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Abstract—The acquisition of the concentration and temperature distributions in a mixed gas system plays a
crucial role in real industrial applications. Different from comment measurement method, in this paper an
acoustic tomography (AT) based method is developed for the simultaneous reconstruction of the concentra-
tion and temperature distributions. The proposed method includes two stages. In the first stage, the correla-
tions of the acoustic velocity and the intensity attenuation with the temperature and concentration are inves-
tigated. Then the approach that can simultaneously compute temperature and concentration is proposed. In
the second stage, in order to achieve 2D tomography, the stochastic inversion method for solving the inverse
problem is developed. Numerical simulations are implemented to validate the feasibility of the proposed

reconstruction method.
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1. INTRODUCTION

Acquiring the concentration and temperature dis-
tributions in a mixed gas system plays an important
role in real industrial applications. With the distinct
advantages, including non-invasive sensing, high
safety and low cost, acoustic tomography (AT) is con-
sidered as a promising visualization measurement
method [1-3]. Currently, most applications of the AT
methods focus on a single physical field measurement,
but the simultaneous reconstruction of the tempera-
ture and concentration distribution in a two-dimen-
sional domain is absent. With the increasing require-
ments of the multi-field measurement, seeking a reli-
able method to achieve the simultaneous
reconstruction of the temperature and concentration
distributions remains a crucial issue.

In this paper, the AT method is used to simulta-
neously reconstruct the temperature and concentra-
tion distributions of a gas field. Acoustic speed and
acoustic attenuation, which are related to the temper-
ature and concentration distributions, are chosen as
the measurement parameters. The relationship
between the sound speed and the physical quantities of
a gas mixture can be formulated as [4]

CZ = Y mix RT/Mmi)U (1)

I The article is published in the original.

where v,,;, represents the mole fraction weighted ratio
of specific heats of the mixture; 7 is the temperature;
R stands for the universal gas constant and M,
defines the molecular weight of the mixture.

It is challenging to establish the connection of the
sound attenuation with the temperature and the con-
centration. Acoustic attenuation is derived from a
series of mechanisms [5]. Classical attenuation caused
by thermal conduction and viscosity, diffusion of the
mixed gas, as well as molecular relaxation attenuation
which is the main aspects discussed in this paper. Clas-
sical acoustic attenuation is calculated according to
the known formulas, the diffusion of the gas mixture
also can be computed using existing theories [6—7],
and the relaxation attenuation at the molecular scale is
complicated and has been intensively studied. Based
on the quantum mechanics, Landau and Teller [8]
proposed a theoretical approach describing the rela-
tionship of the relaxation time with density and tem-
perature in a pure diatomic gas. The theory was
extended to a mixture of two kinds of gases by
Schwarz, Slawsky and Herzfeld (SSH) using the con-
cept of the complex interactions of the multiple mole-
cules [9]. In recent years, Dain and Lueptow (DL)
improved the SSH theory and extended it to multi-
component or polyatomic mixtures at room tempera-
tures based on the molecular constants [10]. Pet-
culescu and Zhu [11—13] applied the theory to inves-
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tigate the relations between the relaxation attenuation
and gas composition. In Ejakov’s work [14] the atten-
uation from the model was compared to the measured
values for a variety of gases, including air, oxygen,
methane, hydrogen and mixtures of oxygen/nitrogen,
methane/nitrogen, carbon dioxide/nitrogen, and
hydrogen/nitrogen.

In most of the existing literatures, temperature is
assumed to be a constant in order to establish the rela-
tionship between the sound attenuation and the
acoustic transmission parameters. Nevertheless, there
inevitably exists temperature fluctuation in some
cases, and thus the hypothesis of the constant temper-
ature may not be appropriate. This paper aims to
develop a reliable method to simultaneously recon-
struct temperature and concentration distributions of
a gas mixture. The main contributions of this work can
be outlined as follows.

1—Unlike the common single physical field
reconstruction, in this paper a reconstruction method
that can achieve the simultaneous reconstruction of
temperature and concentration is proposed.

2—With the considerations of the inaccurate
approximate properties of the model deviations and
measurement error, the SI method is developed for
solving the proposed inverse problem. Numerical sim-
ulations are implemented to assess the feasibility of the
improved SI method.

The rest of this paper is structured as follows. The-
ory background on the acoustic attenuation model is
concisely introduced in Section 2, and a new method
is proposed to simultaneously reconstruct temperature
and concentration. In section 3 the SI method is
developed to achieve the simultaneous reconstruction
of temperature and concentration distributions.
Numerical simulations are described in Section 4.
Finally, Section 5 summarizes the main conclusions.

2. THEORY

In this section, theoretical background on simulta-
neous reconstruction of temperature and concentra-
tion is proposed. Firstly, the dependences of classical
and relaxation acoustic attenuation on concentration
and temperature are deduced. Secondly, according to
the coupling effect of the temperature and concentra-
tion on sound speed and attenuation, a method that
can achieve the simultaneous reconstruction of the
temperature and concentration is proposed.

2.1. Theoretical Background

Total attenuation of acoustic wave includes classi-
cal attenuation and relaxation attenuation. Based on
the effect of gas viscosity and thermal conductivity, the
classical attenuation can be computed by [6],

2 2 2
Oltass = “—’Z{‘—‘n +(y - 1)%, )
Poc 3 Cp
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where 1 is the gas viscosity; k represents the thermal
conductivity; ¢, stands for the isobaric specific heat; y
is the mole fraction weighted ratio of specific heat; p,
represents the density and f is the frequency of the
acoustic wave.

In this work, a case with a negligible pressure fluc-
tuation in a fixed volume was chosen to study the cor-
relations of the relaxation attenuation and the mixed
gas parameters. Thus the density of the mixture
depends mainly on temperature and gas compositions
according to the ideal gas equation pM ;. = pRT.

In Eq. (2), thermophysical parameters ¢,, n and
should be determined to calculate classical attenua-
tion. (1) Isobaric molar specific  heat,

¢, =a+bI" —273.15) and coeflicients a and b are
dependent on the type of gas [15]. (2) Viscosity
n=10"° <7 Py 72" T, +¢)", where T,, P,
and z, stand for critical temperature, critical pressure
and compressibility factor, respectively; 7, represents
the reduced temperature and parameters a, b, ¢, m and
n are dependent on the categories of gas. (3) Under the

condition of the low pressure and medium pressure,
variable ¥ can be computed by « = a + bT +

cT? + dT3, where a, b, c and d can be acquired in [16].
Under the condition of a small fluctuation of pressure,
all thermophysical parameters ¢,, n and K rely mainly
on temperature and types of gas. As a result, we can
find the relationship between the classical attenuation
with the temperature and concentration of gas.

The relaxation attenuation related to molecular
relaxation in a gas mixture is hard to predict. The
energy of a molecule can be divided into two parts:
internal energy and external energy, which remain in
equilibrium without stimulation. When an acoustic
wave passes through, the equilibrium is broken. Then
molecules tend to a dynamic equilibrium by energy
exchange between internal and external degrees of
freedom. During this process, a fraction of the transla-
tional kinetic energy of the molecules is transferred
into molecular rotation and vibration, and time
required to recover from this unstable state is called
relaxation time. The relaxation acoustic attenuation in
a mixture is strongly dependent on the concentrations
of the gas mixtures.

The propagation of sound in an excitable gas mix-
ture is ultimately characterized by the effective wave
number, which can be formulated as [17]:

Co+ > oG, -1
k= kg —=L : 3)
Cy+ > oG, ~1)

i=1
where o, represents the mole fraction of each constit-

uent in the mixture; Cf,) and CJ are the translational
specific heat at constant volume and constant pres-
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sure; k, stands for the static value of the wave number;
r,= AT,-Vib / AT; defines the temperature fluctuation

ratio and C,-Vib represents the vibrational specific heat

of species i; AT} * and AT, are the fluctuations of the

vibrational and translational temperatures, respec-
tively.

Note that the effective wave number is also depen-
dent mainly on temperature and concentration. The
acoustic attenuation is the imaginary part of the effec-
tive wave number k. Thus, the relationship between
the acoustic attenuation and the concentration of the
gas mixture has been ascertained.

Consequently, both of the dependence of sound
speed and attenuation on temperature and concentra-
tion are obtained. Two coupling models are built, one
is the dependence of sound speed on temperature and
concentration (see Fig. 1a). The other one is the
dependence of acoustical attenuation on temperature
and concentration (see Fig. 1b).

2.2. Simultaneous Reconstruction Method
of Dual-physical Parameter

Most of the existing research focuses on a single
parameter measurement, such as temperature or con-
centration, in an even or equilibrium condition. This
section introduces a method that can simultaneously
reconstruct temperature and concentration in a non-
equilibrium environment.

According to Egs. (1)—(3) and Section 2.1, an
example is used to introduce the simultaneous recon-
struction method of the dual-physics field. CO—N,—
0,—H,0 is chosen as the gas mixture, in which N,: O,
:H,01is 78 : 21 : 1. Assuming that the temperature dis-
tribution and CO concentration in CO—N,—0,—H,0
mixture are unknown, and the sound speed measured
is ¢y = 498 m/s. As shown in Fig. 1a, a horizontal slice
through the surface at the measured sound speed ¢,
results in a curve on the temperature-concentration
plane. Any of the temperature-concentration combi-
nations defined along this curve has the same sound
speed, temperature and concentration cannot be
uniquely determined. Likewise, a similar curve can be
obtained using the measured acoustic attenuation data
oo = 1.5x 103 m! (see Fig. 1b). Then, by making the
two curves project onto one temperature-concentra-
tion plane, the temperature of the gas mixture and the
concentration of CO can be obtained from the posi-
tion of the point of intersection (see Fig. 1c). There-
fore, temperature and concentration can be deter-
mined through the measurement values of acoustical
attenuation and speed.

In the case of a 2D domain, we assume that the tem-
perature and concentration distributions are unknown
and inhomogeneous. The domain is divided into a series
of small square cells and the physical state in every cell is
seen as the same. Following the AT theory [18], the
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Fig. 1. (a) Dependence of the sound speed on concentra-
tion of CO and temperature of the gas mixture, (b) depen-
dence of the acoustical attenuation on concentration of
CO and temperature of the gas mixture, (c) intersection of
the two curves projected onto one coordinate plane.

sound speed and acoustic attenuation can be recon-
structed by a series of measurements of travel-time and
intensity attenuation of the acoustic signal. Figure 2a
shows the arrangement of the acoustic transducers.

3. RECONSTRUCTION ALGORITHM

The relations between measured acoustic data and
state parameters of the gas mixtures have been dis-
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Fig. 2. Acoustic paths: (a) straight lines, (b) actual lines.

cussed in the previous sections, and how to determine
the sound speed and attenuation of intensity in each
pixel is another problem that need to be considered.
Section 3.1 introduces the Sl algorithm according to
the idea ofthe Wiener filtering [19]. In Section 3.2 the
SI method is developed for the improvement of the
reconstruction quality. In Section 3.3 an alternating
iteration procedure is proposed to achieve the simulta-
neous reconstruction of dual-physics fields.

3.1. Stochastic Inverse Method

The inverse problem in this work is non-linear and
underdetermined, and numerous methods are avail-
able for solving this problem [20—22]. Among the var-
ious kinds of methods, the SI method is suitable to
solve underdetermined inverse problems [23]. In the
Sl algorithm the temperature and concentration ofthe
gas mixture is assumed to be random fluctuations with
the given spatial correlation functions, then the fields
with minimized mean square error is sought.

In this work, temperature, concentration, sound
speed and acoustic attenuation ofthe gas mixtures are
formulated as a superposition of the spatial average
values and the fluctuation values:

T(r) =To+T (r), a(r) =ao +a'(r),
c(r) =c0+c'(r), att(r) =atto+att'(r),

where 1 =(ri;...rk%..; r}) is a position vector in a two-
dimensional reconstruction domain; J is the number
of the pixel; TO, a0, cOand atto represent the spatial
average values of temperature, concentration, sound
speed and acoustic attenuation; T'(r), a'(r), c¢'(r) and
att'(r) stand for the fluctuation values, respectively.
The first task is to calculate mean values of TOand
a0. The procedure can be summarized as follows:
assuming that the field has no fluctuations and given
the travel times and intensity attenuation, then cOand

atto can be calculated by the least squares method.
Based on Figs. laand 1b, the mean values of temper-
ature and concentration distributions (TOand a0) can
be obtained.

The travel-time t, and attenuation of intensity atti
of the sound wave propagating along path Li can be
formulated as:

— l -
Ti=St+ o (r)dS, (%)
attt=  + J(attO+att(r))s, (6)

L
where eiand oiare the errors of t, and att, which con-
tain the errors in travel time measurements and trans-
ducer positions.

If the absolute values of fluctuations in the sound
speed are much smaller than the spatial average value
c0, such as in atmosphere measurement, Eg. (5) can be
approximated as the first order expansion of the fluc-
tuations, which can be formulated as [23]

I-=L -1 Jc'(n)*. 0]
@ c. L

Then, define column vectors d1 and d2 that are
related to travel time and sound attenuation as:

d1—LX0 TkO+ellLz0 TXO

+S2...;LIcO-Tic0 +Si],
d2 =[attl- La0+alatt2- L2a0 9)
+a2..;attl - Lla0O+al],

where 1 is the number ofthe acoustic paths. Combin-
ing Egs. (6)—9), the elements of data column vector d1

and d2without measurement noises can be written as:

(®)

d1 Jc'(nds; Jc'(rds;...; Jc'(r)ds

L1 L2 LI

(10)
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d, = J.octt'(r)ds; J.octt'(r)ds;...; J.octt'(r)ds . 3an
L L, L

According to the measurement information, the
problem is to reconstruct the fluctuations of ¢'(r) and
atr'(r), which can be expressed as two vectors m; and
m,:

12)
(13)

Thus, the solution of variables m; and m, can be
rewritten as a matrix equation:

m; = [c'(1); ¢ ()5 ;@]

m, = [att'(n);att'(n);...;att'(rr)].

m; = Ad,, (14)

(15)

where d; and d, are the measurement information;
matrices A; and A, are optimal stochastic inverse oper-
ators, the core work in original SI algorithm is to
establish A; and A, which can directly give the
unknown parameters m; and m,. The principle of cal-
culating of the optimal stochastic inverse operators is
to minimize the mean square errors [23, 24]. For sim-
plicity, A is used to represent A; or A,, d denotes mea-
sured date vector d; or d, and m is the solution of vari-
able m; or m,. The inverse operator A can be written as

m, = A,d,,

A = R,qRyg (16)

where R4 = <de and Ry = <ddT are the model-

data and data-data covariance matrices. In the case of
AT, one can use the relationship between d and
unknown field m given by Eq. (10) and (11) to obtain
the expression for the model-data covariance matrix
R,q

[Rual; = (m;d)
), J-C'(r)ds J.(C'(r,-),c'(r)) ds
= L i .
'), att’ d
att'(r;), J.att'(r)ds J(a (), att'(r))ds

L.

i

J.Bc.c-(rj,r)ds for sound speed,
L

By (r;,1)ds for acoustic attenuation,

L

d

where B,. and B, are the spatial covariance func-
tions of the sound speed and acoustic attenuation. ; is
the chosen spatial points within the reconstructed
area, and these points stay fixed during the integration.
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Similarly, an expression for the covariance matric
Ryq is given by

[Raal,, ={did,)

J‘c'(r)ds, J‘c'(r')ds

_J\ I, (18)

J‘att'(r)ds, J‘att'(r')ds

I I,
B...(r,¥)dsds for sound speed,

L1,

J‘J‘Batt.m.(r,l")dsds for acoustic attenuation,
L,
wherei,p=12 ... Lrel,rel,

In this work the Gaussian covariance function is
employed to describe the spatial covariance of the

sound speed variation B.., and the acoustic attenua-

c'c's

tion variation B, ,,, which can be represented as [24]

n2
Bc',c'(ra l") = Gi eXp L_QJ ’

c

) (r-r)’
B an®,X") = 04y €Xp| ——5——|,

att

(19)

(20)

where o, and o, are the standard deviations of the
corresponding fields, respectively; /. and /,, are the
scale parameters, respectively.

3.2. Modified ST Method

It is found that the solutions from common SI
method are not satisfactory when the fluctuation of
temperature distributions in a measurement domain is
large. In order to improve the reconstruction quality,
the following modifications are proposed.

Firstly, when the SI algorithm is employed to solve
the AT inverse problem, Eq. (5) is approximated as Eq. (7)
by assuming that the sound speed fluctuations are
much smaller than the spatial average value of ¢,. This
linearization assumption is feasible when the fluctua-
tion of the temperature is small; however, it may not be
appropriate when the temperature change is relatively
large. In Eq. (7), with the increase of temperature fluc-

tuation, the assumption ¢; > ¢ (r)2 may be unreason-
able, and thus Eq. (7) can be revised as:

T; = L _Lz ¢ (rids + B;,
Cy €

2y

L
where B, is the model error derived from the lineariza-
tion approximation of the temperature fluctuations.

The model deviation B; can be calculated by means of
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the alternating iteration method, which will be intro-
duced in Section 3.3.

Secondly, the travel paths of sound are approximated
by straight lines in Section 3.1, which would bring devi-
ations when the temperature gradient is relatively large,
such as in a burning furnace. Refraction will happen
when sound waves pass through different temperature
domain, and the acoustic paths will be bent. Ignoring
the refraction will lead to errors in determining the aver-
age sound speed and the path of integration, which is
crucial for the accuracy of matrix A.

The most complicated work in the SI method is to
determine matrix A using spatial covariance informa-
tion and locations of the transducers. One should
compute the covariance functions along the acoustic
path L, which is assumed as line at first. Once 1, bends
in an uneven temperature field, we should acquire real
travel path of the acoustic wave.

Based on Snell’s Law, the real acoustical travel path
can be calculated by the acoustic ray tracing in an
inhomogeneous field [25, 26]. In our work the
deployed triangles method is used to trace the actual
acoustic path [26]. The main idea of obtaining the
actual travel paths is to first calculate the sound speed
distribution by common SI method. Then, based on
deployed triangles tracing method, the actual track
from the positions of emitter to receiver is computed
using the rough sound speed distribution (see Fig. 2b).
The revised sound paths are used to estimate matrix A
to update the sound speed distribution and then calcu-
late actual path again. Repeating the above process, a
more accurate acoustic velocity distribution may be
obtained.

3.3. Alternating Iteration Procedure

Following the above discussions, we propose an
iteration scheme to simultaneously reconstruct the
temperature and concentration distributions, which
can be summarized as follows:

Step 1. Compute the rough velocity field according
to the transducer positions and travel times. In this
step the acoustic paths are assumed as straight and the
velocity fluctuations are linearized (see Eq. (21) for
more details), and B, is set as zero.

Step 2. Use velocity field ¢(r) obtained in Step 1 to
calculate the actual acoustic path and update matrix A.

Step 3. Compute model error B; based on the dif-

€
Step 4. Use the updated matrix A and model error
B; to calculate velocity field ¢(r) again. Loop to Step 2
until B; is less than a predetermined value.

Step 5. Compute acoustic attenuation in every
pixel using the common SI method.

Step 6. Reconstruct temperature and concentration
distributions via the method proposed in Section 2.2.

ferentials of travel times t; and L_ iz J. ¢'(r)ds.
CO L;
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4. NUMERICAL SIMULATIONS

In this section, numerical simulations are imple-
mented to evaluate the feasibility of the proposed
reconstruction method. A square vessel with the size of
1 x 1 m is employed. The purpose of the simulations is
to monitor the mixing process of CO and air. Eight
ultrasonic transducers are arranged uniformly around
the cross section of the vessel to reconstruct the tem-
perature field and the concentration distribution of
CO and air. The cross section is divided into 20 x 20
squares. The frequency of the acoustical transducer is
chosen as 10 kHz.

The simulation include two main procedures: the
forward problem and the inverse problem. According
to Egs. (1)—(3), the forward problem is to compute the
travel times and intensity attenuations of each path
between the ultrasonic transducers from the given
fields and positions of transducers. The inverse prob-
lem is to estimate the sound speed and acoustic atten-
uation in every pixel and then to reconstruct the tem-
perature and concentration fields of CO—N,—0O,—
H,O0 (N, : O,: H,O =78 :21: 1) by the method pre-
sented in Section 2.

Two cases are selected to reflect different situations
of gas mixtures.

Case 1. Temperature and concentration fields vary
within a relatively wide range, the temperature
changes from 308 to 701 K and the concentration of
CO varies in the range of 0.01 to 89%.

Case 2. Temperature and concentration fields vary
within a relatively narrow range, the temperature
changes from 297 to 348 K and the concentration of
CO varies in the range of 0.01 to 53%.

In the numerical experiments four parameters G,,
G I, and [, should be predetermined. Once the
temperature and concentration fields are given in the
forward problem, these parameters can be estimated.
InCase 1/,=0.15m, [, = 0.15 m, 6, = 6.99 m/s,
G, = 8.32 x 107°. However, in Case 2 the parameters
are [, =0.15m, [, =0.15m, o, =41.08 m/s, 0,; =
7.3075 x 10~*. The simulated travel time and acoustic
attenuation of intensity are contaminated using Gaus-
sian distribution random number with the covariance
of 3% to simulate a real measurement environment.

Figures 3 and 4 are the reconstruction results of
Cases 1 and 2, respectively. Figures 3a, 3b and 4a, 4b
show the original temperature and the concentration
distributions, respectively. The results of the interme-
diate variables, sound speed and acoustic intensity
attenuation are presented in Figs. 3c, 3d and 4c, 4d.
The Figs. 3e, 3i and 4e, 4i are the reconstructed tem-
perature fields by the original SI method and the mod-
ified SI algorithm, respectively. The reconstruction
results of the concentration distribution are illustrated
in Figs. 3f, 3j and Fig. 4f, 4j. Figures 3g, 3k, 3h, 3land
4¢g, 4k, 4h, 41 show the reconstructed images of sound
speed and acoustic intensity attenuation obtained
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300 400 500 600700 K 0 20 40 60 80% 350 400 450 500 m/s 1 2 34x103m-1
(@) (b) (© (d)
Original temperature  Original concentration Original velocity Original attenuation
()
Reconstructed Reconstructed Reconstructed Reconstructed
temperature concentration velocity attenuation
(i)
Reconstructed Reconstructed Reconstructed Reconstructed
concentration velocity attenuation

temperature

Fig. 3. Case 1. (a—4) original temperature field, concentration field, acoustic speed field, acoustic intensity attenuation field, (e—
h) reconstructed temperature, concentration, velocity, intensity attenuation distributions by the original SI method, (i— recon-
structed temperature, concentration, velocity, intensity attenuation distributions by the modified SI method.

350 360 370m/a 1 2 34x10-5m-1
[ n | WU

300 320 340K 0 02 04%
|
©) (d)

(@) (b)

Original temperature  Original concentration Original velocity Original attenuation

(e) ) )
* *
| a <o# .

Reconstructed Reconstructed Reconstructed Reconstructed
temperature concentration velocity attenuation

(M) () K ()
Reconstructed Reconstructed Reconstructed Reconstructed
concentration velocity attenuation

temperature
Fig. 4. Case 2: (a—d) original temperature, concentration, acoustic velocity, acoustic intensity attenuation distributions, (e—h)
reconstructed temperature, concentration, velocity, intensity attenuation distributions by the original SI method, (i— recon-
structed temperature, concentration, velocity, intensity attenuation distributions by the modified SI method.

ACOUSTICAL PHYSICS Vol. 61 No. 5 2015



604

Reconstruction errors, %

YAN LIU et al.

Error Velocity Attenuation Temperature Concentration
Original SI method 5.19 15.24 7.89 36.14
Case 1
Modified SI method 3.51 12.81 4.01 32.09
Original SI method 3.98 13.57 5.69 33.84
Case 2
Modified SI method 2.98 12.42 3.24 27.12

using the original SI method and the modified SI algo-
rithm.

It can be found from Figs. 3 and 4 that in Case 1 the
acoustic speed is increased to 525.8 m/s from 346.5
and the attenuation of acoustic energy is increased to
4.1 x 103 m™! from 2.48 x 10~°. In contrast, in Case 2
the sound speed changes from 347.5 to 376.8 m/s and
the attenuation of acoustic energy changes from 3.83 x
10°to 2.48 x 103

As shown in Figs. 3 and 4, the quality of the recon-
structed images by the modified SI method is
improved. Images reconstructed by modified SI
method are much smoother. As compared with
Figs. 3e, 3fand 4e, 4f, the reconstruction results of the
temperature and concentration in Case 1 is worse than
Case 2. One of possible reasons is that it is hard for the
common SI method to deal with the reconstruction
tasks with a large variation of the temperature and
concentration distributions. Meanwhile, it can be
found that the distribution of concentration has a rel-
atively smaller impact on the sound speed and attenu-
ation in the CO-air mixture simulated in this section.
Average relative molecular weight of CO is 28, and it is
equal to the main component in air, N,. According to
Eq. (1), the concentration of CO has little impact on
sound speed, and only changes the acoustic attenua-
tion, which can explain the smaller impact of the con-
centration on speed and attenuation.

The errors of the target fields and intermediate
variables are summarized in table. It can be seen that
the reconstruction results from the modified SI
method are improved as compared with common SI
method owing to the fact that the improved SI method
considers the large fluctuations of the reconstruction
objects. Especially, it can be found that errors of the
intermediate variables, velocity and attenuation are
amplified in temperature and concentration recon-
struction. One of possible reasons is that the coupling
model may be inaccurate, and this issue should be fur-
ther investigated in the future.

Following the above discussions, it can be con-
cluded that the proposed method can achieve the
simultaneous reconstruction of the temperature and
concentration distributions.

5. CONCLUSIONS

In this paper an AT based reconstruction method
has been proposed to simultaneously reconstruct the
temperature and concentration distributions in a gas
mixture system. The SI algorithm has been developed
for solving the inverse problem, and then the temper-
ature and concentration distributions are simulta-
neously reconstructed. Numerical simulation results
validate the feasibility of the proposed reconstruction
method.

Our work provides a new insight for acoustical
measurement of the temperature and concentration
distributions, which needs to be further validated by
more cases and be further investigated on the respects
such as numerical methods, the improvement of the
reconstruction quality and the signal excitation
method in the future.

The authors wish to extend their gratitude to State
Administration of Foreign Experts Affairs for support-
ing the project “Overseas Expertise Introduction Pro-
gram for Disciplines Innovation in Universities”
(B13009), and the Fundamental Research Funds for
the Central Universities (JB2014200).
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