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ABSTRACT

Acoustic  pyrometry is a  non-intrusive
measurement technique that may have several
applications in turbomachinery. This methodology
estimates the gas temperature by measuring the time
of flight of an acoustic wave moving through a
medium. It can be accomplished by placing a sound
source (emitter) and a set of microphones (receivers)
on opposite sides of a section. The emitter generates
a sound pulse, and the receivers detect it. Since the
emitter-receiver distances are known and fixed, the
average temperatures of the paths traversed by the
acoustic pulse can be computed by estimating the
time-of-flight through deconvolution techniques.
However, despite the straightforward principle, an
acoustic wave suffers a variation of ampiltude when
propagating within a medium because of energy
losses and ambient noise. Hence, time-of-flight
estimation becomes a critical task, especially when
considering  high-frequency waves or short
distances between sensors. It is then fundamental to
select proper acoustic waves to maximise the cross-
correlation between the signals of the emitter-
receiver couples, thus improving the accuracy of the
time-of-flight measurements and, consequently, the
estimation of the spatial temperature distribution
within a specific area. This study is a preliminary
investigation, based on a modelling approach, to
estimate the impact of different acoustic waves on
the accuracy of the time-of-flight measurement. The
results of this analysis will be useful to design and
setup an acoustic pyrometry application.

NOMENCLATURE
Abbreviations:
AP acoustic pyrometry
ERC emitter-receiver couple
Symbols:
TOF time-of-flight (s)
T temperature (K)
P pressure (Pa)
f frequency (Hz)
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RH relative humidity (%)
SPL sound pressure level (dB)
SNR signal-to-noise-ratio (dB)
B bias (Pa)

SF scaling factor (-)

RE relative error (%)

Superscripts and subscript:

0 reference state
exh exhaust

act actual

est estimated

s sampling

1. INTRODUCTION

Gas temperature is a fundamental parameter in
industrial systems' operations as it can be used for
performance estimation, operating point control, and
diagnostic purposes.

Several methods are typically used to measure
the gas temperature. They are mainly organised into
two categories: intrusive and non-intrusive
techniques. Intrusive techniques are the most
conventional ones and rely on arrays of physical
probes (i.e., thermocouples, thermistors) adequately
placed within a control section to measure local
temperature values. Despite their ease of use, these
techniques require sensors to be exposed to the
operating fluid, thus offering an overall lower
maximum temperature of use and a limited
resistance in a hostile environment [1]. Moreover,
probes directly interact with the gas, potentially
altering its local physical properties and causing
unintentional errors. Furthermore, devices such as
thermocouples require thermal equilibrium with the
medium, thus presenting limitations in case dynamic
measurements are needed.

Non-intrusive techniques constitute the second
category. Conversely to the invasive one, contactless
methods  allow for remote  temperature
measurement, thus avoiding the abovementioned
drawbacks. Among these techniques, acoustic
pyrometry (AP) is gaining more and more interest in
turbomachinery due to its multiple advantages, such
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as limited intrusiveness, relatively simple set-up,
and nearly instantaneous measurements, which
makes this method particularly suited for control and
real-time applications. Nowadays, its operating
principle is well-known as it exploits the
compressible flow relationship between the speed of
an isentropic sound wave propagating within a gas
and its internal temperature. In particular, the
methodology measures the gas temperature by
estimating the time-of-flight (TOF) of an acoustic
wave moving within a medium through
deconvolution techniques [1]. Typically, it can be
done by placing a sound source (emitter) and a set
of microphones (receivers) on opposite sides of a
section. The emitter generates a sound pulse at a
given instant, and the receivers detect it. Since the
emitter-receiver distances are known and fixed, the
average speed of sound of the paths traversed by the
acoustic pulse can be computed. Consequently, the
temperature distribution of the section can be
estimated.

Several industrial applications using acoustic
pyrometry have been reported in the literature. For
instance, acoustic pyrometry proved to be a valuable
tool for measuring gas temperatures in the furnace
and superheater regions in boilers. Bramanti et al.
[2] presented two classes of reconstruction
algorithms based on AP to measure an industrial
boiler's temperature distribution. Despite the small
data set, they showed a fair match between
simulated and experimental results, underlying how
the technique's resolution depends on the number of
available TOF data, thus, on the number of ERCs.
Furthermore, Kong et al. [3] used AP to reconstruct
the 3D temperature field in an electric heating
furnace. They also considered the refraction effect
of sound waves in their proposed algorithm.

Concerning the turbomachinery field, Kleppe et
al. [4,5] investigated the use of AP for analysing gas
temperature and velocity within a single combustor
of gas turbine and jet engines. They pointed out how,

12 8

11 9
10

(a)

conversely to traditional methods, the technique is
suitable for control as it does not suffer thermal lag.
DeSilva et al. [6,7] successfully used the method to
measure a heavy-duty gas turbine's exhaust gas
temperature distribution. In their investigation, they
underlined how the turbomachinery's flow velocity,
mass flow and turbulence levels require alternative
sound signals conversely to high-intensity pulses
typically used in furnaces and boilers. Furthermore,
at the end of their experiment, they concluded that
the chirp signal was the most robust to calculate the
TOF in noisy environments. More recently, Otero et
al. [8] used AP to simultaneously measure jet
velocity and static temperature fields in subsonic
flows. In the study, they conducted a sensitivity
analysis to assess the influence of different
parameters on the accuracy of the reconstruction
technique. The results suggested how both the size
of the devices used in the computational procedure
and the emitter-receiver couple (ERC) number
significantly affect the estimation accuracy and the
computational burden. The reliability of the acoustic
pyrometry with respect to the number of ERCs used
and TOF uncertainty was further investigated by
Ferrari et al. [9-11] through a statistical approach.
As a general result, they found that if the TOF
estimation is not affected by uncertainty, the
estimation accuracy may be improved simply by
increasing the number of ERCs. Conversely, if the
TOF estimation is affected by some inaccuracies,
then an optimal configuration exists to minimise the
temperature map reconstruction error.

From a general standpoint, several aspects may
influence the quality of gas temperature
reconstruction via AP. For instance, factors such as
the  modelling assumptions, reconstruction
algorithm, ambient noise, and the pyrometer set-up
may introduce uncertainty in the TOF
measurements. Furthermore, the type of signal used
may affect the TOF estimation, thus yielding poor
temperature estimations. In this context, this study

FIGURE 1: ACOUSTIC PYROMETER SET-UP: (a) ERCs DISPOSITION; (b) ERC SIMPLIFIED SCHEMATIC
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investigates the impact of different acoustic waves
on the accuracy of the TOF measurement for given
boundary conditions, such as the test signal
intensity, ambient noise level, atmospheric
attenuation, and sampling capability of the
hardware. Therefore, despite being a preliminary
study, the study aims at providing valuable
guidelines for setting up an acoustic pyrometry
application.

2. MATERIALS AND METHODS

2.1 Case study

In this study, an acoustic pyrometer similar to
the one proposed by DeSilva et al. [7,8] was
considered. Therefore, heavy-duty gas turbine
exhaust was assumed to flow inside a stainless-steel
pipe with a diameter of 1 m. The temperature and
pressure of the turbine exhaust were supposed to be
Texn = 813.15 K and pexn = 101325 Pa, respectively,
whilst the gas relative humidity was considered RH
=70%. With reference to Figure 1a, several ERCs
were assumed to be installed at opposite sides of the
pipe, thus determining a sensible area orthogonal to
the exhaust flow. Here, the exhaust flow velocity
(~180 m/s) was assumed negligible compared to the
speed of sound (~560 m/s). As shown in Figure 1b,
each emitter-receiver couple was supposed to
comprise a speaker (i.e., pneumatic or electro-
dynamic speaker) and a pair of microphones. The
transmitter operating principle was assumed to be
straightforward: at a given instant, the speaker
generates a high-intensity acoustic signal that is
consequently measured by the pair of microphones.
Therefore, the time between detecting the two
signals constitutes an estimate of the TOF.

2.2 Synthesis of the signals

In this analysis, three acoustic signals were
considered: a 10 kHz pure tone, a linear chirp from
4 kHz to 18 kHz, and white noise.

Due to the short acoustic path length (i.e., the
distance between the microphones) and the high
sound speed related to the exhaust temperature, the
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FIGURE 2: TEST SIGNALS: (a) PURE TONE; (b) LINEAR CHIRP; (c) WHITE NOISE
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signals’ duration was set at 1 ms. A 0.1 ms and 0.25
ms fading was then applied to simulate the firing and
shut-off of the signal emissions, respectively.
Signals were assumed to be sampled with a
sampling frequency in the 0.05-1MHz range, and
their amplitudes were selected to guarantee a
predetermined sound pressure level (SPL) in the
80—120 dB range. The SPL definition is provided in
the Eq. 1 for the sake of clarity:

SPL = 20 logy, (Pi;) 1)
where P is the signal's root mean square of sound
pressure and Py =20 uPa. Figure 2 reports the time-
domain representation of test signals of SPL = 100
dB sampled at 500 kHz.

To account for the energy losses due to
propagation within the gas medium, each test signal
was attenuated according to the sound atmospheric
attenuation proposed by Burnside [12]. Figure 3
shows the absorption coefficients for the given
exhaust conditions, geometrical set-up (i.e., speaker-
outer microphone distance), and varying signal
frequencies. Each absorption coefficient was
applied to the corresponding frequency content of
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FIGURE 3: ATMOSPHERIC ATTENUATION
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FIGURE 4: WHITE NOISE BEFORE AND AFTER SOUND ATTENUATION: (a) TIME DOMAIN
REPRESENTATION; (b) POWER SPECTRUM

the signal power spectrum. It is worth noting that the
higher the frequency, the higher the attenuation.
Therefore, it is essential to consider sound
attenuation, especially when broadband signals such
as white noise are considered. Figure 4 reports the
time-domain representation and the power spectrum
of the test signal shown in Figure 2c, before and after
the sound attenuation. It can be noted that the
atmospheric  attenuation damps the higher
frequencies, thus operating as a low pass filter.

Each attenuated signal was then shifted in time
to simulate the different detection at the receivers. A
constant speed of sound along a straight acoustic
path was assumed to compute the travel times from
the speaker to the microphone pair. White Gaussian
noise was added to account for the ambient noise
due to the gas turbine operation. Different,
uncorrelated noise series having the same SPLs were
used at the two receivers. Finally, microphones’ non-
idealities were considered by employing the sensor
model described as follows:

w=le+ Lo nlle)
2 SF,| X,
where x;, y; represents the shifted and measured
signals, whilst B;, SF;, and w; represent the sensors’
biases, scaling factors and noise measurement,
respectively. The measurement noise was assumed
to be white Gaussian noise with negligible SPL.
Therefore, it was supposed to be embedded in the
ambient one. Figure 5 reports an example of an
artificial chirp signal processed by the ERC couple
according to the procedure previously described.

(2)

2.3 Estimation error

A TOF estimate was obtained by cross-
correlating the signals ideally measured by the pair
of microphones. Figure 6 reports an example of
normalised correlation coefficients for each
considered test signal. The relative error between the

actual (computed) and estimated TOF was then used
to assess the goodness of the estimate:

RE = 100 T0Fact = TOFest]
TOFguct

(3)
where the subscripts act, est denote the actual and
estimated value, respectively.

2.4 Sensitivity analysis

A sensitivity analysis was performed to
investigate which test signals were most suitable for
AP applications. To this extent, the scenario depicted
in Section 2.1 was considered, and the exhaust
conditions were kept constant throughout the
analysis. White Gaussian noise of SPL =100 dB was
assumed as ambient noise caused by the gas turbine
operation. Table 1 reports the sensors’ parameters
characterising the pair of microphones.

TABLE 1: SENSOR MODEL PARAMETERS

Parameter Value Unit Measure
B 0.7 Pa
B -0.5 Pa
SF; 1.01 -
SF> 0.97 -

A 19%6 test matrix was then considered. Each
matrix element (i.e., configuration) represents a pair
of sampling frequency in the 0.05—1 MHz range and
signal sound pressure level in 80—105 dB. The
sampling frequency range was discretised
employing a varying discretisation step, whilst the
SPL range was discretised with a constant step of 5
dB. Hence, 114 configurations were obtained.

For each acoustic wave and configuration, the
procedure described in Section 2.2 was used to
generate artificial measured signals at the two
receivers. Signals were then compared via cross-
correlation, and the delays corresponding to the
maximum normalised correlation values were taken

Pisa, Italy
28 — 30 September 2022



XXVI Biennial Symposium on Measuring Techniques in Turbomachinery
Transonic and Supersonic Flow in Cascades and Turbomachines

Correlation Coefficient

,.g 5.0
% £ 00~ .
-i -5.0 1 | | |
0.0 1.0 1.5 2.0 2.5
Time (ms)
()
20 b M ANASIS " | L |
EERHULAWANAY A i
- 0.0 U‘S 'I{U 1.‘5 2.0 2.5
Time (ms)
(b)
P | i
22 oo it ww o WMW\N <«Www\wﬂt\ww}* wmww I M h{ | ”,j i
B 0.0 .5 l
Time (Ins)
(c)
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FIGURE 6: NORMALIZED CORRELATION COEFFICIENT: (a) PURE TONE; (b) LINEAR CHIRP; (c) WHITE NOISE

as TOF estimates. Finally, estimation errors were
computed according to Eq. 3 and used to generate
error maps through interpolation techniques.

3. RESULTS AND DISCUSSION

Figure 7 reports the outcome of a single test run
performed for each test signal, assuming the
scenario described in Section 2.4. As shown in
Figure 7c, white noise yields an estimation error of
less than 1% as long as the signal SPL is greater or
equal to the ambient noise (i.e., SPL>100 dB). On
the other hand, when low-intensity white noise is
considered (i.e., SPL<100 dB), elevated errors are
obtained. Therefore, to be properly detected, white
noise must be more intense than ambient noise. In
other terms, a favourable signal-to-noise ratio SNR
is required to guarantee acceptable TOF estimates,
regardless of the sampling frequency.

Different results were obtained when
considering the pure tone and linear chirp test

5

signals, as reported in Figure 7a and Figure 7b,
respectively. Contrarily to the white noise, the usage
of higher sampling frequencies allows for minor
estimation errors even if test signals with SPL lower
than the ambient noise one are used. This is because
the pure tone and linear chirp have energy
concentrated in narrow frequency bands. Thus, their
correlation is affected only by the noise
contributions at those frequencies.

It is worth noting that the results presented in
Figure 7 derive from a single realisation of ambient
noise. Therefore, different results could be obtained
depending on the time at which the measurement
occurs. To better investigate the influence of the
ambient noise relative to the TOF estimation error,
1000 test runs were conducted. Also in this case, the
conditions outlined in Section 2.4 were considered.
For each test matrix configuration, the estimation
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errors were averaged. The averaged errors were then
used to generate the distribution error maps.

Figure 8 reports the average TOF error maps
generated through the 1000 trials. With reference to
Figure 8c, it can be observed that the white noise
presents almost constant error curves depending on
the signal SPL. Higher sampling frequencies also
seem to worsen the TOF estimates when low SNR
values are considered. On the other hand, pure tone
and linear chirp yield decreasing TOF estimation
error curves for a given SPL and an increasing
sampling frequency, as reported in Figure 8a and
Figure 8b. Despite the similar error trend, linear
chirp proves to be more robust when compared to
the pure tone. For instance, linear chirp returns
estimation errors lesser than 1% already at medium
sampling frequencies (i.e., f=100—500 kHz), whilst
higher sampling frequencies enable the use of test
signals weaker than the ambient noise (i.e., SNR > -
5 dB). The same holds when comparing the linear
chirp to the white noise. Although white noise
provides a slighter advantage in terms of estimation
error at lower sampling frequencies, the linear chirp
performs better at higher sampling frequencies,
where it can sustain 5 dB higher ambient noise SPLs.

6

Therefore, when considering the setup of an
experimental acoustic pyrometer, the choice
between the two test signals should be made
according to the hardware availability or economic
considerations.

4. CONCLUSIONS

Acoustic pyrometry is a non-invasive technique
for temperature measurement that is gaining more
and more interest in turbomachinery. Despite its
multiple advantages, several factors may affect the
temperature measurement due to a poor TOF
estimation of the acoustic signal propagating
through the gas exhaust.

In this study, various acoustic sources were
investigated for time-of-flight measurements.
Estimation error maps were generated to understand
which test signal performed better given a particular
source and ambient noise SPL and sampling
frequency. It was found that linear chirp and white
noise provide better TOF estimates along the
considered cases. In particular, white noise is
preferable at low sampling frequencies in the case of
SPLs greater or equal to the ambient noise ones.
Conversely, linear chirp is most suited at higher

Pisa, Italy
28 — 30 September 2022

o R
Sampling Frequency (kHz)



XXVI Biennial Symposium on Measuring Techniques in Turbomachinery
Transonic and Supersonic Flow in Cascades and Turbomachines

frequencies, where it provides a slight advantage in Sound), MATLAB Central File Exchange.
signal-to-noise ratio. Retrieved August 18, 2022.”
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