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1. Introduction

Because temperature is an important factor
related to the strength and behavior of various
materials, there are strong demands for
non-destructive measurements of temperature
distributions inside materials during their heating
processes. In order to meet such demands, the
authors had developed and validated ultrasonic
thermometry  providing internal  temperature
profiling for heated materials®®. The method
basically consists of the ultrasonic pulse-echo
measurements and heat conduction analysis with a
finite difference method. Although this method has
unique potential as a temperature monitoring
method, further improvements in spatial resolution
and time responsiveness are desired for the practical
use. In this work, to meet such requirements in the
ultrasonic thermometry, moving averaging in
acquiring ultrasonic signals has been made and a
heat conduction analysis based on an implicit
method has been proposed. Their effectiveness in
the thermometry has been demonstrated through
experiments with a heated steel.

2. Method

2.1 Waveform acquiring with moving averaging
The ultrasonic thermometry proposed by the
authors can effectively determine the temperature
distribution inside and on the surface of a heated
material, by combining heat conduction analysis
and ultrasonic pulse echo method!®. In the heat
conduction analysis, a finite difference analysis is
employed and temperature distributions are
guantitatively determined by the explicit method
using the forward time centered space scheme
(so-called FTCS scheme). In the analysis, the

condition of h>+/2ar must be satisfied to be
able to obtain stable analysis results, where h is the
grid spacing of the difference model (corresponding
to the spatial resolution of the resulting temperature
distribution), « is the thermal diffusivity of the
measurement object, and t is the time step (related
to the time response in the temperature
determination). Therefore, in order to improve the

spatial resolution in the ultrasonic thermometry, it
is quite necessary to shorten the 1 corresponding to
the interval of waveform acquisition in ultrasonic
pulse echo measurements. On the other hand, to
improve the precision in determining temperature, it
is indispensable to measure ultrasonic propagation
time precisely. Such precise propagation time could
be obtained if appropriate ultrasonic waveforms
having higher signal to noise ratio (SNR) could be
used in the propagation time determination. Noise
reduction due to averaging of measured waveforms
should be effective to improve the SNR. Thus, to
achieve both shorter interval of waveform
acquisition (shortening t) and higher SNR of the
measured signal, so-called time moving averaging
in the waveform acquisition has been applied to the
ultrasonic thermometry.

2.2 Heat conduction analysis by implicit method

We consider a temperature profiling inside a
thick plate whose single side is being heated.
Since the above-mentioned FTCS scheme was used
in the heat conduction analysis in the ultrasonic
thermometry, the accuracy in determining the
heating surface temperature is strongly affected by
the deviation of the ultrasonic wave propagation
time, and the effect extends over a wide region of
temperature distribution from the heating surface to
the interior. In order to overcome this problem, a
temperature analysis by the Crank-Nicolson
method® which is one of the implicit methods, is
applied to the ultrasonic thermometry. It is highly
expected by applying such method that not only
less effect from the deviation of the ultrasonic
propagation time but also improvement of spatial
resolution in temperature profiling.

3. Results

To demonstrate the effectiveness of using the
modified method mentioned above, an experiment
with a single-sided heated steel plate has been made
as shown in Fig. 1, where the temperatures inside
and on the surface of the steel plate are determined
by the ultrasonic thermometry based on ultrasonic



pulse-echo measurements. Fig. 2 shows variations
in the estimated surface temperatures with the
elapsed time. It is noted that the measurements are
being made during no heating. It can be seen that
the scattering in the surface temperature estimated
by the proposed method is smaller than that by the
former method, as expected. Fig. 3 shows the
temperature distributions inside the heated steel
measured at 70 ms after the heating starts. The
spatial resolution of the proposed method is much
better than that of the former method. This is
basically because the resolution in the former
method is limited by the stability condition due to
the FTCS scheme. In addition, a certain fluctuation
in the estimated temperature values near the heating
surface is observed in the former method while the
fluctuation by the proposed method is relatively
small. Thus, it has been demonstrated that the
proposed thermometry provides appropriate stable
temperature profiling.

Ultrasonic transducer

Frequency : 5 MHz
PRF : 1 kHz
Averaging : 100 times

Thermocouple

Fig. 1 Experimental setup for internal temperature
profiling based on ultrasonic pulse echo measurements for
a single side heated steel.
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Fig. 2 Variations in the estimated surface temperatures
with the elapsed time.
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Fig. 3 Temperature distributions inside the heated steel
measured at 70 ms after the heating starts.
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