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Abstract – Acoustic pyrometry is a measurement technique for the temperature of
flue gas inside large scale combustion chambers. Detection of first arrival times of
acoustic signals leads to coarse reconstructions of the velocity of sound which is
directly related to gas temperature. In addition these data contain information about
the velocity of flue gas.
Waveform inversion makes use of the time resolved data recorded by the micro-
phones and detects a more detailed model for the speed of sound by solving the
inverse problem of the appropriate wave equation.
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1. INTRODUCTION

Acoustic pyrometry is one of only a few tech-
niques that can give information about tempera-
ture and flue gas velocity in a large scale furnace
of a coal fired power station.

Several acoustic transducers, each consisting
of a sound source and a microphone, are fixed at
the walls of the furnace at one horizontal layer,
see figure 1.

For each measurement, one of the transduc-
ers sends an acoustical signal that the others
receive. From the signals recorded by the micro-
phones we can compute the travel time resulting
in a standard tomography problem or the whole
signal can be used for reconstructing the velocity
profile in the boiler via waveform inversion.

For the purpose of temperature measurement
we can describe the flue gas as an ideal gas
because the temperature is high (>1.200 °C) and
the pressure is low (~0.9 bar). This gives us a
simple relation between temperature T and
speed of sound c:

                         2cT γ=

The number γ  depends on the gas composi-

tion which is known. At full load only 7 of the 8
burners at a height of 25 m (see figure 1) are
operational. This results in an asymmetric tem-
perature profile. Acoustic pyrometry can detect
this asymmetry and control the effect of opera-
tional parameters like burner arrangement, recir-
culated flue gas etc.

Figure 1: Tangentially fired 600 MW furnace.
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2. DATA COLLECTION

We are interested in the temperature distribu-
tion in one horizontal layer at the end of the com-
bustion chamber of a coal fired power station.

Eight transducers are installed outside the
furnace. Acoustical signals are lead by a pipe
with a diameter of about 7 cm through the walls
of the furnace.

For a measurement one of the transducers
sends a very loud acoustical pulse that the others
receive. Next, the second transducer “fires” while
the seven others receive. The signals are pro-
duced by a sparc discharge. As it takes about 40
seconds to load the capacitor, the eight trans-
ducers “fire” at a time distance of 5 seconds.
Without this technical restriction it would be pos-
sible to collect one set of measurements in less
than one second, as the speed of sound is
around 650 to 800 m/s. The signals vanish in less
than 1/8 second. Figure 2 shows the background
noise that is measured during the time of flight
and the signal to be measured. The signal to
noise ratio is good enough for our purpose.

Figure 2: Typical signal recorded by a microphone.

Two ways of exploiting the data are possible.
First, we can make use of merely the time-of-
flight information, see figure 2. This leads to sta-
ble algorithms giving both the velocity of sound
and thereby the temperature and the horizontal
velocity of the flue gas, see section 3. Second,
the whole signal recorded by the microphones
can be used. In this case the propagation of
sound has to be simulated on a computer and a
model for the speed of sound, c, is looked for that
leads to a simulated wave propagation giving the
measured data at the microphone positions. This
is called waveform inversion.

There is a number of problems with waveform
inversion in this application.

1. To get a good signal to noise ratio 25 m
from the microphones, the initial signal
must be very loud. It is so loud that the
linear wave equation does not model
wave propagation close to the sender.

2. Signals are produced by a sparc dis-
charge. Two cathodes with a voltage of
10.000 Volts are moved towards each
other until the sparc discharge takes

place. We do not know what the initial
signal leaving the pipe into the furnace
looks like.

3. Before being recorded by the micro-
phones the acoustic wave has to travel
through another pipe. The additional re-
flections here once again change the re-
ceived signals.

We hope that the first two problems can be
solved using an artificial source for the recon-
struction, see section 4. Measurements in march
1998 showed that the available hardware cannot
measure data that can be used for waveform
tomography. The third problem will be solved
within the re-development of the hardware.

3. TIME OF FLIGHT TOMOGRAPHY

Having measured the time of flight of acoustic
signals in both directions between one pair of
transducers, we can directly compute the mean
velocity of sound on the straight ray between
these transducers. We now have to solve a sca-
lar tomography problem. Our algorithm is based
on a series expansion method, see [1]. The as-
sumption of the fastest part of the wave taking
approximately the rectilinear line between the
transducers is not always fulfilled, but in our case
it is a very good approximation, see [2].

As we also know the difference of time of
flight between each pair of transducers we can
compute the horizontal part of the velocity of flue
gas in the boiler at the measurement height, see
[3].

4. WAVEFORM INVERSION

The expression waveform inversion is the
geophysical name for what mathematicians call
the solution of an inverse problem to the wave
equation. In our case, the wave equation takes
the form
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The term containing v expresses the influence
of the velocity of gas v. The gas is blown in with a
speed of about 20 m/s while the velocity of sound
takes values up to 800 m/s. The influence of v
therefore is rather small and there is no need to
reconstruct v from time resolved data. We can
use the reconstruction of v from time of flight
measurements for the solution of (1).

The index j in (1) belongs to the number of the
source. Currently we assume that the time de-
pendence of the acoustic source is the same for
all transducers, so �  has no index.

Having an approximation for c(x) we can solve
the wave equation (1) using an explicit finite dif-
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ference scheme and compare the results of this
simulation with the time resolved data measured
by the microphone. The idea of waveform inver-
sion is to improve our model for c until the solu-
tion of (1) gives results similar to the measured
data.

A coarse description of our propagation-
backpropagation algorithm is given in [2], it is
based on a multi purpose algorithm for inverse
problems presented in [4]. This technique is
known and has been applied successfully in geo-
physics (see [5, 6]) and works well in 2D-
experiments (see [2]) with simulated data.

For waveform inversion as it is described here
we need to know the function � . This is a prob-
lem as �  is a complicated function because of
the reflections inside the pipe belonging to the
sender. In addition wave propagation is nonlinear
close to the sender. We hope that these prob-
lems can be overcome by using an artificial
source for the reconstruction: using a propaga-
tion-backpropagation method we can solve the
inverse problem for equation (1) with c and �
unknown. This means that we can compute an
artificial source that leads to the same data as
the real nonlinear one.

5. NUMERICAL RESULTS

Figure 3 shows a phantom (a) that reflects the
temperature distribution near the ceiling of a
combustion chamber that is fired through 5 burn-
ers in the ceiling. Below you see the reconstruc-
tion from time of flight tomography (b). Because
of ray bending effects the fastest part of the
acoustic signal does not travel through the cold
areas. This means that the first arrival times
contain no information about these cold spots
and they can not be found in the reconstruction,
see [2].

Picture (c) shows the reconstruction of c with
q and �  known. Without knowledge of �  we get
the reconstruction (d) if we assume q to be
known. If we only have an approximation to q
(see figure 4) and no knowledge of � , we get the
reconstruction (e).

The cross section (f) shows that even with in-
exact knowledge of q and the reconstructed ver-
sion of �  we get much better results from wave-
form inversion than from time of flight tomogra-
phy.

Figure 3: Numerical results for reconstruction of c with and without knowledge of � (t). The phantom (a) is recon-
structed via time of flight tomography (b) and via waveform inversion (c)-(e). The cross section (f) shows that even
without knowledge of � (t) and an inexact model of q the reconstruction via waveform inversion (e) is much better than
the TOF-reconstruction (b).



1st World Congress on Industrial Process Tomography, Buxton, Greater Manchester, April 14-17, 1999.

541

Figure 4: Models for q(x). Grey: original, black: approxi-
mative model.

6. CONCLUSION

We have presented a reconstruction algorithm
that is the natural improvement of standard
acoustic pyrometry. Simulations show that even
when the time dependent part of the acoustic
source has to be reconstructed from the meas-
urements, the results are much better than re-
sults from time of flight tomography.
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