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Abstract
Measuring adiabatic sound speed is an effective method to characterize gases with different
molecular weights because sound speed mainly depends on molecular weight at a given
temperature. However, it is still a challenge to apply this method to different gas mixtures with
similar or even the same sound speeds. Acoustic relaxation in gases may overcome this
challenge because sound speed becomes dispersive due to frequency-dependent heat capacity.
Based on our previous work on reconstructing acoustic velocity dispersion with a simple
measurement method, in this paper, we propose capturing the inflection point of velocity
dispersion to identify gas mixtures. Standard detection areas are constructed using the
theoretical location of the inflection point scaled by the acoustic velocity and relaxation
frequency with different temperatures for target gases. The captured inflection point is located
in the detection areas to obtain gas compositions. Thus, gas mixtures with the same molecular
weights, such as 86.9% CO2–13.1% N2, 95% CO2–5% H2 and 95% CO2–5% pH2, can be
differentiated using our method from only their acoustic velocities. The results show that the
maximum absolute error of the compositions for CO2 can be effectively reduced from 3.8% to
0.2% by our temperature correction function. Therefore, the proposed method can identify gas
mixtures qualitatively and quantitatively by only measuring acoustic velocity.

Supplementary material for this article is available online

Keywords: measurement of acoustic velocity, gas detection, acoustic relaxation, acoustic
velocity dispersion, inflection point

(Some figures may appear in colour only in the online journal)

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

1. Introduction

The measurement of adiabatic sound speed is an effective
method to determine the composition of gaseous mixtures.
Thus, gas sensing by sound speed has several advantages, such
as low-cost [1], high reliability [2, 3], fast response [4], and
non-necessity of calibration [5], compared to other gas sens-
ing methods, such as electrochemistry [6] and laser sensing
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[7, 8]. To determine the compositions of gas mixtures using
sound speed, different schemes and techniques have been suc-
cessfully implemented. Witschi and Haber [9] first detected
the presence of hydrogen or methane in underground mine air
through the change of sound speed. Based on Haber’s method,
Garrett [10] suggested an acoustical gas analyzer for hydro-
gen and methane with high accuracy and precision by elec-
tronic temperature compensation. For complete automation,
Hallewell et al [11] developed an online monitor to reveal
small fluctuations in the compositions of binary gas mixtures
from ultrasonic measurement. In summary, the above methods
that used sound speed can identify only binary gas with low
selectivity. Some researchers aimed to detect ranges of sound
speed for more than two components. Lueptow and Phillips
[5] determined the combustion quality of natural gas using the
fact that the sound speed of CH4 is higher than that of C2H6,
C3H8, CO2 and N2; Zipser and Wächter [12] compared the
ratio of anisentropic sound speed to isentropic speed to distin-
guish ternary gas mixtures and improve selectivity. All of the
above methods have achieved positive results for identifying
gas mixtures. However, they only sensed the sound speed of
gas mixtures from different molecular weights and failed to
acquire more molecular information. Thus, for different gas
mixtures with the same molecular weights, such as 95% CO2–
5% pH2, 95% CO2–5% H2, and 86.9% CO2–13.1% N2, gas
sensing by sound speed has been a challenge for almost a
century.

According to acoustic relaxation theory, acoustic velocity
changes not only with molecular weight but also with the
heat capacity ratio of gas mixtures, and it becomes dispers-
ive from frequency-dependent heat capacity [13]. Different
gas mixtures with the same molecular weights may have the
same acoustic velocities but different relaxation frequencies,
at which acoustic relaxation happens most notably. Because
each molecule has a unique relaxation mode, molecular relax-
ation information can be employed to identify gas composi-
tions [14, 15]. For example, Hu et al [15] located absorption
spectral peaks to detect gas mixtures by jointly measuring the
attenuation coefficient and sound speed, which is based on
Zhang et al’s [16] two-frequency acoustic measurements. Liu
et al [17, 18] verified Hu et al’s simplified theory by extracting
molecular internal effective specific heat. We provide a mixed
rotational and vibrational relaxation model of hydrogen gas
mixtures and decouple the multiple rotational relaxation into
a group of singe relaxation processes to improve the accur-
acy of ternary gas mixture sensing based on acoustic velo-
city and absorption [19, 20]. However, compared with acoustic
velocity, the absorption coefficient has a large measurement
error in the order of 5% and results in low detection sensitiv-
ity [21]. Recently, we proposed a simple measurement method
to reconstruct acoustic velocity dispersion by only measuring
acoustic velocities at several fixed frequencies [22]. On the S-
shaped curve of frequency-dependent velocity dispersion due
to acoustic relaxation processes, we find the inflection point
of the dispersion curve to determine the molecular weight and
the relaxation frequency at the same time. Thus, by combin-
ing our simple measurement of acoustic dispersion [22] and
the mixed rotational and vibrational relaxation model [19], we

propose a method to characterize gas compositions by locating
the inflection point in this paper.

The remainder of this paper is organized as follows. In sec-
tion 2, we discuss the location of the inflection point of the
velocity dispersion in gas scaled by acoustic velocity, acous-
tic frequency, and temperature to demonstrate that it can be
used to identify gasmixtures. In section 3, we obtain the inflec-
tion point frommeasured velocities by reconstructing the velo-
city dispersion to distinguish gas mixtures with similar, or
even the same, acoustic velocities. In section 4, we analyze
the detection uncertainty from the velocity measurement error
and provide a temperature correction approach. In section 5,
we present some concluding remarks.

2. Gas composition sensing theory based on the
location of the inflection point of acoustic velocity
dispersion

Acoustic propagation in gases can be characterized by a
complex-valued effective wave number keff (ω) and the effect-
ive thermodynamic sound speed ce; both of them are expressed
as [23]

keff (ω) =
ω

V(ω)
− iαr (ω) =

ω

ce
, (1)

where αr (ω) is the relaxation absorption and V(ω) is acoustic
velocity. V(ω) is defined as

V(ω) =

√
RTγ (ω)

M
, (2)

where M and T are the molar mass and temperature
of the gas, respectively; R is the universal gas constant.
γ (ω) =

(
Ceff
V (ω) + R

)
/Ceff

V (ω) is the heat capacity ratio and
ω = 2πf is the acoustic angular frequency. Under adiabatic
conditions, Ceff

V (ω) has a fixed value for each kind of gas
molecule, meaning γ (ω) has traditionally been divided into
three categories based on whether the gas is monatomic, or
composed by diatomic, or polyatomic molecules. Based on the
fixed heat capacity ratio and average molar mass, traditional
methods analyze the compositions of binary gas mixtures by
measuring sound speed [9–11]. However, this analysis cannot
be applied to multi-component gas mixtures or gas mixtures
with the same sound speeds because of the ill-posedness of
the mathematical problem.

2.1. Inflection points of acoustic velocity dispersions for
gases

According to acoustic relaxation theory, Ceff
V (ω) reflects the

footprint of the molecular relaxation of gases [24]. For a gas
mixture with W kinds of molecules, including N types of
vibrational modes, Ceff

V (ω) changes with acoustic frequency
and is expressed as [25]

Ceff
V (ω) = C∞

V +
N∑
i=1

Cint
i

1+ iωτi
,C∞

V =
W∑
l=1

alC
∞
l ,

W∑
l=1

al = 1,

(3)
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Figure 1. Frequency dependences of acoustic velocity and
absorption spectrum for CO2 at T = 297 K, which were calculated
from Zhang’s model [19].

where C∞
V and C∞

l are the translational and rotational specific
heats of the gas mixture and molecule l, respectively; al is the
mole fraction of gas molecule l; Cint

i and τi are the vibrational
specific heat and relaxation time of the ith single-relaxation
process.

On the one hand, in equation (1) the imaginary part of
keff (ω) determines the relaxation absorption αr (ω), which is
conventionally represented by the dimensionless absorption
coefficient αr (ω)λ [26], where is the acoustic wavelength.
Thus αr (ω)λ is given by

αr (ω)λ = - 2π
Im
(
keff (ω)

)
Re(keff (ω))

. (4)

Figure 1 shows the variation of αr (ω)λ versus fre-
quency for gaseous CO2, which results from the molecu-
lar vibrational–vibrational and vibrational–translational relax-
ation processes [21]. The bell-shape absorption spectrum is
characterized by the peak amplitude reflecting the relaxation
strength. The corresponding frequency is the effective relaxa-
tion frequency, which is the reciprocal of the relaxation time.
As a result, the peak contains the relaxation characteristics of
gas mixtures. On this basis, Hu et al [15] employed the loc-
ation of the spectral peak to identify the gas compositions of
CO2–N2 and CH4–N2 mixtures.

On the other hand, based on equations (1) and (2), the real
part of keff (ω) determines the acoustic velocity V(ω). V(ω)
can be expressed as a function of the effective isochoric molar
heat capacity Ceff

V (ω):

V(ω) =

√
RT
M

(
1 +

R

Ceff
V (ω)

)
. (5)

Figure 1 also plots the variation of V(ω) against frequency,
which also results from the same molecular relaxation pro-
cesses as αr (ω)λ [21]. Clearly, V(ω)monotonically increases
with increasing frequency f on the S-shape acoustic velocity

dispersion curve. The velocity Vm of the inflection point on
the curve can be defined as [27]

Vm =
√
(V2 (∞)+V2 (0))/2, (6)

where V2 (0) and V2 (∞) are the minimum and maximum val-
ues of the squared acoustic velocities in the lowest and highest
limits of acoustic frequencies, respectively. V2 (0) and V2 (∞)
are obtained from

V2 (0) =
RT
M

(
1 +

R

Ceff
V (0)

)
,V2 (∞) =

RT
M

(
1 +

R

Ceff
V (∞)

)
,

(7)
where Ceff

V (0) denotes the sum of the external and internal
isochoric molar heat capacities, and Ceff

V (∞) represents the
external isochoric molar heat capacity of the gas mixtures.

In figure 1, the frequency fm of the inflection point has the
same value as the absorption spectrum peak because both rep-
resent the effective relaxation frequency of the acoustic relax-
ation process. The inflection point is a unique point on the
acoustic velocity dispersion curve and carries the information
of the relaxation frequencies. Similar to Hu et al’s method,
which employed the location of the spectral peak to detect gas
compositions [15], we propose using the location of the inflec-
tion point to identify gas compositions.

2.2. Locations of the inflection points of acoustic velocity
dispersion for gas sensing

To determine the composition of a gas mixture, the measure-
ment of the inflection point must be compared with the predic-
tion of a theoretical model. For most gases, molecular vibra-
tional relaxation dominates the relaxation processes, and the
rotational relaxation is regarded as constant at ambient temper-
ature [23, 24, 28, 29]. However, for hydrogen, molecular rota-
tional relaxation plays a key role in the relaxation processes,
while vibrational relaxation is negligible at ambient temperat-
ure [30]. Recently, combining Zhang’s vibrational model for
gas mixtures such as CH4, N2, CO2 [25], we proposed a mixed
rotational and vibrational relaxation model to calculate the
acoustic characteristic of hydrogen gas mixtures [19]. Based
on the mixed relaxation model [19], theoretical acoustic velo-
city dispersion in this paper is obtained and a theoretical inflec-
tion point is acquired for gas mixtures. The theoretical detec-
tion areas of these inflection points are constructed at differ-
ent temperatures, as shown in figure 2. The green curves refer
to the influence of temperature on the locations of the inflec-
tion points at a constant composition of the gas mixtures. The
blue and red curves indicate how the locations of the inflec-
tion points vary with the compositions of gas mixtures at fixed
temperatures of 273 K and 323 K, respectively.

Gas mixtures with different compositions have different
inflection point locations. The effective detection area of CO2–
N2 is located at the bottom and left of figure 2, while that of
CH4–N2 is located at the top and left. Meanwhile, the effective
detection area of CO2–H2 is located at the bottom and right,
and that of CH4–N2 is located at the top and right. Clearly,
gas mixtures of CH4–N2, CO2–N2, CH4–H2, and CO2–H2 can
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Figure 2. Effective detection areas of the inflection points for gas
mixtures with concentration increments of 0.1% and temperature
increments of 0.1 K. The concentrations of CO2 and CH4 in N2 vary
from 1%99%; the concentrations of CO2 and CH4 in H2 vary from
68%99% and from 78%99%, respectively.

be qualitatively identified by their respective effective detec-
tion areas. By comparison, it can be seen from figure 2 that
the acoustic velocity of gas mixtures CO2–N2 ranges from
approximately 262 m s−1 to 370 m s−1 while that of gas
mixtures CO2–H2 is, similarly, approximately 267 m s−1 to
350 m s−1. The corresponding relaxation frequency of CO2–
N2 varies from approximately 11 kHz–52 kHz, while that of
CO2–H2 ranges from 460 kHz–6670 kHz. Due to their over-
lapping ranges of acoustic velocity, traditional methods fail to
identify the gas mixtures, considering only sound speed, but
the different compositions of CO2–N2 and CO2–H2 give them
independent effective inflection point detection areas, which
can be used to distinguish them.

3. Identification procedure for gas mixtures based
on the location of the inflection point

3.1. Obtaining the inflection point by simple measurement
method

To apply our proposed method to practical industry, simple
measurement is necessary. Conventional methods [31–33]
measure the acoustic velocities over a wide frequency range to
obtain the acoustic velocity dispersion. However, it is imprac-
tical to operate this by changing the frequency in real time due
to a longer measurement procedure and numerous transducers.
To overcome this problem, we recently developed a simple
measurement approach to reconstruct the whole acoustic velo-
city dispersion of gas mixtures by solely measuring acoustic
velocities at 3–5 frequencies [22]. The frequency-dependent
acoustic velocity dispersion of the multi-relaxation processes

Table 1. The type B uncertainty contributions of instruments.

Sources Uncertainty

Delay time 0.03 us
Acoustic path length 0.0005 mm
Temperature 0.03 K
Pressure 0.000029 MPa
Test gas mixtures 2%

of gas mixtures can be expressed as [22]

V2(ω) = V2(∞)

(
1−

N∑
i=1

εi
1+ω2τ 2i

)
, (8)

where τi and εi are the relaxation time and relaxation strength
of the ith single relaxation process of gas mixtures, respect-
ively. In equation (8), for a single relaxation process, V(ω) can
be expressed as a function of V(∞), ε, and τ . Because the vast
majority of multi-relaxation processes of gases represent one
primary relaxation process, V(∞), ε and τ can be obtained to
reconstruct V(ω) in practice by measuring the acoustic velo-
cities at three frequencies [22]. Therefore, one can determine
the location of the inflection point from reconstructed acoustic
velocity dispersion using equations (5) and (8).

3.2. Experimental apparatus

The prototype sensor shown in figure 3(a) is used to meas-
ure the acoustic velocities of gases. The sensor has six pairs
of transmitterreceiver transducers matching frequencies of
25 kHz, 40 kHz, 75 kHz, 100 kHz, 300 kHz, and 400 kHz. The
stepper motor drives the translation stage to move the emitter,
while the receiver was kept stationary.

The experimental apparatus shown in figure 3(b) is com-
posed of the sensor, the chamber, control panel, gas bottle,
vacuum pump (on the back) and measurement instruments.
The sensor in figure 3(a) is sealed in the chamber with a dia-
meter of 400 mm and a length of 620 mm. The chamber is
made of cylindrical stainless steel, and it can sustain a pres-
sure from −0.001 MPa to 2.5 MPa. The control panel turns
the valves of the pipeline on or off to control gases in or out
of the chamber. The test gas mixtures 86.9% CO2–13.1% N2,
supplied by Newruide Special Gas Company in China, were
mixed by CO2 and N2 with a claimed purity of 99.999%. The
vacuum pump is used to evacuate gases in the chamber, where
the degree of vacuum is on the order of −0.001 MPa. Two
digital pressure measurements are used to sense pressure, one
with a range from 0100 kPa works for negative pressure and
the other with a range from 0 MPa3 MPa is for positive pres-
sure. One digital thermometer with a probe is placed near the
receiver and the other is near the door of the chamber, which
were calibrated on ITS-90. The type B uncertainty contribu-
tions of the instruments are estimated and shown in table 1.
Three representative points on the acoustic velocity dispersion
curve are selected and the contribution of the pressure to the
combined uncertainty of the acoustic velocity is estimated in
table 2.

4
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Table 2. An estimate of the contribution of the pressure uncertainty to the combined uncertainty of the acoustic velocity.

Frequency
(kHz)

Pressure
(MPa)

Uncertainty of the
pressure (MPa)

Final frequency
(kHz)

Combined uncer-
tainty of acoustic
velocity (m s−1)

25 0.2 ±0.001 12.5 ±0.002
40 0.1 ±0.001 40 ±0.02
400 0.08 ±0.001 500 ±0.0015

Note: Final frequency (kHz): acoustic velocity at the corresponding frequency on the acoustic velocity dispersion curve, which is equal to frequency with
kHz over pressure with 0.1 MPa.

Figure 3. (a) Prototype sensor. (b) Experimental apparatus.

Trusler et al [34–37] accurately measured the speed of
sound in several gases at variable pressures along different iso-
therms by means of an interferometer or resonator. In contrast,
wemeasured acoustic velocity directly bymoving the distance
of the emitter and relative delay time between the maximum
wave peaks of the receiver over a wide frequency/pressure
range, where the accuracy is lower than that of Trusler’s

method due to experimental limits. A similar measurement
procedure was carried out by Ejakov et al [23], the only dif-
ference being that they measured acoustic attenuation but we
measured acoustic velocity. According to the relaxation the-
ory of gases, lowering the pressure is equal to raising the fre-
quency [23]. One usually changes the gas pressure to broaden
the measured frequency range to obtain adequate experiment
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Table 3. The final frequencies (kHz) at the ratio of
frequencypressure are listed.

Pressure (MPa)Frequency
(kHz) 0.06 0.08 0.1 0.2 0.4 0.6 0.8

25 41.667 31.25 25 12.5 6.25 4.1667 3.125
40 66.667 50 40 20 10 6.667 5
75 125 93.75 75 37.5 18.75 12.5 9.375
100 166.667 125 100 50 25 16.667 12.5
300 500 375 300 150 75 50 37.5
400 666.667 500 400 200 100 66.667 50

Note: Final frequency (kHz): acoustic velocity at the corresponding
frequency on the acoustic velocity dispersion curve, which is equal to
frequency with kHz over pressure with 0.1 MPa.

data. Consequently, the acoustic velocity dispersion is plotted
as the frequency/pressure ratio f/p. In our experiment, at seven
different pressures from 0.06 MPa– 0.8 MPa and six frequen-
cies from 25 kHz–400 kHz, the expanded frequency range was
from 3.125 kHz–666.6 kHz, as shown in table 3. Some ratios
of frequency/pressure were the same, for example, one final
frequency was 66.667 kHz at a ratio of frequency/pressure
40 kHz/0.06 MPa; the other was 66.667 kHz at a ratio of
400 kHz/0.6 MPa, which were marked in the same color in
table 3. Velocities at the same frequency-pressure ratio f/p
were averaged. We did experiment four times at a temperature
of about 303.1 K to 303.3 K. The experimental data (sym-
bols ‘⃝’) for gas mixture 86.9% CO2–13.1% N2 is shown
in figure 4(a). The type A uncertainty of velocity at each fre-
quency is shown in table 4. Comparisons with our estimator
of type A uncertainty of velocity at each frequency, the type B
uncertainty contributions in table 1, are negligibly small and
can be safely neglected. The error bars of acoustic velocit-
ies shown in figure 4(a) mainly arise from type A uncertainty
contribution. The acoustic velocity with an overall standard
uncertainty of 0.36 m s−1 is approximately estimated. More
details for the experiment and measurement are shown in a
supplementary file online.

Now we obtain the inflection points on the acoustic velo-
city dispersion curves from the experimental data. On the one
hand, the raw data V1 = 278.55 m s−1, V2 = 283.33 m s−1,
and V3 = 290.00 m s−1 (the blue symbols ‘□’ in figure 4(a))
at the corresponding frequencies of 4.167 kHz, 40 kHz, and
500 kHz are used to reconstruct the acoustic velocity dis-
persion of gas mixture 86.9% CO2–13.1% N2. Based on the
reconstructed dispersion (the black curve), the inflection point
(fm = 46.777 kHz and Vm = 284.28 m s−1) is calculated
and represented by the red symbol ‘■’ in figure 4(a). On
the other hand, gas mixtures of 95% CO2–5% H2 and 95%
CO2–5% pH2 at T = 303.15 K are considered. The symbols
‘⃝’ and ‘△’ in figure 4(b) represent the experimental data of
gas mixtures 95% CO2–5% H2 and 95% CO2–5% pH2 from
Behnen et al [38], respectively. The blue symbols ‘□’ rep-
resent the selected points for reconstructing velocity disper-
sion, which are V1 = 279.12 m s−1, V2 = 283.02 m s−1, and
V3 = 290.64 m s−1 at the frequencies of 120 kHz, 500 kHz,
and 6 MHz, respectively. The red symbol ‘■’ denotes the syn-
thesized inflection point (fm = 699 kHz andVm = 284.8m s−1)

Table 4. The type A uncertainty contribution of acoustic velocity at
final frequency in figure 4(a).

Frequency
(kHz)

Acoustic
velocity
(m s−1)

Uncertainty
(m s−1)

Frequency
(kHz)

Acoustic
velocity
(m s−1)

Uncertainty
(m s−1)

3.125 277.94 0.43 41.667 286.81 0.88
4.167 278.48 0.37 50 284.39 0.34
5 277.43 0.35 66.667 284.77 0.88
6.25 279.82 0.22 75 286.75 0.32
6.667 278.63 0.25 93.75 287.60 0.97
9.375 277.30 0.19 100 286.99 0.25
10 279.38 0.25 125 288.55 0.64
12.5 279.00 0.37 150 289.03 0.29
16.667 278.93 0.12 166.667 289.27 0.38
18.75 281.19 0.23 200 288.79 0.30
20 280.81 0.27 300 290.29 0.47
25 283.06 0.86 375 290.50 0.18
31.25 283.95 0.65 400 290.02 0.10
37.5 282.55 0.46 500 290.36 0.09
40 283.33 0.34 666.667 290.43 0.18

Note: Final frequency (kHz): acoustic velocity at the corresponding
frequency on the acoustic velocity dispersion curve, which is equal to
frequency with kHz over pressure with 0.1 MPa.

from the acoustic velocity dispersion of 95%CO2–5%H2. For
comparison, the black symbol ‘■’ denotes the inflection point
of 95% CO2–5% pH2.

3.3. Identifying the compositions of the gas mixtures with the
same molecular weights

Next, we begin to identify the above gas mixtures qualitat-
ively and quantitatively using the locations of the inflection
points. First, we identify gas mixtures qualitatively by loc-
ating the inflection points of gas mixtures in the effective
detection areas of figure 2. If the location of the inflection
point in figure 4(a) is in the effective detection area of CO2–
N2, the unknown gas mixture is identified as CO2–N2; mean-
while, if the location of the inflection point in figure 4(b) is
in the effective detection area of CO2–H2, it is identified as
CO2–H2. Secondly, the composition of the gas mixtures is
determined quantitatively as follows. Figure 5 depicts detailed
locations of the inflection points for gas mixtures CO2–N2,
CO2–pH2, and CO2–H2 in the detection areas. The inflection
point (fm = 46.77 kHz and Vm = 284.28 m s−1, red ‘□’)
in figure 5(a) corresponds to the symbol ‘■’ in figure 4(a).
In figure 5(a), one dotted curve from the constant temperat-
ure 303.15 K and the other from the constant concentration
86.9% CO2–13.1% N2 of gas mixtures intersect at the inflec-
tion point, allowing us to univocally determine the mixture
composition and the gas temperature. Similarly, the inflection
point (fm = 699 kHz and Vm = 284.8 m s−1, red ‘□’) in figure
5(b) corresponds to the red symbol ‘■’ in figure 4(b). One red
curve from T = 303.15 K and the other from constant con-
centration 95% CO2–5% H2 intersect at the inflection point.
We remark, by comparison of figures 4(a) and (b), that the
gas mixtures 86.9% CO2–13.1% N2 and 95% CO2–5% H2

have similar acoustic velocity values at the same temperature
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Figure 4. (a) Acoustic velocities with error bars from our experiment apparatus and the synthesized inflection point for 86.9% CO2–13.1%
N2. (b) The synthesized inflection points from acoustic velocity dispersions for 95% CO2–5% H2 and 95% CO25% H2 from Behnen et al
[38].

Figure 5. Locating the inflection point in the detection area. (a) Gas mixtures 86.9% CO2–13.1% H2. (b) Black ‘□’: the inflection point for
95% CO2—-5% pH2 and red ‘□’: the inflection point for 95% CO2–5% H2.

because they have the same molecular weight, and traditional
methods struggle to differentiate them. However, our proposed
method can distinguish them because different molecules and
compositions of gas mixtures result in different relaxation
frequencies.

H2 and pH2 are spin isomers with exactly the same molecu-
lar weight. At ambient temperature, the difference between the
ideal-gas heat capacity ratio of pH2 and H2 is small (about 2%)
[39]. Both the same molecular weight and a small difference
in heat capacity ratio lead to about 0.1 m s−1 difference
of acoustic velocities between 95% CO2–5% pH2 and 95%
CO2–5% H2. The above coincidence cannot be distinguished
by traditional gas sensing methods using sound speed only.
However, our method can differentiate 95% CO2–5% pH2 and
95% CO2–5% H2 by their different relaxation frequencies.
The frequency of the inflection point for the former mixture is
388 kHzwhich falls in the effective detection area of CO2–pH2

(black lines in figure 5(b)), while that of the latter is 699 kHz
falling in the area of CO2–H2 (red lines in figure 5(b)). Clearly,
it is still difficult to identify the gas mixtures because some
part of the effective detection area of CO2–pH2 overlaps with
that of CO2–H2. However, we can eliminate the incorrect res-
ult. In the effective detection area of CO2–H2, the location
of the inflection point of 95% CO2–5% H2 (red ‘□’ in figure

5(b)) is also identified as 90.5% CO2–9.5% pH2 at T = 291 K.
By comparing T = 291 K with the ambient temperature, i.e.
303.15 K (measured by a precise thermometer), the final res-
ult is gas mixture 95% CO2–5% H2 and not 90.5% CO2–9.5%
pH2. Therefore, using the locations of the inflection points, one
can analyze the compositions of gas mixtures with similar or
even the same acoustic velocities.

4. Analysis of measurement errors and correction

4.1. Analysis of the measurement errors

In this section, we evaluate the influence of one possible error
in the determination of the acoustic velocity on the location of
the inflection point. According to the reconstruction method
of acoustic velocity dispersion, the inflection point on velocity
dispersion for most gases can be obtained bymeasuring acous-
tic velocities at three frequencies [22]. We first suppose that
there is one measurement error at the three frequencies, and
then assume that there are two measurement errors at the three
frequencies. If there are three measurement errors at respect-
ive frequencies, for example, all the velocities are too large or
too small. In this situation, the obtained velocity dispersion is
likely to overlap with the other velocity dispersion and cannot
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be corrected. Thus, three measurement errors at three frequen-
cies are not considered here. The error correction and analysis
in this section all are based on the gas mixtures 86.9% CO2–
13.1% N2 at the temperature 303.15 K.

Suppose that the measurement error of acoustic velocity
comes from one of three frequencies f1, f2 and f3, while oth-
ers have no errors. Figure 6(a) considers the case when V1 at
f1 = 4.667 kHzmay be in error by about 1%, which is the worst
case of measurement error, as shown in figure 4(a), while fig-
ure 6(b) considers the case when V2 at f2 = 40 kHz is in error
by the same relative amount. It can be observed from figure
6(a) that the position of the obtained inflection point increases
from left to right with an increase in V1. Therefore, a larger
V1 leads to a larger Vm. Similarly, the effect of a measurement
error affectingV3 would produce the same effect with the same
trend and is not plotted in figure 6 to avoid repetition. In con-
trast, as V2 increases and decreases in figure 6(b), the velocity
value Vm of the inflection point remains unchanged, while the
corresponding relaxation frequency fm slightly decreases and
increases, respectively. This is because the velocity value of
the inflection point depends only on the sum of V2(∞) and
V2(0).

According to the identification procedure, the consequence
of velocity errors may lead to errors in the determination of
the composition of the mixture and the temperature which are
calculated from the dispersion model. Figure 7 shows how the
relative detection errors of the gas concentration ξ (86.9%CO2

in gas mixtures 86.9% CO2–13.1% N2) and those of the cal-
culated temperature T by the dispersion model to the real tem-
perature vary with relative measurement errors of the acoustic
velocities V1 and V2, respectively. The relative error of V1 is
proportional to the errors of ξ and T in figure 7(a), while that of
V2 is inversely proportional to those of ξ and T in figure 7(b).
The relative measurement error of V3 has the same tendency as
that of V1. Furthermore, it can be observed from figure 7 that
the relationship between the relative error of acoustic velocity
and that of temperature is approximately linear. According to
computer analysis, the relationship between the relative error
of velocity∆V and that of temperature ∆T is

∆V=
√
∆T/1000. (9)

In the following section, based on equation (9), we use the
difference between the temperature determined by the disper-
sion model and the temperature measured by a thermometer to
correct the measurement error of the acoustic velocities of the
gas mixtures.

4.2. Correction for measurement error

The correction procedure where the measurement error arises
from one of three frequencies is discussed in figure 8(a). Three
acoustic velocities of V1 = 279.3 m s−1 at f1 = 4.167 kHz,
V2 = 283.3 m s−1 at f2 = 40 kHz, and V3 = 290.1 m s−1

at f3 = 500 kHz (‘•’ in figure 8(a)), which come from our
raw experimental data, are used to reconstruct the acous-
tic velocity dispersion. The corresponding inflection point
(fm = 52.66 kHz and Vm = 284.77 m s−1) is calculated from

the reconstructed velocity dispersion and shown as the farthest
‘⃝’ from ‘♢’ in figure 8(b). By locating this inflection point
in the detection area of CO2–N2, gas mixture 92.0% CO2–
8.0% N2 at T = 310.6 K is obtained. Clearly, the identification
result is incorrect by comparing the temperature of 310.6 K
with the real one of 303.15 K. First, suppose the measure-
ment error comes from V1 at f1 since we do not know at which
frequency point the measurement error occurs. The relative
error ∆T between the obtained 310.6 K and real 303.15 K
is 2.46%. The corresponding correction factor ∆V = 0.016%
for V1 is calculated by equation (9). After V1 decreases by
the correction factor of ∆V, the new inflection point is syn-
thesized. By repeating the correction procedure iteratively, V1

can be continuously corrected until ∆T converges to zero.
The symbols ‘⃝’ in figure 8(b) reflect the traces of the cor-
responding inflection points and the arrow refers to the cor-
rection direction. The final detection result is gas mixture
86.9% CO2–13.1% N2 at temperature 303.6 K. Secondly, sup-
pose that the measurement errors from V2 at f2, and V3 at
f3 are also considered, respectively. The traces of the corres-
ponding inflection points during the temperature correction
processes are shown as ‘+’ and ‘□’ in figure 8(b), respect-
ively, and the detection results are listed in table 5. There-
fore, for the situation of one measurement error, even if one
does not know which particular measurement point is affected
by an error, our correction method can restrict the maximum
absolute error to 0.2% based on the volume concentration
of CO2.

To further demonstrate the correction approach, the meas-
urement errors of acoustic velocities from two of three fre-
quencies are considered. V2 = 283.3 m s−1 at f2 = 40 kHz
(no error), both V1 = 277.5 m s−1 at f1 = 3.125 kHz and
V3 = 289.4 m s−1 at f3 = 500 kHz with errors are shown
as red symbols ‘∗’ in figure 9(a), which also come from
our raw experimental data for gas mixtures 86.9% CO2—
-13.1% N2 at T = 303.15 K. The initial detection result
is 83.6% CO2–16.4% N2 at T = 294.4 K. Because we do
not know which two of the three are errors, suppose firstly
the measurement errors come from V1 and V3. Both V1 and
V3 are increased by the same factor of ∆V by comparing
294.4 K with the real T = 303.15 K, and a new inflec-
tion point is synthesized. Iterating the correction steps, the
traces of the corresponding inflection points are shown as
‘∗’ in figure 9(b). The final location of the inflection point
determines that the gas mixture is 86.8% CO2–13.2% N2 as
shown in table 6. The measurement errors from two situ-
ations of V2 and V3, V1 and V2 are also considered. Their
traces of the corresponding inflection points are shown as sym-
bols ‘△’ and ‘+’ in figure 9(b) and the results are listed in
table 6.

In conclusion, whether there is one or two measurement
errors of acoustic velocities at three frequencies and whether
or not one knows where the measurement errors occur,
our correction method based on temperature can improve
the detection results. A similar temperature correction was
conducted to determine gas mixture 40% CO2–60% N2 at
T = 293.7 K [15]. Compared with Hu et al’s [15] detection
error of 4.75% for a CO2 composition, our maximum abso-
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Figure 6. Locations of the inflection points depending on variations of V1 at f1 = 4.667 kHz and V2 at f2 = 40 kHz for 86.9% CO2–13.1%
N2 at T = 303.15 K; the dashed and solid curves represent the reconstructed acoustic velocity dispersion with errors and without errors,
respectively. •: locations of the inflection points; □: selected points for reconstructing acoustic velocity dispersion.

Figure 7. Relative errors of ξ (86.9% CO2 in gas mixtures 86.9% CO2– 13.1% N2) and T depend on the measurement errors of the acoustic
velocity in figure 6. (a) V1 at f1 = 4.667 kHz. (b) V2 at f2 = 40 kHz.

Figure 8. Measured velocities for reconstructing acoustic velocity dispersion are compared with the theoretical dispersion. (a) Symbol ‘•’:
measured V1 with error, measured V2 and V3 without errors. Black curve: theoretical curve by our model. (b) Correction processes based on
temperature. Symbol black ‘⃝’, blue ‘□’, and red ‘ +’: traces of corresponding inflection points from the reconstruction velocity
dispersions by correcting V1, V2 and V3; symbol ‘♢’: theoretical inflection point. The points where black ‘⃝’, blue ‘□’ and red ‘ +’ are
superimposed: inflection point of velocity dispersion reconstructed by V1, V2 and V3 in figure 8(a).

lute error of 0.2% is more accurate. More importantly, Hu et
al [15] only discussed the cases where the measured data must
be lower than the theoretical value at low frequency and higher

than the theoretical value at high frequency. However, our cor-
rection method does not require such severe correction condi-
tions.
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Table 5. Temperature correction results of inflection points from acoustic velocity dispersion reconstructed by single measurement error:
gas mixture 86.9% CO2–13.1% N2 at 303.15 K.

Measurement error source Final location of inflection point Final temperature Final composition Absolute error for CO2

V1 = 279.3 m s−1 fm = 47.19 kHz,Vm = 284.21 m s−1 303.6 K 86.9%CO2– 13.1%N2 0.0%
V2 = 283.3 m s−1 fm = 46.56 kHz,Vm = 284.75 m s−1 302.8 K 86.8%CO2– 13.2%N2 0.1%
V3 = 290.1 m s−1 fm = 47.29 kHz,Vm = 284.10 m s−1 304.4 K 86.7%CO2– 13.3%N2 0.2%

Figure 9. Measured velocities for reconstructing acoustic velocity dispersion are compared with the theoretical dispersion. (a) Symbol ‘∗’:
measured V1 and V3 with errors, measured V2 without error; black curve: theoretical curve by our model. (b) Correction processes based on
temperature. Symbol black ∗, red+, and blue △: traces of corresponding inflection points from the reconstruction velocity dispersions;
symbol ‘♢’: theoretical inflection point. The points where symbol black ∗, red+, and blue △ are superimposed: inflection point of velocity
dispersion reconstructed by V1, V2 and V3 in figure 9(a).

Table 6. Temperature correction results of inflection points from acoustic velocity dispersion reconstructed by two measurement errors: gas
mixture 86.9% CO2–13.1% N2 at 303.15 K.

Measurement error source Final location of inflection point Final temperature Final composition Absolute error for CO2

V1 and V3 fm = 46.61 kHz,Vm = 284.21 m s−1 302.9 K 86.8%CO2– 13.2%N2 0.1%
V2 and V3 fm = 46.43 kHz,Vm = 283.75 m s−1 301.9 K 87.1%CO2– 12.9%N2 0.2%
V1 and V2 fm = 46.26 kHz,Vm = 283.87 m s−1 302.4 K 86.9%CO2– 13.1%N2 0.0%

5. Conclusion

In this paper, we demonstrated that the inflection point of
acoustic velocity dispersion is related to molecular relaxation,
and proposed a method to detect gas mixtures with similar, or
even the same, sound speeds based on the locations of their
inflection points. The inflection point can be synthesized from
acoustic velocity dispersion by only measuring the acoustic
velocity. To distinguish the gas composition, detection areas
are constructed by a mixed relaxation model, and the detec-
tion error is effectively eliminated by the temperature correc-
tion function.

Traditional methods identify gas mixtures by sound speeds,
which are invalid to gas mixtures with the same molar mass,
but our proposed method can overcome the traditional prob-
lem and synthetically obtain both molar mass and relaxation
information to distinguish them. Furthermore, the classical
absorption becomes very large in the MHz frequency range,
and the corresponding relaxation absorption of gases is so
small that it is indistinguishable from noise. Thus, locating the
inflection point for gas sensing is not only a simplemethod, but
also the only approach applicable above the MHz frequency

range for acoustic relaxation technology. Consequently, the
proposed method has the potential to monitor gas mixtures in
industry.
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