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Abstract: The photoacoustic (PA) method is commonly used in the measurement of trace
gas concentration owing to its high accuracy and reliability. However, the conventional PA
method is usually used in the gas-phase environment, which leads to a long measurement
time and a large equipment volume for the degassing process. In this paper, we report a
scheme to measure the acetylene (C;Hjy) concentration from the acetylene-dielectric oil
(CyH,-0il) mixed solution without the degassing process. The frequency and intensity
distribution of the PA signal in the CoH,—Oil mixed liquid is investigated using the fi-
nite element method (FEM). Simulation results reveal that the incident light modulation
frequency and the geometry size of the PA cell are two core factors to determine the PA
signal. Furthermore, a PA sensor system is constructed to measure the concentration of
CyH; from the C,H,-0il mixed solution. The measurement results demonstrate that the
intensity of the PA signal in the C;H,-Oil mixed solution rises mostly linearly with the
concentration of CoH, from 0 to 100 mL /L. The Allan variance results from the continuous
tests indicate that the measurement limit of the PA sensor system is about 0.2 mL/L. This
work points to a novel method for the measurement of the C,H, concentration from the
C,H,-0il mixed solution.

Keywords: photoacoustic spectroscopy; gas-liquid mixed solution; direct measurement;
acetylene concentration

1. Introduction

In recent years, photoacoustic (PA) sensors have been widely used in oil-filled elec-
trical equipment because they have some advantages such as high sensitivity and a rapid
detection time without requiring calibration [1-5]. The PA sensor typically comprises three
core components: a light source, a PA cell, and a microphone [6]. The technological progress
of each of the above components usually contributes to the improvement of the PA sensor.
Thanks to the development of narrow linewidth and high-output power semiconductor
lasers, the measurement accuracy of the PA sensor has significantly improved [7]. In 2000,
M. Wolff et al. [8] reported a PA sensor based on the distributed feedback (DFB) laser,
which can be tuned directly. The direct frequency modulation of the DFB laser avoids the
coherent noise from using chopper and then contributes to higher measurement precision.
In 2005, J.P. Besson et al. [9] reported a PA sensor using a near-infrared tunable DFB laser.
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This PA sensor could simultaneously measure the concentrations of methane (CHy), water
(H,0), and hydrogen chloride (HCI) gasses. In addition, with the development of a precise
fabrication technique, the sensitivity of the microphone is also improved. The sensitivity
from —43.5 dB (capacitive microphones) increased to about —10.9 dB (Fabry—Perot can-
tilever microphone) in 12 years [10-12]. Furthermore, the optimized PA cell structure also
contributes to the improvement of the measurement accuracy of the PA sensor. Y. Ma
et al. [13] proposed a high-sensitivity PA sensor using a retro-reflection-cavity-enhanced PA
cell structure, which effectively suppressed the gas flow noise and enhanced the intensity
of the PA signal. Using this type of PA sensor, the measurement accuracy of acetylene
(CoHy) gas achieved about 138 uL/L.

In prior works, the PA sensors are usually applied in the gas-phase environment. As
a result, the degassing process was required. Therefore, conventional PA sensors have
shown some disadvantages, such as a large volume of equipment and a long measurement
time [14]. In fact, the PA effect also exists in the liquid and gas-liquid mixed-phase
environments. In 1982, T. Kitamori et al. [15] studied the frequency characteristics of PA
signals in the dye solution. They revealed that the resonance peak of the PA signal appeared
at the incident light modulation frequency of about 100 kHz. In 2007, Y. Nosaka et al. [16]
demonstrated that the PA effect also existed in sodium or benzene solutions. Currently,
just a small number of works reported the direct measurement of dissolved gases using
the PA method. J. Dai et al. [17] constructed a PA sensor to measure the concentration of
carbon dioxide (CO,) in water. They demonstrated that the intensity of the PA signal was
proportional to the concentration of CO,. Another work for the direct measurement of
dissolved C,H; from dielectric oil used the photothermal spectroscopy technology [18]. In
their work, an oil-core photonic crystal fiber was used instead of the PA cell. The sensitivity
of the sensor was about 1.4 uL./L.

Although the PA effect has been demonstrated in the gas-liquid mixed solution [17],
to the best our knowledge, the characteristics of the PA signal in the C,H,—Oil mixed
solution is still unclear. The concentration measurement of CoH, from dielectric oil is very
important for transformer fault monitoring [19]. Hence, in this work, we first study the
frequency and intensity characteristics of the PA signal in the C;H—Oil mixed solution.
Our theoretical results reveal that the light modulation frequency and the geometry size of
the PA cell are two core factors to dominate the PA signal. Then, we construct a PA sensor
system to measure the different concentrations of CoH, from the C;H,—Oil mixed solutions.
This work provides a guideline for the direct measurement of CoHj; concentration using
the PA method.

2. Theoretical Analysis of the PA Signal

In order to study the intensity and frequency characteristics of the PA signal in the
C,H,-0il mixed solution, the finite element method (FEM) is used. In prior studies, the
FEM model is a classical method to investigate the frequency and intensity characteristics
of the PA signal in the PA cell [20,21]. In the simulation, the C,H—Oil mixed-phase
environment is treated as an inviscid fluid, and the acoustic transducer is treated as a sound
absorber [15]. If we assume that the dielectric oil is a viscid fluid medium, the degradation
of the PA signal in the PA cell should be consider because a part of the sound wave is
loss to heat due to viscous resistance [22]. As a result, the viscid fluid assumption could
sharply increase the complexity of the FEM simulation. In fact, the error of the inviscid
assumption mainly appears at the high C,H, concentration range because the value of
viscosity increases with increasing CoHj concentration. In the low CyHj; concentration
range, the inviscid assumption is reliable. Moreover, we assume that the distribution of the
C,H,-0il solution is axially symmetrical and that the thermal diffusion length is negligibly
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shorter than the radius of the incident light beam. The axially symmetric distribution is
a method to reduce the simulation time because the model of the PA cell could converse
from three-dimensional (3D) to 2D.

The time and spatial distributions of the incident light beam are treated as a 5-function
series and a Gaussian distribution, respectively. As long as the incident light is modulated,
its wave function I(r, t) can be expressed as follows [15]:

I(r,t) =Ine & Y. 6(t—12) (1)
n=0 f
where 2
- aly,l dn\ —
s = (1 T dT) (2)

where r is the distance from the center of the CoH,—Oil mixed solution, f is the light
modulation frequency, r( is the radius of the incident light beam, I,;; is the maximum of the
incident light power, A is the center wavelength of the incident light, and [ is the length
of the PA cell. s, &, x, n, and T are the light scattering coefficient, absorption coefficient,
thermal conductivity, refractive index, and temperature of the C;H,-Oil mixed solution,
respectively. [x] is a Gaussian notation for the largest integer less than the number x in
parentheses. The photon number of the incident light signal is inversely proportional to
f. Hence, the relationship between I(r,t) and the generated heat H(r, t) can be written
as follows:

H(r t) = %I(r,t) 3)

From Equations (1) and (2), the wave function of the thermoelastic wave p(r,t) in the
C,H,-0il mixed solution can be expressed as follows [23]:

1 92
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where v, B, and Cp are the sound velocity, thermal expansion coefficient, and isobaric heat
capacity in the CoH,-Oil solution, respectively.

In order to magnify the intensity of the PA signal, a typical dumbbell-shaped PA cell
is usually used. Buffer cavities at both ends of the PA cell form an open chamber condition
for noise reduction [24]. The narrower segment between the two buffer chambers is the
resonant cavity. The symmetric external shape of the resonant cavity matches well with
the axially symmetric light beam and the acoustic field [25]. From prior studies [26], the
intensity of p(r,t) at r = a in the gas-liquid mixed solution can be expressed as follows:
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In Equations (4)—(8), Iy and Ky are the modified Oth-order Bessel function and the Hankel
function, respectively.

The core parameters in the FEM simulation are shown in Table 1. From prior studies,
when the length of the resonant cavity (L,) and the buffer cavity (L;) are 1/2 and 1/4 of the
acoustic wave wavelength (A) respectively, they are the optimal dimensions for suppressing
noise. [27]. Therefore, Ly, L;, and A satisfy L, = 1/2L, = 1/4A in the FEM simulation. The
C,oH,-0il mixed solution medium is consisted with 100 mL/L C,H, and dielectric oil. The
environment temperature is 300 K, and the incident light power is 10 mW.

Table 1. Core parameters for the FEM simulation.

Parameters Value
a; cell radius 3.00 mm
Cp; isobaric heat capacity 1902 J/(kg-K) [28]
v; sound velocity 1420 m/s [29]
s; light scattering coefficient 0.081/cm
B; thermal expansion coefficient 0.0008 1/K [28]
a; CoH, absorption coefficient 5.55 x 101 1/cm [30]

Figure 1a,b show the sound pressure variation at the different lengths and radii of
the resonant cavity, respectively. The preliminary sizes of the length and diameter of the
resonant cavity are about 100 mm and 6 mm, respectively. Upon observing the frequency
response curve of the sound pressure signal, a peak is observed. This is because a standing
wave is formed within the resonant cavity, resulting in the enhancement of the sound
pressure. Figure la shows that increasing the length of the resonant cavity from 50 to
150 mm slightly affects the peak intensity and the resonance frequency of the PA signal.
This is because the incident light is quickly absorbed by the C;H,—Oil mixed solution. The
sound pressure dependence of the resonant cavity radius is investigated using a fixed
resonant cavity length of 75 mm. Clearly, the intensity of the sound pressure peak decreases
as the radius of the resonant cavity increases, as shown in Figure 1b. Therefore, a smaller
resonator radius is preferred. However, the radius of the resonator smaller than 3 mm may
give rise to high PA background signals due to the absorption of the wings of the Gaussian
light beam profile. Hence, the optimized resonant cavity geometry size can be achieved
at the length of 75 mm and the radius of 3 mm. Based on this resonant cavity size, the
influences of the buffer cavity length and radius on the sound pressure are investigated,
as shown in Figure 1c,d. Clearly, the intensity of the PA signal at the resonance frequency
increases and then decreases with the length of the buffer cavity. The best length of the
buffer cavity is 15 mm. However, as the radius of the buffer cavity increases from 7 to
12 mm, the intensity of the sound pressure just increases slightly. In order to obtain an
open-ended condition at both ends of the resonant cavity, the buffer cavity needs a large
length and radius to avoid the disturbance of solution flow in the acoustic field [31]. From
the above FEM simulation results, the resonance frequency of the PA signals is from 3 to
6 kHz.
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Figure 1. Simulated PA signal from different geometry sizes of the PA cell. (a) Resonant cavity
lengths; (b) resonant cavity radii; (c) buffer cavity lengths; (d) buffer cavity radii.

For the PA cell, the noise is another important parameter that needs to be considered.
The amount of noise resulting from the PA cell windows and the ambient noise from the
buffer volume to the resonator cavity is called the “noise transmission coefficient” a;,, which
can be determined as follows [32,33]:
o = R (10)
4cos?(kLy) + [(%) + (%)} sin?(kLj)

where S; and S, are the cross-sectional area of the resonant cavity and the buffer cavity
and k is the acoustic wave number. Figure 2 shows the noise transmission coefficient with
different buffer cavity lengths and radii. The value of the noise transmission coefficient
closer to 0 indicates the better noise reduction performance of the PA cell. Obviously, the
noise transmission coefficient decreases as the buffer cavity’s length and radius increases.
In order to achieve a balance between the noise transmission coefficient and the volume
of the PA cell, the length and radius of the buffer cavity are selected to be about 15 mm
and 9 mm, respectively. Hence, we determined the size of the PA cell to be L, = 75 mm,
Ry =3 mm, L, = 15 mm, and R, = 9 mm. Under this size of the PA cell, the intensity of the
sound pressure at the resonance frequency is about 13.7 pPa.
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Figure 2. Noise transmission coefficient at different buffer cavity sizes.

3. C,H, Concentration Measurement

The schematic diagram of the PA sensor system is shown in Figure 3. It was mainly
composed of a light modulation unit, a PA signal acquisition unit, and a data processing
unit. The function of the light modulation unit is to control the laser output power, the
center wavelength, the bandwidth, and the pulse frequency. The PA signal acquisition
unit consisted of a closed C,H,—Oil mixed solution PA cell and a Fabry-Perot cavity (F-P)
microphone. The detection diaphragm of the F-P microphone just came into contacted with
the upper edge of the C;H,—Oil mixed solution. The F-P microphone cannot be immersed
into the solution because it could disturb the PA signal in the PA cell. The collected PA
signal was transmitted to the data processing unit, stored, processed, and then displayed
on a computer.

DtFB” F-P microphone
controlier
PA cell C,H,-Oil
1 \ ﬂ mixed solution
VW +T1L
o

DFB laser \ /
Quartz plate oC

Data processing unit

4 A
| |
; PC <«—— DAQ <«— PD TL
| I
\ ]

Figure 3. Experimental schematic illustration of the PA sensor system. (DFB: distributed feedback
laser, OC: optical circulator, TL: tunable laser, PD: photoelectric detector, DAQ: data acquisition, and
PC: personal computer).

The light modulation unit used a narrow line width 1529.18 nm tunable DFB laser
and a controller. In Figure 4a, 1529.18 nm (6540.45 1/cm) is one of the strong absorption
peaks of C,Hj in the near-infrared region (4000~13,333 1/cm). The absorption coefficient
of CH, at 1529.18 nm is about 5.55 x 1071 1/cm. Although the absorption of C;H, under
6580 cm ! is slightly stronger than 6540 cm~! (Figure 4a), the 1529 nm DFB laser was
commonly used in gas sensing as it was easy to buy. It should be noticed that the absorption
coefficient of the C;H,—Oil mixed solution had significant differences compared to that in
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a gaseous environment [34], and the change in the absorption coefficient only influenced
the intensity of the PA signal. In this work, the measurement of the C,H; concentration
was conducted based on the calibration curve of the PA signal under different C;H;
concentrations, which is nearly independent of the absolute value of the intensity of the
PA signal. The built-in function generator of the DFB laser could superimpose a square
wave signal within the driving current. Hence, the DFB laser could output a continually
modulated light pulse signal into the PA cell. The intensity of the PA signal as a function
of the modulation bandwidth is shown in Figure 4b. The result indicates that the wider
modulation bandwidth is better. Hence, in our experiment, the modulation bandwidth of
the DFB laser was selected at about 62 GHz. The modulated light pulse signal was inserted
into the PA cell through a collimator. Based on the FEM simulation result in Figure 1, the
geometry size of the PA cell was L, =75 mm, R, =3 mm, L; = 15 mm, and R, =9 mm. The
collection of the PA signal was accomplished by the F-P microphone, which was operated
with a tunable 1550 nm DFB laser and a photodetector (PD). The schematic diagram of
the F-P microphone is shown in Figure 4c. The F-P cavity was constructed between the
100 nm thickness gold diaphragm and the end of the optical fiber. The working principle
of the proposed F-P microphone is the F-P interference. The PA signal is loaded onto the
surface of the gold diaphragm, which could have a deformation under the mechanical load
from the PA signal. Hence, the intensity variation in the PA signal was turn into the length
change in the F-P cavity and then induced the change in the interference signal. Figure 4d
shows the sensitivity tests results of the F-P microphone in the sound signal frequency
range from 1.0 to 7.0 kHz. Compared with the conventional condenser and piezo-ceramic
microphones, the sensitivity of the F-P microphone (~—5 dB) improved by about one order
of magnitude [35].
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Figure 4. Performances of the DFB laser and the F-P microphone. (a) Absorption spectrum of CoH, in
the near-infrared region; (b) intensity of the PA signal as a function of the light modulation frequency.
(c) Schematic diagram of the F-P microphone; (d) sensitivity of the F-P microphone.
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Before the measurement, the concentration of C,Hj in the C,H,—Oil mixed solution
samples was calibrated using the gas chromatograph. The model of the dielectric oil is
KI 25X transformer oil. The C,H, concentration range was from 0 to 100 mL/L. During
the measurement, the temperature of the C;H,—Oil mixed solution was kept at about
300 K, and the pressure in the PA cell was kept at standard atmospheric pressure. Each
measurement required cleaning the PA cell and then letting in the C;H,—Oil mixed solution
sample for 10 min through an oil pump. The intensity of the PA signal from the different
concentrations of CoH, is shown in Figure 5a. Obviously, the peak intensity of the PA signal
appeared near the resonance frequency of the PA cell at about 4 kHz, which is consistent
with our FEM simulation results in Figure 1. The resonance frequency of the PA signal was
dominated by the length of the PA cell. Although the length of the PA cell was unchanged
in our experiments, the environmental temperature and vibration may be affected by the
modulation frequency of the incident light and sound wave transport in the C,H,—-Oil
mixed solution. As a result, the frequency corresponding to the PA signal peak showed a
slight change. The inverse relationship is seen for the light modulation frequency below
3 kHz in Figure 5a. This result reflects the sensor system working in the non-resonant mode
because of the decrease in photoenergy with increasing light modulation frequency. When
the light modulation frequency is higher than 3.5 kHz, the contribution of the resonant
effect in the PA cell makes the relationship between the intensity of the PA signal and the
resonance frequency of the PA cell exhibits a Lorentzian line shape. Figure 5b shows the
calibration curve of different C;H, concentrations versus the intensity of the PA signal. The
intensity of the PA signal (p) in the PA cell can be represented as follows [36]:

p = ImaCeer (11)

where C_,; is the PA cell constant. The light absorption coefficient « rises linearly with the
C,H; concentration. Hence, the intensity of the PA signal should have a linear relationship
with the C;H; concentration. Clearly, in Figure 5b, the intensity of the PA signal from the
C,H,-0il mixed solution rises almost linearly with the concentration of C;H, from 25 to
100 mL/L. From the slope of the calibration curve, the resolution of the PA sensor system is
about9.62 mV/mL-L~!. However, within the low CyHj; concentration range (0 to 25 mL/L),
the linear relationship between the intensity of the PA signal and the concentration of C;H,
is not ideal. The reason may be that when the concentration of C;H; is lower than 25 mL/L,
the sensitivity of the F-P microphone is not good. The noise equivalent pressure (NEP) of
the microphone can be calculated as follows:

N
NEP = —
S

(12)
where N and S represent the noise spectrum (Figure 5c) and the sound pressure sensitivity
of the microphone, respectively. The lower value of the NEP indicates higher detection
sensitivity. The values of the NEP from the F-P microphone are shown in Figure 5d.
Obviously, the detection sensitivity of the F-P microphone decreases with decreasing
C,H, concentration.
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Figure 5. Performances of the PA sensor system. (a) PA signal from different concentrations of C;Hp;
(b) calibration curve of the intensity of the PA signal; (c) background noise of the PA sensor system;
(d) NEP testing results of the microphone.

Figure 6 shows the overlayers of the frequency response curve from the FEM sim-
ulation and the experiments. The C;H; concentration is about 100 mL/L. Clearly, the
peak width of the frequency response curve from the FEM simulation is wider than that of
the experiments. In the FEM simulation, the peak width is dominated by the isothermal
compression coefficient, which represents the relative change rate of the thermal balance
density for the dielectric oil medium under the pressure. Hence, the value of the thermal
equilibrium density is a variable because its dependents on the temperature of the dielectric
oil during the FEM simulation. This process represents the heat exchange between the
adjacent medium regions through thermal conduction and induces a thermal relaxation
process. As a result, the simulated peak width of the frequency response curve is wider
than that of the experiments. It should be noticed that the value of the resonance frequency
from the FEM simulation is a good match with the experiments. In fact, the result of the
resonance frequency from the FEM simulation is more important.

1500

~ 12} —FEM
& o 100 mL/L
= ol Lorentz Fitting <
5 0 11000
; i) =
é 6 g §0
o Y =
< 3 ¥ 500 S
g 1
m 0 L 1 M 1 1 0
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Frequency (kHz)

Figure 6. Frequency response curve from the FEM simulation and experiments.
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4. Error Analysis and Stability Tests

There are two possible reasons for the potential sources of measurement error from the
PA sensor system: (1) The intensity of the PA signal is sensitive to the output wavelength
and power of the DFB laser. Figure 7a shows the stability tests of the DFB laser. Although
a laser controller was used to keep the working temperature and drive the current of the
DFB laser, the output of the DFB laser still fluctuated slightly with time. As a results, the
intensity of the PA signal also fluctuated and then induced the error in the measurement.
(2) The sensitivity of the F-P microphone is influenced by the environment temperature
and mechanical vibration (Figure 7b). Although the PA sensor system was placed in the
soundproof box, the performances of the F-P microphone were also affected by the slight
change in the working environment, which induced the error in the measurement.
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Figure 7. Stability tests of the PA sensor system. (a) Output power and center wavelength stability of
the DFB laser; (b) sensitivity and stability of the F-P microphone; (c) Continuous measurement with
the 5 mL/L C,H5-Oil mixed solution; (d) Allan variance calculation results.

To evaluate the repeatability and measurement limit of the PA sensor system, multiple
measurements were carried out (Figure 7c). A continuous measurement of the intensity of
the PA signal using the 5 mL/L C,H,-Oil mixed solution sample at time intervals of 1 min
was performed 360 times. The Allan variance results from the continuous tests are shown
in Figure 7d. Clearly, the measurement limit of the PA sensor system could achieve about
0.2 mL/L when the averaging time is about 3400 s.

5. Discussion and Conclusions

Commonly used technologies for measuring the C,H, concentration include non-
spectroscopic and spectroscopic methods. Among the non-spectroscopic methods, gas
chromatography (GC) and chemical sensors are widely used. The GC is now widely
used in measuring the dissolved CoHj, concentration. The GC is highly sensitive, but it
requires a long measuring time and calibration before measurement. Chemical sensors
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have several distinct advantages such as high sensitivity and good selectivity. However, it
also has some inherent drawbacks such as poor repeatability and sensitivity for a working
environment [37]. The spectroscopic methods include Fourier infrared spectroscopy (FTIR),
Raman spectroscopy (RS), and tunable diode laser absorption spectroscopy (TDLAS) [38].
These spectroscopic methods have some advantages such as high sensitivity and a rapid
detection time without the need for calibration. However, it still has some challenges such
as susceptible to environmental damage and electromagnetic interference. Importantly,
the above technologies are all reliant on the gas-liquid separation process, which could
induce a long detection time and complicate the overall system setup. The comparison of
our proposed PA method with the GC, RS, FTIR, and TDLAS methods is shown in Table 2.
Obviously, the proposed PA method has the distinct advantages of a short measurement
time and low system complexity without degassing. Although the measurement limit
(200 puL/L) is higher than the standard for the oil-filled electrical equipment (1 uL/L), it
could be improved in future studies.

Table 2. Comparison of the dissolved gas measurement methods.

Performance Index GC[39] RS [40] FTIR [41] TDLAS [42] Our PAS
Limit of Detection (C,H») 0.05 uL./L 5uL/L 0.1 uL/L 0.5 uL/L 0.2mL/L
Measurement Time 30 min 30 min 30 min 30 min 20s
System Complexity High High Moderate Moderate Low
Degassing Required Yes Yes Yes Yes No

It should be noticed that the method reported here could also measure the other trace
gas concentrations. In the measurement, the center wavelength of the incident light must
match the absorption peak of the gas. For future studies, the performance of the PA sensor
system could be improved by increasing the incident light power, decreasing the radius of
the PA cell, redesigning the microphone, and optimizing the signal processing process.

In this paper, we studied the PA signal in different concentrations of the C,H,—Oil
mixed solution. It has been demonstrated that the intensity of the PA signal is proportional
to the concentration of CoH, from 0 to 100 mL /L. The Allan variance results from the
continuous tests indicate that the measurement limit of the PA sensor system is about
0.2 mL/L. Compared with conventional PA sensors, the proposed PA sensor could shorten
the measurement time and decrease the volume of equipment due to the removal of the
degassing component.
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