temperature
and soot volume fraction profiles could be determined. The re-
sults show that the average error of the reconstructed volume
fraction can be decreased from 8% by a two-color method to
3.17% through a multiwavelength method. Xu et al.[43] pro-
posed a novel optical sectioning tomography for the measure-
ment of 3D temperature of a flame through a single camera in
combination with an ionic electrowetting-based variable-focus
liquid lens.

The optical reconstruction methods mentioned above
only focused on soot-involved flames, but the method for
nanofluid fuel flame, in which metal-oxide nanoparticles and
soot simultaneously exist, was insufficient. Niu et al.[44] and
Huang et al.[45] developed a generalized sourced multiflux
method (GSMFM) to simulate outgoing radiation intensities in
arbitrary directions for describing the direct problem and used
hybrid algorithms to reconstruct 3D temperature distribution
and radiative properties in Al2O3 nanoparticle-filled ethylene
diffusion flame. However, the retrieved estimations were the
corresponding average values in the discrete element of the
participating media, and the characteristic parameters for soot
and metal-oxide nanoparticles were not distinguished reason-
ably. In order to further study nanofluid fuel flame, the char-
acteristic parameters fields of metal-oxide nanoparticles and
soot required to be respectively constructed.

In the present study, we develop a method for the si-
multaneous reconstruction of temperature and volume fraction
fields of soot and metal-oxide nanoparticles in an axisymmet-
ric nanofluid fuel sooting flame based on the radiative energy
images captured by a single CCD camera. The CCD camera
can instantaneously capture the images of the entire flame sur-
face from which the radiative intensities can be obtained to
overcome the difficulties in measuring the transient spectra of
the entire flame by the spectrometer.

The contents of the paper are organized in the follow-
ing way. The details of direct and inverse problems are de-
scribed in Section 2. The direct problem for solving the radi-
ation intensities was calculated directly using the line-of-sight
discrete equation of the ray-tracing from ring to ring based
on the assumed temperature, soot volume fraction, and metal-
oxide volume fraction, while the inverse problem was formu-
lated as a linear optimization problem which was solved by the
LSQR method. In Section 3, the assumed temperature, volume
fraction fields of soot and metal-oxide nanoparticles were pro-
vided for validating the method presented in Section 2. Some
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results and discussion of the effects of ray number and mea-
surement errors on reconstruction accuracy are given. Finally,
the conclusions are presented in Section 4.

2. Analysis
2.1. Direct problem

The direct problem here was to calculate the exit line-of-
sight radiation intensity emission based on the known temper-
ature, soot volume fraction, and metal-oxide nanoparticle vol-
ume fraction fields in an axisymmetric nanofluid fuel sooting
flame.

The considered system based on line-of-sight method is
depicted in Fig. 1, which is similar to the system in Refs. [46]
and [47]. The horizontal cross-section of the flame at a given
height was divided into M rings with equal spacing, and the
outer radius of each ring was represented by r. A CCD cam-
era was used to capture flame cross-section image and the
camera central wavelengths of the red channel (0.70 µm) and
green channel (0.53 µm) were considered. The distance of the
camera to the flame center was Le and the camera field angle
was 2θ . The image pixel intensities were processed to obtain
monochromatic radiation intensity emissions of the flame. N
was assumed to be the number of the discrete radiation emis-
sion lines (ray number) received by the camera within the field
angle.

l/lf

l/l0

r1
r2

r3

r4

r5

rM

x

CCD camera

Iλ

x

Le

θ

Fig. 1. (color online) Schematic of line-of-sight radiation intensities re-
ceived by a CCD camera at a cross-section of a nanofluid fuel sooting
flame.

The nanofluid fuel flame was assumed to be optically
thin and the sizes of soot and metal-oxide nanoparticles in the
flame were considered to be small in the Rayleigh scattering
range. Therefore, the effects of flame species internal self-
absorption and scattering can be negligible. The temperature
fields of soot and metal-oxide nanoparticles here were con-
sidered to be equal and the particle system was independent
scattering. Therefore, the following equation can be applied
to the radiation intensity emission along ray j from the flame
to the CCD camera,

Iλ ( j) =
∫ lf ( j)

l0( j)
[κλ (l)Ib,λ (l)]dl

=
M

∑
i=1

κλ (i)Ib,λ (i)l j(i)

=
M

∑
i=1

Hλ (i)l j(i), (1)

where Iλ ( j) is the monochromatic radiation emission inten-
sity of flame into the spectrometer along the ray j, κλ (l) is
the local monochromatic absorption coefficient, Ib,λ (l) is the
local monochromatic radiation intensity of blackbody, κλ (i)
is the local monochromatic absorption coefficient in the ith
ring, Ib,λ (i) is the local monochromatic radiation intensity of a
blackbody in the ith ring, l j(i) is the crossing length of the ray
jin the ith ring, M is the total number of rings, and Hλ (i) is the
local monochromatic emission source in the ith ring, which is
equal to κλ (i) multiplied by Ib,λ (i).

According to Wien’s law

Ib,λ (i) =
c1

λ 5π exp
(

c2

λT (i)

) , (2)

where T (i) is the temperature in the ith ring, and c1 and c2 are
the first and second radiation constants.

The local monochromatic absorption coefficient κλ (i) for
a cloud of small particles in the independent scattering sys-
tem can be calculated by the algebraic sum of the monochro-
matic absorption coefficient of every single particle in the cor-
responding ring[48]

κλ (i) =
U

∑
w=1

NT,wCλ ,w =
π

4

U

∑
w=1

D2
wNT,wQλ ,w

= 1.5
U

∑
w=1

Qλ ,w
fv,w

Dw
, (3)

where U is the total number of particles in the ith ring, NT,w

is the number of particles per unit volume, Cλ ,w is the ab-
sorption cross-section, Dw is the diameter of the wth single
particle, fv,w is the volume fraction of the wth particle and
fv,w = πDwNT,w/6, where Qλ ,w is the absorption factor of the
wth single particle, which is given by the Rayleigh approxima-
tion as follows:

Qλ ,w =
πDw

λ

24nλ kλ

(n2
λ
− k2

λ
+2)2 +4n2

λ
k2

λ

, (4)

where nλ and kλ are the real and imaginary parts of the
wavelength-dependent particle complex refraction index. The
complex refraction indexes of metal-oxide nanoparticles and
soot in this study were chosen from Refs. [49] and [50], re-
spectively.

Substituting Eq. (4) into Eq. (3), κλ (i) can be described
as

κλ (i) = 1.5
U

∑
w=1

π

λ

24nλ kλ(
n2

λ
− k2

λ
+2
)2

+4n2
λ

k2
λ

fv,w
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= 1.5
π

λ

(
24nλ ,sootkλ ,soot

(n2
λ ,soot− k2

λ ,soot +2)2 +4n2
λ ,sootk

2
λ ,soot

fv,soot

+
24nλ ,NPskλ ,NPs(

n2
λ ,NPs−k2

λ ,NPs+2
)2

+4n2
λ ,NPsk

2
λ ,NPs

fv,NPs

 , (5)

where the subscript NPs refer to the metal-oxide nanoparticles.
Equation (1) can be discrete and expressed as

Iλ (1) =
M
∑

i=1
κλ (i)Ib,λ (i)l1(i) =

M
∑

i=1
Hλ (i)l1(i),

...

Iλ ( j) =
M
∑

i=1
κλ (i)Ib,λ (i)l j(i) =

M
∑

i=1
Hλ (i)l j(i),

...

Iλ (N) =
M
∑

i=1
κλ (i)Ib,λ (i)lN(i) =

M
∑

i=1
Hλ (i)lN(i).

(6)

Then, equation (6) can be transformed into a matrix form as

𝐼λ =𝐿 ·𝐻λ (7)

where 𝐼λ is the vector of monochromatic radiation intensities
of the flame (𝐼λ ∈ RN), 𝐿 is the matrix of the crossing length
in each ring for each ray (𝐿 ∈ RN×M), and 𝐻λ is the vector of
local monochromatic emission source (𝐻λ ∈ RM).

The monochromatic emission source 𝐻λ can be obtained
from Eqs. (2) and (5) with the known temperature, volume
fraction distributions of soot, and metal-oxide nanoparticles.
Then, equation (7) was used to calculate radiation intensity
𝐼λ .

2.2. Inverse problem

For the inverse problem, the temperature, volume fraction
fields of soot, and metal-oxide nanoparticles were assumed to
be unknown. These parameters can be estimated by the exit
line-of-sight radiation intensity vector 𝐼λ measured by a sin-
gle CCD camera using the inverse method.

Here, the LSQR algorithm was introduced for solving
Eq. (7) to obtain the value of 𝐻λ from the measured radia-
tion intensity vector 𝐼λ . The details of the LSQR method are
available in Refs. [51]–[53] and the method was successfully
used to solve the inverse problem in Refs. [30], [32], [33], [36],
[38], and [39]. Another parameter Rt was introduced to repre-
sent the volume fraction ratio of metal-oxide nanoparticles to

soot, i.e., Rt = fv,NPs/ fv,soot. The volume fraction of particles
in any particular (organic or inorganic) system can be deter-
mined by thermophoretic sampling particle diagnostic (TSPD)
technique via measuring the particle mass deposited on an
electron microscope grid during a certain sampling time.[54]

When using the TSPD method, copper grids for the transmis-
sion electron microscope (TEM) measurements were treated
as the sampling probes in the nanofluid fuel flame, and a very
short sampling time was chosen to prevent overlapping of the
particle aggregates. The local soot and metal-oxide nanopar-
ticles volume fractions in flame were respectively expressed
as[55,56]

fv,soot =
2RxVp,soot

DTNuxAite

[
1−
(

Tw

Tg

)2
]−1

, (8)

fv,NPs =
2RxVp,NPs

DTNuxAite

[
1−
(

Tw

Tg

)2
]−1

, (9)

where Rx is the vertical position on the sampling probe, Vp,soot

is the soot total volume deposited in a TEM image, Vp,NPs is the
total volume of metal-oxide nanoparticles deposited in a TEM
image, DT is the particle thermophoretic diffusivity, Nux is the
local Nusselt number for heat transfer, Ai is the total area of
the TEM image, tw is the sampling time, and Tw and Tg are the
thermophoretic probe wall temperature and gas temperature,
respectively.

According to Eqs. (8) and (9), the volume fraction ratio
of metal-oxide nanoparticles to soot was simplified to

Rt =
fv,NPs

fv,soot
=

Vp,NPs

Vp,soot
, (10)

where Vp,NPs and Vp,soot were given by TEM analysis followed
by the image processing technique. Therefore, from Eq. (10),
Rt can be obtained without needing to know the gas tempera-
ture at the corresponding location in the flame.

After Hλ at two wavelengths was retrieved and Rt was
measured, the local temperature, soot volume fraction, and
metal-oxide nanoparticle volume fraction can be finally cal-
culated by

T (i)=
c2

(
1
λ2
− 1

λ1

)
ln

Hλ1(i)
Hλ2(i)

− lnS+5ln
λ1

λ2

, (11)

S =

nλ1,soot kλ1,soot(
n2

λ1,soot
− k2

λ1,soot
+2
)2

+4n2
λ1,soot

k2
λ1,soot

1
λ1

+
nλ1,NPs kλ1,NPs(

n2
λ1,NPs

− k2
λ1,NPs

+2
)2

+4n2
λ1,NPs

k2
λ1,NPs

Rt
λ1

nλ2,soot kλ2,soot(
n2

λ2,soot
− k2

λ2,soot
+2
)2

+4n2
λ2,soot

k2
λ2,soot

1
λ2

+
nλ2,NPs kλ2,NPs(

n2
λ2,NPs

− k2
λ2,NPs

+2
)2

+4n2
λ2,NPs

k2
λ2,NPs

Rt
λ2

, fv,soot(i) =
Hλ1(i)

36πIbλ1(i)(SS)
,

(12)
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SS =
nλ1,soot kλ1,soot(

n2
λ1,soot

− k2
λ1,soot

+2
)2

+4n2
λ1,soot

k2
λ1,soot

1
λ1

+
nλ1,NPs kλ1,NPs(

n2
λ1,NPs

− k2
λ1,NPs

+2
)2

+4n2
λ1,NPs

k2
λ1,NPs

Rt
λ1

,

fv,NPs(i) = Rt(i) fv,soot(i). (13)

The inverse procedure for retrieving temperature and vol-
ume fraction distributions of soot and metal-oxide nanoparti-
cles using a single CCD camera can be summarized as follows.

Step 1 According to the geometrical relationships be-
tween rings and rays, the crossing length matrix 𝐿 was calcu-
lated.

Step 2 Based on the calculated matrix 𝐿 and the mea-
sured radiation intensity vectors 𝐼λ1 and 𝐼λ2 by the CCD cam-
era, local monochromatic emission sources 𝐻λ1 and 𝐻λ2 in
Eq. (7) at two wavelengths can be respectively solved via the
LSQR method.

Step 3 Obtain the volume fraction ratio vector Rt by the
TSPD technique.

Step 4 Compute the unknown temperature and volume
fraction distributions of soot and metal-oxide nanoparticles ac-
cording to the formulations described in Eqs. (11)–(13).

3. Results and discussion

The radiation intensities vectors 𝐼λ received by the CCD
camera were simulated by adding random errors of normal
distribution ξ1 with zero average value µ1 and mean square
deviation σ1 to the exact intensities obtained from the direct
problem. Meanwhile, the measured volume fraction ratio vec-
tor Rt obtained from the TSPD techniques were simulated by
adding random errors of normal distribution ξ2 with zero aver-
age value µ2 and mean square deviation σ2 to the exact volume
fraction ratio vector.

𝐼λ ,meas = (µ1 +σ1ξ1)𝐼λ ,exa +𝐼λ ,exa, (14)

Rtmeas = (µ2 +σ2ξ2)Rtexa +Rtexa, (15)

where 𝐼λ ,meas and 𝐼λ ,exa are the measured radiation inten-
sity vector with error and the exact radiation intensity vector.
Rtmeas and Rtexa are the measured volume fraction ratio vec-
tor with error and the exact volume fraction ratio vector. The
signal-to-noise ratio (SNR) is defined in terms of the logarith-
mic decibel scale.[31] SNR of 𝐼λ ,meas and Rtmeas are described,
respectively, as

SNR1 = 20log

[ 1
N

N

∑
j=1

σ
2
1 ξ

2
1 j

]−1/2
 , j = 1,2, . . .,N, (16)

SNR2 = 20log

[ 1
M

M

∑
i=1

σ
2
2 ξ

2
2i

]−1/2
 , i = 1,2, . . .,M, (17)

where SNR1 and SNR2 are the measured SNR of radiation in-

tensity and volume fraction ratio.

To demonstrate the validity and robustness of the recon-

struction method, the distributions of temperature and soot

volume fraction based on the laminar ethylene diffusion flame

at 30 mm in Ref. [20] and the metal-oxide nanoparticles vol-

ume fraction distribution estimated from the diffusion flame of

ethanol-based fuel with the addition of Al2O3 nanoparticles at

0.05 wt% concentration were adopted in the following simu-

lation research. The flame radius at the given height was set as

3 mm and the horizontal cross-section was evenly divided into

30 rings with equal spacing of 0.1 mm. Figure 2 shows the

exact temperature, volume fraction profiles of soot and metal-

oxide nanoparticles. The field angle of the CCD camera was

assumed to be 80◦ and the distance of the CCD to the flame

center Le was calculated to be 4.7 mm.
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Fig. 2. (color online) Exact temperature, Al2O3 nanoparticles volume
fraction, and soot volume fraction fields.

The relative errors for temperature (ET,rel), soot volume

fraction (E fv,soot,rel ), and Al2O3 volume fraction (E fv,Al2O3,rel)

reconstruction in each ring are defined as

ET,rel(i) = 100
|Trec(i)−Texa(i)|

Texa(i)
, (18)

E fv,soot,rel(i) = 100
| fv,soot,rec(i)− fv,soot,exa(i)|

fv,soot,exa(i)
, (19)

E fv,Al2O3,rel(i) = 100

∣∣ fv,Al2O3,rec(i)− fv,Al2O3,exa(i)
∣∣

fv,Al2O3,exa(i)
, (20)

where Trec and Texa represent the reconstructed and exact tem-

perature, fv,soot,rec and fv,soot,exa represent the reconstructed

and exact soot volume fraction, fv,Al2O3,rec and fv,Al2O3,exa rep-

resent the reconstructed and exact Al2O3 nanoparticles volume

fraction, respectively.

054401-5



Chin. Phys. B Vol. 27, No. 5 (2018) 054401

In the following three cases, the effects of ray number,
measurement errors of radiation intensity 𝐼λ and volume frac-
tion ratio Rt on the accuracies of reconstructed results were
investigated. First, it was assumed that only 𝐼λ had measure-
ment error in case 1. Then, only Rt had measurement errors
in case 2. Finally, both 𝐼λ and Rt have measurement errors
simultaneously in case 3.

3.1. Case 1

In this case, the effects of ray number and measurement
errors for radiation intensity 𝐼λ on the reconstruction accuracy
and stability were examined.

3.1.1. Effects of ray number on reconstruction accu-
racy

The monochromatic radiation intensity emission profiles
of the flame at the red channel (700 nm) and green channel
(530 nm) using four ray numbers N (30, 60, 90, and 120) are
presented in Fig. 3. Here, these different ray numbers N and
three different SNR1 (65 dB, 60 dB, 46 dB) were studied and
compared, as shown in Fig. 4. It can be found that with the
increase in ray number from 30 to 90, the average and maxi-
mum relative errors of temperature, soot volume fraction, and

Al2O3 volume fraction distributions reconstruction decreased
significantly under certain fixed measurement errors. How-
ever, from ray number 90 to 120, these relative errors did not
decrease obviously, and the computing time increased. There-
fore, ray number 90 was chosen as the best reconstructed re-
sult, which was the trade-off between the reconstruction accu-
racy and computing time. With N = 90 and SNR1 = 46 dB, the
average relative errors of temperature and volume fraction dis-
tributions reconstruction of soot and Al2O3 are 0.12%, 1.19%,
and 1.19%, respectively. The respective maximum relative
errors for these parameters are 0.51%, 5.15%, and 5.15%.
The SNR of the CCD camera used in the experiments is usu-
ally higher than 65 dB, which means that better reconstructed
results could be expected. Moreover, the reconstructed re-
sults of temperature and volume fraction distributions with
SNR1 = 46 dB are displayed in Fig. 5. In general, the recon-
structed fields agreed well with the exact values, especially
at the locations with high temperature range from 1738 K to
1886 K. However, the reconstructed results at locations with
low temperatures were easily influenced by measurement er-
rors, because less radiative information from these locations
could be received by the CCD camera.
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Fig. 3. (color online) Monochromatic radiation intensity emission Iλ profiles of the flame at the red channel (700 nm) and the green
channel (530 nm) using ray number ((a) 30, (b) 60, (c) 90, and (d) 120).
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Fig. 4. (color online) Effects of ray numbers (N) and measurement errors for radiation intensity 𝐼λ (SNR1) on the reconstruction
accuracy. (a) No error added, (b) SNR1 = 65 dB, (c) SNR1 = 60 dB, (d) SNR1 = 46 dB.
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Fig. 5. (color online) (a) Local temperature and volume fraction distri-
butions reconstruction of (b) soot and (c) Al2O3 nanoparticles using ray
number 90 on the condition of measurement error for radiation intensity
𝐼λ (SNR1) of 46 dB. For the sake of comparison, the exact value and rel-
ative error are also included.

3.1.2. Effect of measurement error on stability of the
reconstruction method

Here, ray number 90 was used and four different SNR1

were assumed. Owing to the random errors adding to the ex-
act solution of the direct problem, the stability of the recon-
struction method was tested through 20 samples, as shown in
Fig. 6. The average and maximum relative errors of volume
fraction distribution reconstruction of Al2O3 stayed exactly
the same as those of soot. The maximum of the maximum
relative errors of the temperature distribution reconstruction
for 20 samples were below 0.88%, even with SNR1 as low
as 46 dB. Therefore, the reconstruction results of the temper-

ature field were satisfying under these measurement errors.
When SNR1 was 60 dB, the maximum of the maximum rel-
ative errors of volume fraction distribution reconstruction for
20 samples was below 1.79%. However, as SNR1 further de-
creased to 46 dB, the maximum of the maximum relative er-
rors of volume fraction distribution reconstruction for 20 sam-
ples increased to 14.24%, which meant that the reconstruction
failed. If the temperature and volume fraction fields of soot
and Al2O3 nanoparticles were desired to be reconstructed ac-
curately, the SNR of the CCD camera should be limited within
an appropriate range.
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Fig. 6. (color online) Effects of measurement errors for radiation intensity 𝐼λ (SNR1) on the reconstruction accuracy with 20 samples.
(a) SNR1 = 80 dB, (b) SNR1 = 65 dB, (c) SNR1 = 60 dB, (d) SNR1 = 46 dB

3.2. Case 2

In this case, the effects of measurement errors for the vol-

ume fraction ratio Rt on the reconstruction accuracy were ex-

amined. Four SNR2 (65 dB, 60 dB, 46 dB, and 39 dB) were

tested. Owing to the random errors adding to the exact vol-

ume fraction ratio Rt, all the reconstruction results were the

average results of 20 samples.

The average of the local relative errors of temperature,

soot volume fraction, and Al2O3 volume fraction reconstruc-

tion of 20 samples are shown in Fig. 7.

From Fig. 7, the local relative error of the temperature re-

construction maintained the lowest level, whereas that of the

Al2O3 volume fraction reconstruction maintained the high-

est level. The Al2O3 volume fraction was calculated using

the soot volume fraction multiplied by the measured volume

fraction ratio. Therefore, when the volume fraction ratio had

the measurement error, the reconstruction error of the Al2O3

volume fraction was larger than that of soot volume fraction.

However, when the measurement of volume fraction ratio had

no error, the relative reconstruction errors of Al2O3 nanoparti-

cles volume fraction and soot volume fraction were the same.

This implied that compared with the other reconstruction, the

Al2O3 volume fraction distribution reconstruction was more
susceptible to the measurement error of the volume fraction
ratio Rt. When SNR2 = 39 dB, the maximum of local rel-
ative errors of Al2O3 volume fraction reconstruction was no
more than 1.2% at the location with a flame radius of 2.1 mm.
Therefore, the parameter distributions of the temperature and
volume fractions can be accurately retrieved even when SNR2

was as low as 39 dB, which decreased the requirement of the
high measurement accuracy of the volume fraction ratio Rt by
the TSPD technique.

3.3. Case 3

In this case, the measurement errors in the simultaneous
presence of radiation intensity 𝐼λ and volume fraction ratio
Rt on the reconstruction accuracy are displayed in Fig. 8. All
the reconstructed relative errors were the average results of 20
samples.

In comparison to the measurement error for the volume
fraction ratio Rt, the reconstructed results were more easily
influenced by that for the radiation intensity 𝐼λ . As SNR2 de-
creased from 80 dB to 46 dB under SNR1 = 46 dB, the average
relative errors of temperature and volume fraction distributions
reconstruction of soot and Al2O3 increased by factors of 0.09,
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Fig. 7. (color online) Effects of measurement errors for volume fraction ratio Rt (SNR2) on the reconstruction accuracy. (a) SNR2 =
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Fig. 8. (color online) Effects of measurement errors for radiation inten-
sity 𝐼λ (SNR1) and volume fraction ratio Rt (SNR2) on the reconstruc-
tion accuracy. (a) Temperature distribution reconstruction, (b) soot volume
fraction distribution reconstruction, (c) Al2O3 volume fraction distribution
reconstruction.

0.2, and 0.24, respectively. While SNR1 decreased from 80 dB
to 46 dB under SNR2 = 46 dB, the respective average relative
errors for these parameters increased by factors of 19, 53.67,
and 3.36.

The reconstruction accuracies of the temperature and soot
volume fraction distributions were not sensitive to the mea-
surement error for the volume fraction ratio Rt and the varia-
tions in the average reconstructed relative errors for these pa-
rameters were almost unobservable with the decrease in SNR2.

When SNR1 = 46 dB and SNR2 = 39 dB, the average
relative error of the temperature distribution reconstruction
was only 0.12%, and that of the volume fraction distribution
reconstruction of soot and Al2O3 were only approximately
1.45% and 1.72%, respectively. Therefore, the reconstruction
method developed in this study was effective and robust, and
could reasonably retrieve the temperature and volume fraction
fields of soot and metal-oxide nanoparticles in an axisymmet-
ric nanofluid fuel sooting flame.

4. Conclusions

An efficient numerical inverse radiation analysis was pro-
posed to reconstruct the temperature and volume fraction
fields of soot and metal-oxide nanoparticles in an axisymmet-
ric nanofluid fuel sooting flame using a single CCD camera.
Numerical simulations were used and the reconstructed re-
sults were acceptable, even in the presence of simultaneous
measurement errors of SNR1 of radiation intensity 𝐼λ as low
as 46 dB and SNR2 of volume fraction ratio Rt as low as
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39 dB. The numeral analyses show that the method was ca-
pable and robust to concurrently retrieve the temperature and
volume fraction fields of soot and metal-oxide nanoparticles
in the nanofluid fuel flame for both exact and noisy data.
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