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Abstract:

Next to the sound velocity, the absorption coefficient of acoustic waves in fluids is an important
thermodynamic property. Although measurements of acoustic absorption have been conducted in the
past, most of them negate the influence of parasitic dissipative effects or rely on either analytical or
empirical compensation. A typical method for measuring acoustic absorption is to determine the decline
of the acoustic signal amplitude as the wave propagates through the medium. We present an alternative
approach, by utilizing that acoustic waves experience dispersive effects in absorbing media. It is known
that acoustic absorption in fluids increases with the squared frequency of the acoustic wave. On this
basis, we deduce an analytic expression that links the decline of the spectral centroid (center frequency)
of the acoustic signal to the medium’s absorption coefficient. The results are verified using a simulation

environment that is based on finite differences.
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Motivation

High precision measurements of all parameters
are necessary for a complete thermodynamic
description of a fluid. Among others, these are
the sound velocity c, the density p, the shear
viscosity us, the bulk viscosity ug, the isobaric
and isochoric molar heat capacities Cp and Cy,
and the thermal conductivity 4. In the case of
linear acoustics, these parameters cause
absorption, according to the following relation
[6-8]:
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where w is the angular frequency of the acoustic
wave. While the other parameters are well
known, there is still only fragmentary knowledge
of the bulk viscosity ug for most fluids. By precise
measurements of acoustic absorption, equation
(1) allows to determine the bulk viscosity, given
all other parameters are known. There are
numerous technical applications in fluid analysis
that would benefit from a more precise
measurement method for acoustic absorption.

The classical approach to measure absorption is
to analyze the acoustic wave amplitude’s decay
as it travels through the medium. Several
arrangements of transducers and reflectors can
be employed to realize such a measurement. In
[1], a transmission line setup with a sending and
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a receiving transducer is used. In contrast, the
work presented in [5] applies a single quartz
transducer and a reflecting surface.

Absorption constitutes only one mechanism to
affect an acoustic wave’s amplitude, while
diffraction, i.e. the widening of the acoustic burst,
caused by the source’s finite dimensions, is
another. There are options to compensate for
diffraction [5], yet they typically rely on
assumptions about the transducer (i.e. a piston-
type oscillator) that cannot be guaranteed for
most physical measurement setups. To avoid
acoustic near field effects, measurements
should be performed in the far field, enabled by
increasing the acoustic transmission distance,
decreasing the transducer's diameter or
lowering the excitation frequency. In the acoustic
far field, the signal amplitude decreases almost
reciprocally with distance [3]. However, this is
often hard to realize due to limitations in the
apparatus’ geometry [9].

Here, we propose an approach to attain the
absorption coefficient a by analyzing the spectral
distribution of a received ultrasonic burst signal.

Theoretical considerations

The mechanism, by which acoustic waves are
absorbed, implies that higher frequencies yield
greater attenuation (cf. equation (1)). This leads
to a change of the acoustic wave’'s spectral
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distribution. Further, the absorption coefficient a
is expressed as the reduced absorption
coefficient & multiplied by the squared angular
frequency:

a(w) =d- w?. )

It is assumed that an ultrasonic transducer emits
an acoustic wave with a spectral distribution
U, (w), which allows to model its change by using
an exponential decay function:

Ulw,z) =d(2) - Uo(w)e_“(“’)'z,
=d(2) - Up(w)e™@" 7,

where z is the propagation distance of the
acoustic wave and d(z) is a frequency-
independent, but yet unspecified damping factor.
We will consider the centroid of this spectral
distribution U(w, z) similar to [4] and [10]. While
Quam et al. [4] applied this method to seismic
waves; Fink et al. [10] used it to estimate
attenuation in liver tissue.

@)

The centroid of the spectral distribution or
spectral centroid (angular center frequency)
wc(2) is defined as:

my y(2)
moy(2)’
where m,,; is the n-th raw moment of the
spectral distribution U(w, ), given by:

wc(z) =

(4)

My (2) = fmwnU(w, z)dw . (5)

Inserting equation (5) into (4) yields:

fjooo w - U(w,z)dw
ffooo U(w,z)dw
f_oooo w - d(2) - Up(w)e "% dw
B IZ.d(2) - Uy(w)e @2 dw
0 U (w)e~@*% do

f_oooo Up(w)e~2@*z de

wc(z) =

(6)

The fact that d(z) can be eliminated from the
equation demonstrates that the observed
spectral centroid is not a function of the
frequency-independent damping mechanisms.
For further analysis, we compute the spectral
centroid’s w¢(z) spatial derivative. To do so, we
have to calculate the spatial derivative of the raw
moments first, omitting d(z), as shown in
equation (6):
aWln,U(Z)
0z
(7)
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This expression allows computing the
anticipated spectral centroid’s spatial derivative:

dwc(2)
0z

_ —d(mz y(2)mg y(2) — myy(2)my y(2)) (8)
(mo,y(2))? '
(myy(D)my y(2) — Mgy (2)mg y(2))

(moy (2))?

In order to calculate the reduced absorption
coefficient &, the first four raw moments (mg ;(z)
toms ;(2)) of the signal’'s spectral distribution
and the spectral centroid’s spatial derivative
need to be known:

=a

dwc(2)
0z
_ (mo,u(2))?
(Mo, uy(2)my,y(2)—m3 y(2)mey(2)

a =

9)

A discretization of equation (5) allows calculating
the raw moments of a measured spectral
distribution effortlessly, while determining the
spectral centroid’s slope is more challenging. If
the acoustic signal’s spectral distribution can be
measured at two different positions z; and z,, the
spatial derivative of w: can be approximated by
finite differences.

Simulation environment

To evaluate if the proposed measurement
principle is applicable in laboratory experiments,
a simulation environment is created that allows
using signals from a virtual measurement setup.
Here, parasitic influences, for example the
limited bandwidth of the receiving transducer,
can be neglected. This allows evaluating how
well the measurement principle performs under
ideal conditions.

The present simulation environment is based on
finite differences in the time domain (FDTD) [11].
The procedure, first presented by Yee in 1966,
requires a set of discrete field equations. In linear
acoustics, these are the equation of continuity [3]

dp 5

£ _ . - 10
5t pcedivv, (10)
and a form of the Navier-Stokes equation to
account for viscous losses [3]

ov

P o

Here, p is the acoustic pressure, p is the density
of the medium, c is the thermodynamic sound

= —gradp + uV?v. (11)

305



velocity and ¥ the particle velocity. u describes
the combined dissipative losses of the fluid:

Cp — Cy

4

#=§#S+#B+CP‘CV/1- (12)
Note that the adiabatic equation of state in
linearized form is already included in equation
(10). In order to realize an acoustic field
simulation, equations (10) and (11) need to be
discretized. A discretization is achieved by
placing the pressure and velocity fields’ sampling
points on staggered grids (Yee grids [11]) in
spatial and temporal direction.

The FDTD approach to simulate acoustic wave
phenomena is well documented in the literature
and has been applied to multiple problems
[12-14] and as we intend to use this methodology
in the same manner, we refrain from presenting
it in greater detail.

Reflector i

Transducer

Reflector

Fig. 1. Schematic of the simulation setup used to
generate the signals for the verification of the deduced
relation between the shift of the spectral centroid
(center frequency) and absorption.

Evaluation of simulated measurement
signals

To apply the present measurement principle for
acoustic absorption, we require a measurement
setup that allows acquiring a multitude of
ultrasound signals, which have propagated
different distances from a fixed source. A setup
that realizes these criteria consist of a single,
suspended quartz disc transducer to allow for
sound emission in both directions. Two acoustic
reflectors are mounted at different positions from
the transducer. They reflect the acoustic wave
backwards to the transducer. Due to the
differently positioned reflectors, the acoustic
bursts that are emitted by the transducer in
different directions propagate different distances
until they reach the transducer again. Muringer
et al. [15] first introduced this setup for precision
sound velocity measurements. Figure 1 shows a
schematic of the setup.
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We apply a one-dimensional simulation
environment to model the experimental setup.
There are, however, some assumptions made.
First, the reflectors are assumed to be ideal. The
influence of the transducer on the wave
propagation is neglected. Instead, the acoustic
pressure is excited directly by a Gaussian-
modulated sinusoidal pulse at the transducer
position. To acquire the signal, the acoustic
pressure at the location of the transducer is
recorded. Figure 2 shows such a recorded
signal. The distances of the reflectors are z; =
20mm andz; =30 mm, the thermodynamic
properties in the simulation are arbitrarily chosen
to be ¢ = 1500 m/s, p = 1000 kg/m3, and ug =
10 mPa s for proof of concept. Bulk viscosity ug
and thermal losses are not present. They could
be incorporated in the simulation as well,
however, their influence would only be additive
to the effect of the shear viscosity ug, (cf.
equation (1)).

Acoustic pressure (normalized)

o =
E———
——
—

b

——

=

0 50 100 150 200
Time t/ps
Fig. 2. Signal created by acoustic field simulation of

an  one-dimensional  representation of the
measurement setup (figure 1).

As expected, we receive two bursts at about
18 us and 32us. They originated from the
acoustic bursts propagated to and reflected at
each reflector. As the transducer does not
influence the field and is thereby transparent for
acoustic waves, each acoustic bust propagates
to the opposing reflector. Both bursts had
opposing directions, yet they propagated the
same distance and consequently interfere
constructively at the transducer after about
60 ps. After the first constructive interference a
repeating pattern in the received signals’ bursts
emerges. The absorption of acoustic energy due
to the shear viscosity is visible in the bursts’
declining amplitudes.

To apply the proposed measurement procedure
to the recorded signal, it is necessary to assign
the propagation distance to each burst. The
distance propagated by the first two bursts is
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40 mm and 60 mm, respectively. The third burst
propagated 100 mm, the forth 140 mm, the fifth
160 mm etc. The spectral centroid of each burst
can now be determined by calculating the
spectral centroid of its magnitude spectrum.
Figure 3 shows the resulting spectral centroids
of the distances travelled for simulations with
varying shear viscosity ug.
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Fig. 3. Spectral centroids of bursts from signals
created by acoustic field simulations with the
presented simulation environment and varying shear
viscosity ug.

Figure 3 reveals the seemingly linear
relationship between the spectral centroid and
the burst's propagation distance. The slopes are
indicative of the shear viscosity and thereby the
dissipative losses in the examined fluid. Mind
that this linear relationship was not assumed, yet
it facilitates the application of equation (9) to this
specific problem. We can easily determine the
spectral centroid’s spatial derivative by fitting a
straight line through the spectral centroids by
means of least squares minimization. The slope
of this straight line can then be used as an
estimate of the aforementioned derivative

dwc(2)
0z

To compute the reduced absorption of the fluid
&, the raw moments of the magnitude spectra of
the bursts are required. It should be noted,
however, that even if the raw moments m,, ;(z)
of the acoustic burst's magnitude spectra may
vary while propagation through the medium, the
expression

(13)

(mo,u(z))z
my y(2)my,y(2) — mgy(2)mgy(2) '

as well as the spectral centroid’s derivative are
constant. Evaluating expression (14) for each
burst of a recorded signal confirms this
assumption to a satisfying degree. To handle
deviations, we use the mean value of the results

(14)
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of expression (14) for all bursts of a given signal.
The resulting formula is a modified form of
equation (9) for discrete values of z:

a(’-)C [Zn]

@= a0z

(15)

lZN ( (Moy[2za])? )
N Lan=1 \(Mpylza]lmy ylz,] — ms y(z,0moylz,]) )

We are now able to compute the measured
reduced absorption &' and thereby find values
for the measured shear viscosity ug', given that
no other losses are present in the simulation:

ps = E5{’6313 : (16)
4
Note that by considering the reduced absorption
&, we avoid using a discrete angular frequency
w. This circumvents errors, as the signals are
sufficiently broadband to not be considered of a
single frequency, cf. table 1 for a summary.

Tab. 1: Results of the absorption measurement
using signals generated by acoustic field simulation.

Shear viscosity in

; . 1.000 | 2.000 | 5.000
simulation ug / mPa's

Measured reduced
absorption
coefficient

a' /10716 s2m1

1.998 | 3.995 | 9.988

Measured shear

. . , 1.011 | 2.023 | 5.056
viscosity us' / mPas

Based on these results, we are able to estimate
the coefficient of attenuation (i.e. shear or bulk
viscosity) with a deviation of slightly more
than 1% from simulation data. Using finite
difference quotients instead of a straight line to
estimate the spectral centroids spatial derivative
can further improve the results. However, This
would yield one point less than the number of
measured bursts, as well as values for distances
that are located in between the positions of
recorded bursts. We therefore propose using
central difference quotients and thereby omitting
the first and last burst. Expression (14) can thus
be evaluated for each burst and multiplied by the
values gained by estimating expression (13) with
central difference quotients. This results in
values for the reduced absorption coefficient &’
for each burst (excluding the first and last one).
Ideally, these values should be identical,
however, for applications deviations are to be
expected. Here, one could use an average of
these values. This yields a further increase in
accuracy with a deviation of about 1.01% of the
simulation. Mind that all deviations, observed in
the procedure thus far, overestimate absorption
by a small margin.
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Measurement

For a principal verification of the proposed
measurement method, we apply a simple setup,
as shown in figure 4. An ultrasound transducer
(Olympus K.K., model C306-SU) is placed at the
bottom of a tank filled with water. Using a
hydrophone (RP acoustics e.K., model RP 35 s)
mounted on a linear actuator, signals are
recorded at different distances from the
transducer. The received signals are amplified
by a broadband amplifier (FEMTO Messtechnik
GmbH, model HVA-10M-60-F). A USB-
Oscilloscope (TiePie, model Handyscope HS5)
is used for signal generation and acquisition. The
transmitted signal is chosen to be a Gaussian
modulated sinusoidal pulse with a center
frequency of 2 MHz and a relative bandwidth of
0.1.

Hydrophone

=0

7

Water l

Transducer

Fig. 4: Measurement setup used to experimentally
verify the proposed measurement method.

Figure 5 shows the spectral centroid of the
transmitted signal with respect to the distance
from the transducer. Very close to the
transducer, no clear tendency is visible.
However, at distances greater than 30 mm the
expected linear trend emerges. Using the
approximation for the near field length n [3],
deg — 22
n=—=5— (17)

with the effective diameter of the transducer
dess = 13 mm and a wavelength 1 = 0.745 mm,
we estimate the near field to end at a distance of
56.5 mm. The erratic behavior in the vicinity of
the transducer can be accounted to the
measurement being carried out in the
transducer’s near field.

While the slope of the linear trend is in the
expected regime, evaluating expression (14)
does not yield satisfactory results. This may be
due to nonlinear effects in the experimental
setup that are as of now unaccounted for in the
computation but where observed in the recorded
signals. For future research, we aim to eliminate
these nonlinear effects by adapting the
experimental setup or alternatively account for
them in the computation.
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Fig. 5. Spectral centroids of an acoustic burst
evaluated at different distances from the transducer in
water (at 20 °C).

Potential Applications

Many applications are realizable, since the
measurement procedure requires just the
transmission of ultrasonic waves through a
medium within a vessel of a given length.
However, as of now, precise measurements are
not possible and require further investigation.
Approximate or referenced measurement
procedures, however, can be implemented in
existing ultrasonic systems. For example in
ultrasonic flow or fluid level measurement
systems, evaluating the received signal’s
spectral centroid (center frequency) vyields
information about absorption in a fluid. The
sensitivity of such a measurement increases with
the bandwidth of the transmitted signal. If only
one received burst is available, as for example in
level measurement systems, and multiple
reflections are not evaluable, the spectral
centroid of the originally transmitted electrical
burst can be used as reference for the expected
change in the fluid’s spectral centroid during
transmission of the wave.

Conclusions

We present a method to estimate ultrasonic
absorption in fluids, by evaluating the spectral
properties of received signals, i.e. the signals’
spectral centroid (center frequency) using
ultrasonic transmission measurements. The
relation between the statistical properties of the
received spectrum and absorption, as derived
herein, demonstrate to be a viable concept for
determining ultrasonic absorption coefficients of
fluids. Although the performed acoustic field
simulations obtained good results, the
application in a practical measurement system
faces challenges that will have to be overcome.
The proposed procedure yields results for a
qualitative measurement, which we believe is
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sufficiently

precise for referenced

measurements and industrial applications.
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