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Abstract—1In this article, a low-cost, low-complexity photoa-
coustic (PA) sensing system for the simultaneous detection of
CO; and NO; in exhaust gas is presented. The proposed system
is designed as part of a continuous emissions monitoring system
(CEMS) for gas turbine emissions. The system exploits the
amplification of the PA signal provided by an acoustic ring
resonator, which is characterized by a simple and robust structure
and is suitable for in-field measurements. The dual gas detection
is obtained by exploiting two measurement principles; the first
one, dedicated to the detection of NO,, which is present in the
target mixture in the ppm range, is the classical PA effect. In
fact, the optical source is a light-emitting diode (LED) with
a center wavelength of 405 nm matched on an adsorption
peak of NO,. This allows for deriving the NO, concentration
measurement directly from the amplitude of the PA signal.
The other mechanism is used to measure the concentration
of one of the major components of the exhaust gas, with a
concentration in the range of some percentage. The quantity
of CO, is sensed, exploiting its effect on the sound speed, and
consequently on the resonance frequency of the resonator. To
measure the CO, concentration, the system automatically tracks
the acoustic resonance shift. The detection of the two gases
is realized simultaneously by a unique sensor with real-time
measurements. A laboratory characterization of the proposed
systems showed its feasibility. Experimental results show the
possibility to detect NO, with a resolution lower than 1 ppm,
whereas CO, resolution is about 0.2%.

Index Terms— CO, sensor, combustion emission monitoring,
gas measurement system, NO, sensor, photoacoustic (PA) gas
sensors, resonant sensor.

I. INTRODUCTION

HE monitoring and analysis of the composition of
exhaust gases from gas turbines, which are widely used
in power generation and aircraft propulsion, is a widely used
tool not only for controlling polluting emissions to ensure
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TABLE I

GAS TURBINE EXHAUST EMISSIONS OBTAINED BY
BURNING CONVENTIONAL FUELS

Typical Typical
Gas species concentration Gas species concentration
% Volume ppm Volume
Nitrogen (N2) 66— 172 Nitric Oxide (NO) 20 -220
Oxygen (0,) 12-18 Nitrogen Dioxide (NO,) 2-20
Carbon Dioxide 1-5 Carbon Monoxide (CO) 5-330
(COy)
Water Vapor 2-10 Sulphur Dioxide (SO,)  trace - 100
(H,0)
Sulphur Trioxide (SOs) trace - 4
Unburned 5-300
Hydrocarbons (UHC)
Particulate Matter trace - 25
(PM)

compliance with official regulations in terms of air quality
but also for the optimization of the plant operations [1], [2],
[3]. In fact, gas emission monitoring has a prominent role in
turbomachinery condition monitoring (i.e., gas turbines and
combined cycle plants) since it provides direct information
concerning the health and the performance of the combus-
tion plant components (the burner, the compressor, and the
fueling system), as well as the fuel quality [4], [5], [6].
Typically, the concentration of gases in the exhaust flow of
turbomachinery can vary depending on various factors such
as the type of turbine, the fuel composition, the operating
conditions, and the specific application [5]. If we consider
as a reference the typical exhaust emissions from a stationary
gas turbine of one of the world’s most popular industries used
for marine and industrial applications (i.e., the General Elec-
tric Industry), the emission composition can be summarized,
as in Table I [7].

Table I provides evidence to distinguish between two
categories of components: those present in percentage con-
centrations and those present in parts per million (ppm). The
latter category mainly consists of pollutant components aside
from CO and NO,, which are unwanted byproducts of the
combustion of fossil fuels [8]. The theoretical concentration
of major components, such as CO;, or O, can typically be
calculated for a combustion process by knowing the operating
conditions of the plant and the quality of the fuel [9].
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It is, however, crucial to note that under malfunctioning
plant conditions or with low-quality fuel, the measured com-
ponent concentrations may deviate from expected values [8],
[9]. In contrast, pollutant component concentrations can never
be predetermined, making accurate measurement essential for
assessing combustion quality and complying with air pollutant
limits [10]. These measurements require careful and often
costly procedures.

Measuring both percentage and ppm (and even ppb) values
using a single technique presents significant challenges due to
the different concentration scales involved. These challenges
stem from limitations in measurement principles and instru-
ment capabilities.

Several measurement techniques can offer a wide measure-
ment range of gas concentration by employing appropriate
calibration and adjustment procedures or using highly accurate
and advanced instrumentation to cover both percentage and
ppm values. Among these, gas chromatography (GC) with
flame ionization detection (FID) allows for the measurement of
a broad concentration range achieved by adjusting the sample
injection volume or using different detector settings [11],
[12], [13]. Similarly, infrared (IR) spectroscopy [14] can be
employed with different pathlength cells to adjust sensitivity:
shorter pathlength cells can be used for higher concentrations
(percentage), while longer pathlength can be used to sense
lower concentrations (ppm) [15], [16], [17]; however, most of
these are expensive laboratory techniques.

Photoacoustic (PA) detection has gained considerable atten-
tion in emissions monitoring due to its high sensitivity to
trace gases, making it a valuable and versatile solution for gas
measurement and analysis, above all in scenarios involving
low concentrations [18], [19]. The PA gas detection exploits
the PA effect, i.e., the generation of pressure waves due to the
selective adsorption of optical power, which locally heats the
gas present in the optical path. The generation of the acoustic
wave requires dynamic heating, i.e., a time variable power
transferred to the gas achieved by dynamically driving the
optical source. The acoustic signal amplitude is related to the
concentration of the absorbing gas and is sensed by means of
microphones or ultrasonic transducers. A particularly promis-
ing solution exploiting PA detection is the one that enhances
the sensitivity of acoustic detection by means of acoustic
resonators [20], [21]. In resonant PA measurement systems,
the measurement cell, where the gas interacts with the light,
is an acoustic resonator, and the light is intensity-modulated
with a frequency tuned to its resonance, thereby exploiting
the amplification of the resonant structure. These systems
can be coupled to tuned narrowband front-end electronics,
and this allows for further increasing the signal-to-noise ratio
(SNR). The acoustic resonance frequency is determined by the
geometry of the measurement chamber and by the sound speed
[22], [23]. Having a narrowband acoustic readout system has
the advantage of improving the sensitivity of the system and
reducing external interference but poses some issues. In fact,
the measurement systems must always operate tuned to the
acoustic resonance; otherwise, the amplitude of the PA signal
will change, not due to target gas adsorption but due to the
frequency response of the system [22]. If the analyzed gas has
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always the same composition but for gases with concentrations
in the ppm range, as in the case of environmental monitoring
where air is the carrier gas and the additional compounds,
i.e., the pollutants are in the ppm ranges, the sound speed will
experience variations in the order of ppm too, and resonant
frequency can be assumed as independent of the mixture
composition. In these cases, the optical source driving system
can operate at a fixed frequency, with no need to track the
acoustic resonance. On the other hand, for those applications
in which the gas composition varies in higher concentrations
(i.e., in the percent scale), the sound speeds can appreciably
vary; therefore, the variation of the PA signal intensity due to
the acoustic resonance shift effect cannot be neglected [24].

In this work, we show the feasibility of a measurement
technique dedicated to the double detection of CO, and
NO; in the exhaust gases of industrial plants, exploiting the
resonant PA measurement principle and the tracking of the gas
measurement cell acoustic resonance.

Our system is designed as part of a continuous emissions
monitoring system (CEMS) for gas turbine emissions. CEMS
are comprehensive solutions that combine various gas analyz-
ers, sample conditioning systems, data acquisition equipment,
and software for continuous emissions monitoring. These
instruments (few available on the market) primarily rely on
electrochemical sensors.

The significant advantage of our proposed technique lies
in its reliance solely on physical interactions with target
gases without involving chemical reactions. Consequently,
no components of the sensing system undergo transformation
or consumption. This feature greatly extends the lifespan of the
sensing systems, eliminates the need for periodic calibrations
or sensor replacements, and improves the overall performance
in gas turbine combustion monitoring and control applications.

PA sensing, moreover, offers unique advantages in terms of
noncontact, real-time monitoring of specific gas species, espe-
cially when used with resonance-enhanced setups. In contrast,
as far as alternative methods for analyzing combustion exhaust
gases are concerned, IR spectroscopy is versatile but often
complex and costly. GC is accurate but unsuitable for real-
time monitoring; tunable diode laser absorption spectroscopy
(TDLAS) is highly sensitive but can be complex and expen-
sive. FID focuses on hydrocarbons, and mass spectrometry
(MS) provides unmatched sensitivity and selectivity, albeit at
higher costs and complexity.

As shown in Table I, the NO, concentration in the exhaust
flow ranges between 2 and 20 ppm, whereas the CO, concen-
tration is in the interval 1%—5%. In the application of interest,
the variation of the concentration of the major components
of the exhaust gas (such as CO,) appreciably changes the
speed of sound; so, in this article, we propose a PA detection
system in which the light modulation frequency tracks the
resonance frequency of the acoustic resonator. This frequency
is measured to determine the concentration of the major
components of the exhaust gas, and thus, to derive the one
of CO,, whereas the intensity of the PA signal at the tuned
frequency is used to measure the concentration of NO,.
Although the measurement of the speed of sound remains
a widely employed method in gas sensing applications, its
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combination with the PA effect for gas mixture analysis is
novel [25], [26].

Recently, Wang et al. [27] demonstrated the feasibility to
use a combined PA and resonance frequency tracking (RFT)
technique for the detection of methane gas (CHy), in a wide
concentration range: the measurement of concentrations up
to 30% exploits PA detection, above this value the system
switches to the RFT measurement. They used a tunable
distributed feedback diode laser (DFB-LD) as a light excitation
source for the PA detection.

In summary, in this study, we introduce a novel approach
that combines the PA and RFT measurement techniques to
concurrently quantify two distinct gas species: NO, and CO;.
Our focus is on the application of exhaust emission monitoring
in gas turbines.

The proposed system relies on the measurement of the
magnitude of a PA signal to measure parts per million (ppm)
variations in the concentration of NO, within the moni-
tored gas flow. To achieve this, we employ an ultraviolet
light-emitting diode (UV-LED) emitting light in a spectrum
that encompasses an absorption peak specific to NO, but
avoids the absorption peaks of other exhaust gas components.
Additionally, we monitor the concentration of CO,, which falls
within the range of a few percent, by continuously tracking
the resonant frequency of the PA cell.

II. THEORETICAL BACKGROUND

This section will provide a detailed description of the
measurement principles for simultaneously measuring NO,
and CO;, concentrations in exhaust gases. Section II-A will
cover the PA sensing of NO, enhanced by the use of an
acoustic resonant PA cell, while Section II-B will illustrate
the detection of CO,. CO, does not selectively absorb light at
the operating wavelength but causes a significant variation in
sound speed. Its detection is based on the dependence of the
eigenmode frequency of an acoustic resonator on the sound
speed.

A. PA Sensing of NO,

The origins and operations of PA and PA spectroscopy
(PAS) gas sensing systems are rooted in the PA effect, first
discovered by Alexander Graham Bell in 1880 [28]. This
effect pertains to the ability to absorb energy from photons
and convert it into acoustic energy [29].

In the context of gas sensing, a portion of gas enclosed in
a specific volume is exposed to an intensity-modulated light
source. In the following, a sinewave modulation is considered
with frequency f,, (fn = wn /27, w, is the intensity modu-
lation angular frequency). The wavelength of the light source,
denoted as A, is chosen to match one of the peaks in the
absorption spectrum of the gas being monitored. Consequently,
the absorbed light excites the target gas molecules, caus-
ing local and time-varying thermal expansion. This, in turn,
generates an acoustic wave with a frequency given by the
modulation of the light source [29], which propagates through
the gas and can be detected using an acoustic transducer, such
as a sensitive microphone.
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The resulting acoustic wave p(r, ), is typically weak in
intensity, therefore, a good option is boosting its amplitude by
resonant amplification using a resonant-based setup [20], [30].

In more detail, in a resonant PA cell, the acoustic wave
can be described in the angular frequency domain through an
eigenmode expansion as a function of the position, r, with the
following equation [31], [32]:

+ Z Leen JoF,s,(r)
Vcell (,()% - (1)2 + ]%
(D

where « represents the gas absorption coefficient at a given A.
For low concentration of the target gas, « is related to the
number density of the gas molecules, N, and to the absorption
cross-section o (1), through « = No(L); moreover, y is
the specific heat ratio of the gas, Iy is the incident power
generated by the optical source, Q, is the quality factor of
the nth eigenmode with angular frequency w,, F, is the mode
shape factor, whereas s, (r) describes its spatial distribution.
Loy and Vi are, respectively, the length and the volume of
the PA cell [31]. Note that the modal frequencies (or resonance
frequencies) depend on the PA cell geometry and are all
proportional to the speed of sound, such that w, o« c.

To ensure sufficient sensitivity of the system, the wavelength
of the optical source is carefully chosen to grant a sufficiently
high absorption cross-section, o (1), for the target gas, specifi-
cally within one of the gas absorption peaks. It can be observed
that the PA signal is amplified effectively by modulating the
light source to match one of the acoustic resonances of the
gas enclosure (i.e., the PA cell). This is achieved by selecting
the frequency of the light modulation signal, f,, to coincide
with one of the eigenmode (n = r) frequencies such that
fm = fr = (w,/2m) and the amplitude of the selected
resonance mode is amplified by a factor proportional to the
quality factor Q, while the amplitude of the other resonances
is limited by the terms w? —w?, with r # n, at the denominator
of (1).

Exciting the PA cell through the tuning of an eigenmode,
results in a standing wave pattern characterized by nodes (zero
acoustic pressure) and antinodes (maximum acoustic pressure).
The wave amplitude, P, should be measured at an antinode
of the PA cell.

In this configuration, the cell acts as a natural amplification
stage, significantly improving the SNR of the system. In fact,
the measured signal amplitude, P, can be well approximated
by

Lcell
pr,w)=(y — Daloy ———
Ja)vcell

Lce r
19, 1y )

cell @Wr

P =alyF;

where F is obtained by spatially integrating the term in (1)
that describes the spatial distribution of the wave over the
microphone receiving lobe [31].

Equation (2) clarifies how the acoustical resonance of the
cell amplifies the PA signal. In fact, the acoustic pressure
magnitude, besides depending linearly on the optical excitation
intensity on the ratio between the length and volume of the
PA cell, varies with the Q factor of the eigenmode.
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Conversely, P is inversely related to the operating frequency
(the lowest modes are preferable).

Finally, as per (1), the PA signal amplitude, P, is directly
proportional to the gas concentration (expressed in terms
of density of gas molecules, N) through the absorption
coefficient; therefore, the PA signal amplitude for small con-
centration, varies linearly with the gas concentration, enabling
its measurement.

As the gas concentration increases, the absorption capacity
of gas molecules, however, becomes nonlinear until it reaches
the maximum limit, which causes the saturation of the PA
signal amplitude [33].

B. Measurement of CO, Concentration Through RFT

As discussed in the introduction and clarified with (1)
and (2), the eigenfrequencies of the PA cell depend on the
speed of sound ¢ (f, o c) [32].

This latter depends on the chemical composition, tempera-
ture, and pressure of the gas. For a single ideal gas, the sound
speed can be found as follows [26], [34]:

_ |YRT
C_1/_Mg 3)

where R is the universal gas constant (8.314 J - mol ™' - K1),
T is the temperature of the gas (in Kelvin), and M, is the gas
molar mass.

Assuming to operate at constant temperature and pressure
(a reasonable assumption for this work) and in case of a
mixture of K gases, both M, and y will be derived from the
characteristics of the individual gas components, as follows:

ZiK—l CYi C[’y» X
y==" 1 M,= Cy My,
ZiKzl CYiCUY, ‘ ;
i=1,2,..., K gas component @

where ¢, and c,, are the specific heats at constant pressure
and volume, respectively, of the Y; species, My, is its molar
mass whereas Cy, is its volume concentration.

From (3) and (4), it can be deduced that when there is a
significant variation of the composition of the analyzed gas,
this will result in a significant change of the speed of sound,
and thus, in a measurable shift of the resonance frequency of
PA cell (Af, o Ac, Ac*> ~ (RT(yAM, — AyMg))/Mg)).
In particular, with reference to the monitoring of the methane
(CHy4) combustion exhaust flux, by ignoring the components
that are present in ppm values, the stoichiometric combustion
reaction is given by [9]

CH4 420, — CO; + 2H;0. (5)

In the present application, given a certain fuel/air ratio, the
following volume concentration for the major components is
found at the input of the combustion system:

CN2 = (1 — x)0.79; C02 = (1 — x)0.21; CCH4 =X (6)
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Fig. 1. Speed of sound in the dried and cooled gas exhaust as a function of
the CO, evaluated according to (10) at 25 °C.

where x is the fuel concentration. At the exhaust of the com-
bustor, the expected concentration of the major components
for a perfect combustion will be

Cy, = (1=x)0.79;  Cp, = (1 —x)0.21 —2x;
Cio = 2; xCey, = 0. (7)

/ —_— .
CCOZ = X;

In a real combustion, a deviation (8) from this ideal situation
can be expected, and the major component concentrations will
be

Ch, = (1 =x)0.79;  Ch = (1 —x)0.21 = 2(x — 3);

Coo, =x =8 Cpo=2(x—138); Ccyy=3. (8)

Finally, considering that the water is almost removed by the
gas sampling system (brought by the chiller in the 1073
concentration range) before reaching the measurement device,
the gas mixture in the PA detector will have the following
composition:

A Ut B P A Sl

On, = 1—2(x—3)0'79’ Ceo, = 1—2(x —98)’
s (I=x) _ 2(x —90)

Co, = 1-2(x—98) 1—2(x —9§) ©)

therefore, the speed of sound in the measurement chamber can
be expressed as in (10), shown at the bottom of the page.

In the considered application, the CO, concentration ranges
from 1% to 5%; therefore, the expected variation of the sound
speed is considerable, and in the ranges of some percentages
too, as shown in Fig. 1.

The relationship between sound speed and CO, con-
centration is approximately linear, with a slope of about
—0.72 (m/s)/%CO, and a maximum nonlinearity error (NLE)
of 0.64% (of the span).

This variation of the sound speed in resonant-based PA
gas sensing setups that operate with a fixed frequency optical
source modulation, not granting that f, is equal to the
resonance frequency f, in any working conditions, will have

2

RT (CI/\/Jz Cpx, + ng Cpo, + Céoz CPCOZ)

c =

(C{\;z chz + ng CUOZ + ng CUCOZ) (CI/\/IZ MNZ + ng MO2 + CéOZ MCOZ)

(10)
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an impact on the accuracy of the measurements because
the resonance of the PA cell changes by changing the CO,
concentration. Specifically, in this scenario, the amplitude of
the PA signal amplitude is influenced by the displacement
of the frequency response peak of the PA cell, i.e., by the
difference between f,, and f,.

A PA resonant system used in the context of interest, must
therefore, operate by adapting f,, to the PA cell eigenmode
frequency in any measurement conditions, i.e., with any con-
centration of CO,. This means that the system must embed a
RFT technique.

The tracked resonance can then be exploited for a direct
measurement of the CO, concentration since f, « c.

It should be noted that although the percentage concentra-
tion of a gas in a mixture greatly affects the resonant frequency
of the acoustic cell, the intensity of the PA signal generated
by the gas-light interaction, on the other hand, depends just
on the light absorption capability of the gas according to its
absorption spectrum (thus, on the wavelength of the selected
optical source).

III. MEASUREMENT SYSTEM AND
PROCESSING TECHNIQUE

A. Measurement Setup

The laboratory measurement setup used to illustrate the
feasibility of the proposed technique is depicted in Fig. 2.
Specifically, Fig. 2(a) presents its block diagram, while
Fig. 2(b) provides a photograph of the overall measurement
setup and details of the PA cell.

The developed measurement technique is based on exciting
a PA signal in the acoustic resonator [PA cell in Fig. 2(a)],
using an optical source [LED in Fig. 2(a)] that among the
different compounds present in the exhaust gas, is adsorbed
by NO, only. The ring resonator shown in Fig. 2(b) [31]
is the used PA cell. With this geometry, the first eigenmode
is characterized by two nodes situated at the endpoints of a
diameter and two antinodes positioned at the endpoints of a
diameter perpendicular to the first [31]. The LED position
determines the illuminated region, and thus, one antinode
position and the microphone is placed at the other antinode,
where the acoustic pressure is maximized, thereby optimizing
the SNR of the system. On the other hand, the gas flow
openings are strategically placed at the pressure nodes to
minimize acoustic losses.

The LED is driven by an ad hoc designed driver hosted in
the front electronic board, which amplifies the signal generated
by an arbitrary waveform generator [AWG in Fig. 2(a)]. The
same board also contains the conditioning electronics for the
PA signal, sensed by a microphone, which is then acquired
through an A/D board and processed by a PC. The PC also
manages the whole experiment through a virtual instrument
(VI) in a LabView environment.

In detail, the used optical source is a UV-LED manufactured
by Stanley Electric (NDU1104ESE) with a peak wavelength
Apeak = 405 nm and a maximum expected wavelength shift of
15 nm. The choice of this LED was based on previous findings
by Fort et al. [31], which presented a resonant-based PA
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Fig. 2. Measurement system setup. (a) Schematic representation.
(b) Photographs of the overall measurement setup.

sensor for NO, detection in low concentration. The LED was
selected to attain light absorption by the NO, gas, which has
a prominent absorption peak at this wavelength and a spectral
amplitude around Apcqc adequate to cover any peak wavelength
change during real operation [21], [35]. Simultaneously, this
choice avoids absorption interference from CO,, oxygen, and
N. By doing so, it prevents any absorption interference on the
generated PA signal. Additionally, the LED is a cost-effective
solution that can be easily incorporated into a low-power
system, and it serves as an ideal solution for resonance tracking
since the illuminating beam can be easily manipulated by
controlling the driving current. The exciting current in this
work is set by means of an AWG by Agilent Technologies
(AG33220), which is appropriately configured to produce a
sinusoidal current with a maximum peak-to-peak amplitude
Toupp Of 200 mA at the desired modulation frequency f,.

The PA cell [see Fig. 2(a) and (b)] consists of a ring-shaped
structure made of polished aluminum; it has a volume of
3.3 cm? and a Q-factor of approximately 28 [31]. The design
and dimensions of the cell were optimized to enhance the
pressure/acoustic sensitivity of the system while still ensuring
high performance in terms of response time and robustness
against influence quantities, as discussed in detail by Fort et al.
[31]. The resonance frequency of the first eigenmode of the
cell was evaluated through finite element simulations both in
air and nitrogen and experimentally validated when operating
in pure Ny, yielding a value of f, = 4112 Hz.
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Fig. 3. Front-end board schematic.

It should be noted that the molar mass of air and N, is
approximately the same: the molar mass of air is approxi-
mately 28.97 g/mol, while the molar mass of N, is approx-
imately 28.02 g/mol. As a result, the speed of sound, and
thus, the frequency f,, in these two media does not deviate
significantly.

The top side of the cell embeds a total of four holes; two are
dedicated to the inlet and outlet of the gas, while the remaining
are needed to house the light source (LED) and the microphone
employed for the PA signal detection.

The microphone used is a low-noise MEMS microphone
manufactured by STMicroelectronics (MP23AB02B).

The front-end electronics (whose schematic is reported in
Fig. 3) is responsible for properly adapting the driving current
for the LED and for conditioning the PA signal detected by the
microphone for the acquisition and processing tasks. In partic-
ular, the detected PA signal passes through a preamplification
stage that converts the unbalanced output of the microphone to
a balanced one, then properly amplified, and the band passed
in a specific range of frequencies around f,. The electronics
must be designed so as to avoid distortion for any possible
shift due to the gas composition change inside the cell; at the
same time, it has to be as narrow a band as possible to limit
external acoustic interferences.

In this work, the system bandwidth (—3 dB) was set to
500 Hz, centered on the cell resonant frequency f,, evaluated
in N,. The PA signal is acquired by a 16-bit data acquisition
board (DAQ, NI PCI601) with a maximum sampling rate
of 200 kS/s. The desired gas flow injected into the PA cell
during tests is achieved using an accurate flowmeter system
(Bronkhorst F-201C, 100 mL full-scale accuracy £0.5% read-
ing plus £0.1% full-scale). This system is digitally controlled
by the user, allowing for adjustments of the gas concentration,
mixture composition, and total flow. In this study, the total
flow is maintained constant at 100 mL/min throughout the
measurements. The different gases are provided by a special-
ized company (SOL, S.p.a) in certified gas cylinders of 50 L.
All the mixtures used in the test are obtained by combining
different flows of three reference mixtures, in detail exploiting
certified cylinders of CO, diluted in N, at the concentration
of 20% (2% tolerance), pure N, and 50 ppm NO, (10%
tolerance) in N,.
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Fig. 4. (a) Sound speed as a function of the CO; concentration in
the reference mixture used for laboratory experiments at 25 °C evaluated
according to (4). (b) CO, concentration variation versus variation of the sound
speed at 25 °C left axis: for the reference mixture, right axis: according to (10).
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B. Measurement Protocol

The feasibility and the performance of the proposed mea-
surement technique were investigated by means of laboratory
experiments, using mixtures of N, CO,, and NO, to emulate
conditions like those expected during operations but in con-
trolled and reference conditions. The PA effect was, therefore,
exploited to measure the variation of the NO, in the flow under
test (FUT) in the range between 1 and 50 ppm, whereas the
tracking of the cell resonance frequency is used to discriminate
concentrations of CO, varying up to 8%.

In Fig. 4(a), the variation of the sound speed expected
when varying the concentration of CO; in the gas mixtures
used for laboratory tests is shown. It can be seen that the
variation is almost linear with CO, concentration, with a NLE
of about 0.47% of the span: the slope of the linear fitting is
—1 (m/s)/%CO,. Fig. 4(b) shows how the sound speed varies
in the two situations as a function of CO,, showing that the
laboratory tests will reproduce situations very similar to those
related to the application of interest.

C. Automated Measurement System

As already said, the experiments are managed by the PC
running various VIs developed with the National Instruments
LabVIEW design software. A main VI (see the front panel in
Fig. 5) permits performing the fully automatic measurements,
and in detail, it allows setting the AWG used for system exci-
tation, setting the flow meters to gather data in different gas
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Fig. 5. Front panel of the VI used to perform automatic measurements.

compositions, handling the acquisition task, and the processing
of the PA signal, and finally to save data.

In particular, the VI allows for setting the LED excitation
current amplitude and runs the RFT algorithm, thereby adjust-
ing the LED excitation frequency f,, tracking the resonance
of the PA cell within a selected frequency window, Af.
Additionally, the system provides the option to choose A f and
the number of steps, M, for executing the RFT algorithm. The
algorithm employs a closed-loop control system encompassing
the PC. It iteratively adjusts the excitation frequency within the
predefined range, comparing the amplitudes of the acquired
PA signals to find the frequency that yields the highest signal
amplitude.

This iterative process continues for a specified number
of steps (M), with each step involving signal acquisition
and analysis, taking an adjustable time for signal analysis,
Teass (typically several tens of milliseconds). This real-time
operation ensures that the RFT procedure adapts the working
frequency of the PA cell in M Tp,e,s seconds.

In detail, the executed RFT algorithm (whose flow diagram
is shown in Fig. 6) is designed to change the modulation
frequency, searching for the maximum amplitude of the PA
signal in M steps. During each step S; ( = 1,..., M),
a frequency f; is used to excite the optical source, a fixed time
window of the PA signal is acquired (with a selectable duration
of Ty < Tneas), and its amplitude, P(fs;), is evaluated by
means of an accurate single-tone frequency digital estimation
method. The length of the time windows, T, is set to 200 ms
in this work. The algorithm spans the interval Af, moving
toward the frequency at which the response exhibits the highest
amplitude. This is achieved by comparing the PA signal
amplitude evaluated at each step with the value estimated in
the previous step, which determines the direction of the step,
and the frequency fs; 1 of the excitation source (the AWG in
this case) is changed, accordingly. The number of steps in this
work is set to M = 11.

To enhance the computational efficiency and improve fre-
quency resolution, the algorithm employs variable frequency
steps. The search algorithm initiates by evaluating the response
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Fig. 6. Flow diagram of the iterative frequency tracking algorithm.

amplitude at the boundary frequencies, famax and fa min,
of the chosen interval (Af = fa max — famin)- It then proceeds
to search for the peak using a coarse approach with M’ =
5 steps, each 100 Hz wide (including the two starting points
at famax and famin). This coarse span covers frequencies that
are far from the potential peak frequency. Subsequently, the
algorithm continues processing the remaining M—M’ steps by
halving the step width at each iteration with a dichotomic
scheme.

By employing variable width steps and combining coarse
and refined search strategies, the algorithm aims to reduce
computing time while achieving a higher accuracy in locating
the resonance peak.

In this work, the frequency searching interval is
Af = 500 Hz; it follows that the last step has a width of
1.56 Hz that corresponds to the resolution of the search and
tracking algorithm and is proven to also determine its accuracy.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The feasibility of the proposed dual gas sensing method
has been investigated by experimental tests in the reference
conditions described in Section III-B. During measurements,
the performance of the frequency tracking algorithm and
of the evaluation of the PA signal was characterized by
exposing the system to different concentrations of CO, in the
range between 0% and 8%, and of NO, in the range between
0 and 50 ppm, in pure N, as carrier gas. The measurement
system is set to perform one peak measurement in about 2 s
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during which the designed search and tracking algorithm is
executed. As described in Section III-C, the algorithm takes
M = 11 steps, each one about 200 ms long, to track the
resonance frequency of the resonator. The results obtained
during the RFT algorithm are presented in Fig. 7. The figure,
which serves as an illustrative tool to elucidate the sensing
mechanisms, presents different situations obtained in different
gas mixtures as described in the legend. The measurements
performed during the RFT algorithm execution are displayed
in terms of frequency and PA signal amplitude as markers,
illustrating all the intermediate results obtained during the
execution of the M steps (11 points). These M points actually
sample the PA cell resonant response in the different tested
conditions. Fig. 6 also includes lines representing the results
of curve fittings, where the measurement data fits with the the-
oretical responses of the resonator (i.e., |P(f)| = (G,/((1 —
((F1ED? + (f/Qr f)P)'?)), where G, is the dc gain of
the system) showing the adherence of the resonant behavior of
the PA cell to the expected one (a resonant system with a Q-
factor of 28). It can be seen how the spectral response of the
system is affected by the presence of the two target gases in
accordance with the behavior described in Sections II and II1,
i.e., the light is not absorbed by the CO, gas; hence, its
presence in large concentrations only affects the sound speed
and shifts the resonance frequency of the chamber but not the
PA signal magnitude. On the other hand, NO, absorbs the
optical power, and the amplitude of the PA signal increases
with its concentration, whereas, since its concentration is in
the ppm range, the influence on the sound speed and the
consequent frequency shift can be neglected.

Even in the absence of NO,, i.e., in the absence of any gas
with an absorption peak tuned to the used optical wavelength,
there is a large PA signal, which, moreover, represents the
background (pure N, test case). This can be due to nonspecific
adsorption of the gas species and of the solid parts of the
chamber, sometimes called “wall noise,” [23] whereas the
presence of 40 ppm of NO; increases the PA signal amplitude
by about 20%.

Fig. 8(a) shows the results of the RFT algorithm obtained by
varying the concentration of CO,, using N, as the carrier gas
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Fig. 8. (a) Measured frequency shift and (b) PA signal amplitude at the
tracked resonance frequency as a function of the CO, concentration, with Nj
as the carrier gas and fixed concentration of NO; set as 10 ppm vol/vol; total
flow 100 mLIl/min.

and with a fixed concentration of NO,. It can be seen that in
the tested range, the relationship between CO, concentration
and measured resonance frequency shift Af is quite linear,
with NLE lower than 0.3% of the spanned range and with a
slope of the linear fit equal to 11.9 Hz/%CO,, which corre-
sponds to a satisfactory sensitivity. In fact, considering that the
search algorithm has a resolution of about 1.6 Hz, this means
a resolution of CO, concentration of about 0.2%CO, in the
target application (0.13%CO, in the laboratory tests). These
results are perfectly explainable with the expected variations of
the sound speed due to the presence of CO,. In fact, as shown
in Fig. 4, the presence of 8% of CO, causes a relative variation
of the sound speed of 2.5%j; correspondingly, the measured
resonant frequency shift is 100 Hz, corresponding to 2.5% of
the resonance frequency in the absence of CO;.

In Fig. 8(b), the estimated amplitude of the PA signal is
shown, and it can be seen that its variations, AV, in the tested
range, are little, and smaller than a few tens of millivolts.
This is important because any variation of the PA signal
amplitude due to the CO, presence causes an error in the NO,
measurement that relies on amplitude detection.

The system response to variable NO, concentration, with
a fixed concentration of CO, and N, as the carrier gas,
is reported in Fig. 9(a), which shows the output of the RFT
algorithm in terms of estimated resonance frequency in the
presence of different concentrations of NO,, from 0 to 50 ppm,
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nitrogen as the carrier gas and fixed concentration of CO, set as 2% vol/vol;
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TABLE I
MEASUREMENT RESULTS IN DIFFERENT TEST CONDITIONS

test condition AV, (V) Af (Hz)

Cco:=0%

Cno2=10 ppm £1.2 ppm 0.19 £0.013 1.2.£0.92

Cno2=20 ppm £2.3 ppm 0.38 £0.013 -1.0 £0.92

Cno2=30 ppm £3.4 ppm 0.59 £0.013 -0.9 £0.92
Cco=4% 10.1%

Cno2=10 ppm £1.2 ppm 0.18 £0.013 -47.1 £0.92

Cno2=20 ppm £2.3 ppm 0.37 £0.013 -46.4 £0.92

Cn02=30 ppm £3.4ppm 0.58 £0.013 -47.7 £0.92
Cc02:=8% 10.15%

Cno2=10 ppm +1.2 ppm 0.19 +0.013 -94.3 £0.92

Cno2=20 ppm 2.3 ppm 0.39+0.013 -93.5+0.92

Cno2=30 ppm 3.4 ppm 0.57 £0.013 -95.1£0.92

whereas Fig. 9(b), shows the results obtained by the searching
algorithm in terms of PA signal amplitude, as a function of
NO,; concentration. It can be seen that the amplitude response
is pretty linear with a sensitivity of about 20 mV/ppm NO,;
correspondingly, the errors due to the maximum possible
variation of CO, concentration in the application of interest
(2.5%CO0; in test conditions) are equivalent to uncertainty on
NO, concentration measurement smaller than 1 ppm.
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Finally, the proposed technique performance is summarized
in Table II, where measurement results are reported together
with the estimated combined standard uncertainty.

V. CONCLUSION

In this article, an effective technique for the simultaneous
measurement of the concentration of NO, and CO, in the
exhaust gases of industrial plants is presented. The proposed
methodology can be extended to any gas analyzer devoted
to the measurements of compounds with very different con-
centration ranges by appropriately selecting the optical source
or sources for the detection of gases with concentration in
the ppm range while exploiting the sound speed variation for
the detection of gases with concentrations in higher ranges.
We performed experimental validations to assess the feasi-
bility of simultaneously detecting the two target gas species;
experimental results show the possibility to detect NO, with a
resolution lower than 1 ppm, whereas CO, resolution is about
0.2%. The technique exploits PA detection boosted by acoustic
resonant measurement cells. The proposed system allows the
detection of two gases by a unique sensor, which is simple and
robust, both as far as the optical components required (simply
an LED), the mechanical structure of the cell, which, as dis-
cussed in [31] allows for an easy mounting and positioning
of the optical source, microphone, and gas inlet and outlet.
Regarding the hardware configuration, the measurement setup
represents a scalable solution as it can be readily adjusted
for the detection of various gases, even those found in low
concentration within the examined flow, by simply choosing
a different light source. Finally, as far as the electronics is
concerned, the system is based mainly on ad hoc designed
front-end circuits and on instruments. Indeed, in accordance
with the operational specification of the system, the AWG, the
acquisition board, and the PC used for the validation of the
proposed sensing system can be easily replaced by suitable
low-cost embeddable electronic components such as a Direct
Digital Synthesizer (DDS) and a microcontroller; therefore,
the developed system is not only useful to give a proof of
concept for the proposed measurement technique, but it can
be seen as the prototype for a stand-alone low-cost sensor.

Summarizing, the novelty of the proposed approach lies in
its uses of RFT, a crucial element for achieving the necessary
precision in detecting target gas (NO;) with resolution within
a part per million (ppm), in environments where variations
in sound speed occur due to different working conditions,
including fluctuations in carrier gas composition. We have
demonstrated the feasibility of using RFT as a direct mea-
surement of CO, concentration in the discussed application.
Furthermore, the exploitation of a ring-shaped resonator as the
PA cell structure not only ensures a high sensitivity but also
facilitates the incorporation of straightforward, cost-effective
conditioning electronics. As a result, our method represents
both a breakthrough and a practical advancement in the field
of exhaust gas monitoring.
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