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ABSTRACT

The perturbation factors involved in ultrasonic broadband characterization of viscous fluids are analyzed.
Precisely, the normal incidence error and the thermal sensitivity of the properties have been identified as
dominant parameters. Thus, the sensitivity of the ultrasonic parameters of attenuation and phase velocity
were measured at room temperature in the MHz frequency range for two reference silicone oils, namely
47V50 and 47V350 (Rhodorsil). Several methods of characterization were carried out: time of flight, cross-
correlation and spectral method. These ultrasonic parameters are measured at room temperature. For this
family of silicone oil, the dispersion of the attenuation spectrum is modeled by a power law. The velocity
dispersion is modeled by two dispersion models: the quasi-local and the temporal causal. The impact of
the experimental reproducibility of the phase velocity and acoustic attenuation was measured in the
MHz frequency range, using a set of ultrasonic transducers with different center frequencies. These mea-
surements are used to identify the dispersion of the ultrasonic parameters as a function of the frequency.

A first experimental and descriptive approach is developed to assess the reproducibility of the normal
incidence between the acoustic beam and the viscoelastic material. Thus, the relative error on the mea-
surements of velocity and attenuation are directly related to the angular deviation of the ultrasonic wave,
as well as the sampling and signal-to-noise ratio. A second experimental and phenomenological approach
deals with the effect of a temperature change, typical of a polymerization reaction. As a result, the

sensitivity of the phase velocity of silicone oil 47V50 was evaluated around —2 ms~' K.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ultrasonic techniques in non destructive testing (NDT) or non-
destructive evaluation (NDE) have proven to be useful in several
material evaluation areas. The measurements of velocity and
attenuation dispersions are the most important factors in the mon-
itoring of several properties such as ageing of a structure [1],
viscoelastic behavior [2], polymer cure [3-10] and porosity charac-
terization [11]. Reproducibility at normal incidence and tempera-
ture sensitivity has an important effect on dispersion acoustic
parameters. In this paper, a measurement method is proposed for
the ultrasonic characterization of a fluid layer by several methods:
time of flight, cross-correlation and spectral method. Their impact
is studied in the context of an application on a production monitor-
ing of composite plates by RTM. The dispersion in attenuation
characteristic is modeled by power law [12-14]. The velocity
dispersion is modeled by Szabo [15] and O’Donnell et al. [16]. In
normal incidence, the error of distance measurement, the relative
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error of time due to the sampling measurement and the relative
error of time due to the signal-noise ratio (SNR) present a major
impact on acoustic parameters. Furthermore, the sensitivity of
the phase velocity to temperature is evaluated as an essential
parameter. The article is divided into three parts: the first presents
the equations for measuring the acoustic properties; the second
part describes the proposed experimental setup and the results
of reproducibility of the normal incidence and the sensitivity to
temperature. In the third part, acoustics parameters were mea-
sured using several methods for two reference silicone oils by dif-
ferent center frequency transducers in the MHz range. Viscosity is
evaluated using the Cole-Cole model [17].

2. Theory
2.1. Velocity and attenuation calculations
In order to characterize ultrasonic velocity and attenuation in

the fluid samples, we placed the fluid in a tank. The measurements
were carried out at normal incidence which corresponds to the
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maximum acoustic energy signal. Considering the first round-trip
signals s;(t) and s,(t), measured at two positions dyeand dyes + Ado;
respectively (Fig. 1(a)), the arrival times and maximum amplitudes
of the first round-trip echoes are denoted as (t;,A;) and (3, A),
respectively.

2.2. Time of flight method

Using the time of flight method, the velocity ¢y, (Eq. (1)) is
expressed as a function of dt;r=t; — t; and the attenuation o,
(Eq. (2)) is related to the echo amplitude ratio A;/A;:
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Some alternative are based on those time of flight methods. Partic-
ularly, the time of flight ét;, can be estimated using the rising time
dt1g OF dtag, at 10% or 20% of the maximum of the envelope of the
round-trip echoes, respectively. In the case of the amplitude ratio
A1/A,, it can be estimated using the ratio between the maximum
of the rectified echoes or the ratio between the maximum of the
envelope of the echoes.
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Fig. 1. Experimental setup (a) with the two positioning configurations, and (b)
associated incidence discrepancy relative to the normal theoretical case.

2.3. Cross-correlation method

The cross-correlation technique is commonly used to calculate
time delay dt,, between two signals supposed to have the same
shape (no distortion). The cross-correlation function between the
two signals sq(t) and sy(t) is written as:
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The time of the maximum of this cross-correlation function (Eq. (3))

corresponds to the characteristic time delay ét., between s,(t) and

s1(t). Using time cross-correlation technique, the phase velocity

Coilt,cor 1S Written as:
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In addition, the attenuation can be evaluated by the normalized
cross-correlation 5152 between s;(t) and sy(t) (Egs. (3) and (5)). If
there is no frequency dependent attenuation, one can write
So(t) = Az/Aq1-51(t + Stsor), and the maximum amplitude of the enve-
lope of the normalized cross-correlation rsy/s2 max directly gives the
amplitude ratio A,/A;. This assumption corresponds to the case
where the attenuation is considered constant in the bandwidth of
the transducer:
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where the envelope env(x(t)) of the signal x(t) is determined using
its Hilbert transform Hilbert{x(t)} as env(x(t)) = |x(t) + j.Hilbert{x(t)}|.
Thus, the attenuation in the oil o ¢ cor €stimated via the normalized
cross-correlation amplitude rsis2max (EQ. (6)) is illustrated by
Fig. 3(b) and given by:
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2.4. Spectral method

The spectral method makes it possible to find the ultrasonic dis-
persion properties with frequency [14,18]. The complex spectra of
useful roundtrip signals s¢(t) and s(t), denoted S;(f) and Sy(f) are
given by:
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where So(f) is the spectrum of the emitted signal, Rayoi(f) is the
reflection coefficient of the aluminum to the oil, c,;(f) is the phase
velocity as a function of frequency and o,;(f) is the attenuation as
a function of frequency. The transfer function between these two
positions is:
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The argument of T(f) corresponds to the phase difference between
the signals s;(t) and s,(t) is:
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