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Abstract

A measurement procedure using a modified two-chamber pulse-echo experimen-
tal setup is presented, enabling acoustic absorption and bulk viscosity (volume
viscosity) measurements in liquids up to high temperature and pressure. Acous-
tic absorption measurements are particularly challenging, since other dissipative
effects, such as diffraction at the acoustic source and at acoustic reflectors, are
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typically superimposed to the measurement effect. Acoustic field simulations are
performed, allowing to investigate acoustic wave propagation qualitatively. The
absorption coefficient is determined by evaluating the signal spectrum’s raw mo-
ments and applying a method to identify and correct systematic measurement
deviations. Measurement uncertainties are estimated by a Monte Carlo method.
In order to validate the present measurement procedure, the acoustic absorption
in liquid methanol, n-hexane, n-octane, and n-decane is determined experimen-
tally and compared to literature data. The measurement results for methanol
are additionally validated by comparison to bulk viscosity data sampled with
molecular dynamics simulation.

Keywords: Bulk viscosity, Acoustic absorption

1. Motivation

The analysis and description of fluid dynamic processes are among the most
challenging tasks in modern mathematics and engineering. While the fundamen-
tal formalism, the Navier-Stokes equations, is well established, its solutions are
a matter of ongoing research. For mathematical analysis as well as for applica-
tion in computational fluid dynamics (CFD), the parameters of these equations
need to be known. The shear us and bulk viscosity u, occur as thermodynamic
state properties in the compressible Navier-Stokes equations [1]

p(Ov + (v-V)v) = =Vp + us Vv + (ub + %) V(V-v), (1)
where v, p, and p constitute the fluid’s hydrodynamic velocity, density, and
pressure, respectively. While the shear viscosity is interpretable as a measure of
a fluid’s linear momentum loss due to shearing motion, the bulk viscosity is a
measure of its momentum loss due to compression or dilatation. As evident from
equation (1), incompressible fluids (V- v = 0) are not subject to bulk viscosity.
For compressible flows, however, the bulk viscosity needs to be known for the
specific thermodynamic state of the fluid, requiring an equation of state for the
bulk viscosity. A plethora of bulk viscous effects have been observed in com-
pressible fluids, ranging from supersonic flows [2, 3] to shock waves [4, 5, 6, 7].
These investigations, however, suffer from missing, incomplete, or unreliable
bulk viscosity data and were consequently restricted to predominantly qualita-
tive results.

A subclass of compressible fluid dynamics problems are acoustic waves. A
linearisation of the fluid-mechanical equations for a given pressure and density
gives rise to the so-called acoustic approximation, which can predict the propa-
gation and absorption of acoustic waves [8]. Measuring acoustic absorption thus
allows the determination of the bulk viscosity for a given thermodynamic state.
The absorption of acoustic waves is caused by thermal losses due to heat con-
duction v and viscous losses due to shear us and bulk viscosity u,. All effects
superimpose linearly, yielding the absorption coefficient « for sufficiently small
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Figure 1: Schematic of the two-chamber pulse-echo measurement setup for sound velocity
measurements [10]. A transducer emits sound waves in two differently elongated chambers,
which are reflected at the chambers’ respective ends. The received signals’ time delay is a
direct measure of the fluid’s thermodynamic sound velocity.

angular frequencies w [8, 9]

2 4 _
a= 26203 <3us + o+ Ccpp - v) : 2)
with ¢, ¢, and ¢, being the sound velocity and the specific isobaric and the iso-
choric heat capacities, respectively. Consequently, determining the bulk viscosity
on the basis of acoustic absorption requires a range of thermodynamic proper-
ties to be known. In order to lighten notation, the influences of shear viscosity,
bulk viscosity, and heat conduction are summarised into the thermo-viscous loss
tauid of a respective fluid

Cp — Cv

4
Pfluid = g,us + pp + v. (3)

Cp Cy
Further, the parameter a for quadratically frequency-dependent absorption is
introduced

(4)

In order to measure the sound absorption experimentally, different setups
based on the pulse-echo technique exist. Pinkerton [11] uses a single transducer-
reflector construction with an adjustable distance. In contrast, Litovitz et al. [12]
and Johnson Jr. et al. [13] use a closed cylinder assembly resembling an acoustic
waveguide. Available commercial solutions for acoustic absorption measurement
are limited to analyses at atmospheric pressure [14]. In the following, a mod-
ification of the sound velocity measurement setup by Dubberke et al. [10, 15]
is proposed. This setup contains a disc-shaped X-cut quartz transducer (KVG
Quartz Crystal Technology) with 8 MHz resonance frequency that is mounted
openly in order to transmit acoustic signals into two opposing chambers. Two

o= & _ Huid
w2  2pc3
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Figure 2: Typical signal as received by the transducer of sound velocity measurements.

acoustic reflectors are positioned so that the acoustic signals travel different dis-
tances (z; = 40 mm and ze = 60 mm) before they are received by the transducer
(figure 1). The transducer is driven electrically by a signal generator and the re-
ceived signals are recorded by an oscilloscope. The signal quality is increased by
switching the transducer’s electrical connection from the signal generator to the
oscilloscope using a purpose-built circuit based on an analogue switch (DG470,
Vishay Siliconiz). While the signals’ time delay At (figure 2) is a measure of
the fluid’s sound velocity, the amplitude information can be used to determine
acoustic absorption. The measurement cell is housed inside a temperature con-
trolled pressure vessel allowing for measurements at various thermodynamic
states, i.e. in the temperature range between 220 K and 480 K up to a pressure
of 100 MPa. This setup is a starting point for the design of a measurement pro-
cedure for acoustic absorption. In contrast to previous approaches [11, 16, 13],
this experimental setup does not rely on movable reflectors. Signal processing
based on properties of the measurement signals’ spectra is used to determine the
parameters of frequency-dependent absorption mechanisms directly. Expected
systematic measurement deviations are reduced by targeted modifications of the
experimental setup. Residual deviations are identified using reference measure-
ments and corrected accordingly.

2. Signal processing

Signal attenuation can experimentally be determined by comparing the peak
values @(z1) and 4(z2) of the signal at different spatial positions z; and zg. It
is common practice to anticipate an exponential decay of a wave’s amplitude,
resulting in the classical expression for acoustic absorption «

o= 1n(a(zl)>. (5)

zZ9 — 21 'EL(ZQ)
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Evaluating the bulk viscosity by comparing equations (3) and (5) requires the
acoustic signal’s angular frequency w to be known. The signal’s mean frequency
can be used as an estimate for w, but this would cause systematic deviations
arising primarily from strong absorption and large signal bandwidths [17, p
173]. Alternatively, the properties of the signal spectra can be evaluated by
determining the parameter a of a quadratically frequency-dependent absorption
model o = aw?. In the following, two methods are presented. While the first is
based on changes of the centre frequency, the second is formulated in terms of
the raw moments of the signal spectra.

The frequency dependence of the absorption mechanism affects the acoustic
signal’s various frequencies differently, i.e. the higher frequency components are
absorbed stronger than the signal’s lower frequency components, thus giving
rise to dispersion. Consequently, the effect on the signals amplitude spectrum
U(w, z) at any given distance from the transducer z > 0 can be described by

U(w, z) = Up(w)e =% = Up(w)e —aw’z (6)

with Up(w) being the amplitude spectrum of the signal emitted by the trans-
ducer. This approach is similar to the methods introduced by Fink et al. [18]
and Quan et al. [19], who estimate the acoustic signal attenuation by the centre
frequency shift. The signal spectrum Up(w) can be chosen arbitrarily and hence
can also account for the transducer’s frequency response as well as the elec-
trical transmission by assuming linearity and time-independence during signal
acquisition without altering any results. This is particularly necessary because
the transducer used shows pronounced resonant behaviour and thus strongly
frequency-dependent transmission characteristics. The signal spectrum’s i-th
raw moment m; can thus be formulated as

m;(2) =[Z W Ulw2)dw (7)
— f w UO ) —aw? 2dw , (8)

and its changes are assessed by taking the spatial derivative
0.m;(z) = —a/ W Up(w)e —aw’zqy, (9)

A comparison between equations (8) and (9) discloses the integral (9) to be the
spectrum’s (i + 2)-th raw moment, leading to the following relation

0.mi(z) = —a-mua(2) . (10)

The centre frequency w. of a signal can be expressed as a quotient of raw
moments [18, 19]
my(2)
We = . 11
C m()(Z) ( )
Applying the quotient rule and exploiting equation (10) yields the following
expression for the spatial derivative of the centre frequency

ma(z)mq(z) — ms(z)mo(z) .

O,we = a
mg(z)

(12)
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The absorption parameter a can thus be determined if the raw moments and
the change in the centre frequency are known

mg(2)

ma(2)m1(z) — m3(2)mo(z)

a=0,(we) (13)
While raw moments of a signal’s amplitude spectrum can be determined nu-
merically, the centre frequency’s derivative needs to be estimated. As an almost
linear decay of the centre frequency is expected [20], finite differences of the
centre frequency of the signals at z; and 29 are applied. For an application to
measurement signals, z can be chosen arbitrarily.

In an alternative approach for the estimation of the absorption parameter
a, equation (10) can be evaluated directly

B 9,m;(z)

a = .
Mit2(2)

(14)
The raw moments of a signal’s amplitude spectrum can be determined numeri-
cally. The moment’s derivative, however, has to be estimated. While the intuitive
approach would again be to apply finite differences, a different approximation
leads to more conclusive results and takes the nature of absorption into ac-
count. It can be shown that for signals with sufficiently limited bandwidth, raw
moments of the spectrum show an exponential decay [17, p. 167 fI.]. Thus, an

exponential expression
m;(z) = AjeBi® (15)

for m;(z) can be identified and derived analytically. Inserting the resulting ex-
pression into equation (14), while arbitrarily choosing i = 0, yields an estimator
for the absorption parameter depending exclusively on the signals’ raw moments

M m0(21)1n<m°(zl)>, (16)

29 — 21 Ma(21) mo(22)

which bears some resemblance with the monochromatic approach of equation (5).
This new approach, however, directly yields the parameter a of a quadratically
frequency-dependent absorption model by exploiting the dispersive nature of the
absorption mechanism. Further, the result is not influenced by the frequency-
dependent transmission properties of the transducer, which are due to its res-
onant characteristics and may change between measurements. No assumptions
are made about the amplitude spectrum Up(w) transmitted by the transducer
other than that it has a limited bandwidth. The approach can also be adapted
to quantify absorption of arbitrary wave-like phenomena obeying other power
laws and can be expanded to estimate the parameters of absorption models with
multiple parameters [21].

In order to arrive at a robust absorption estimation method, its stability with
respect to noise and other interfering effects has to be established first. Conse-
quently, both methods are applied to measurements signals of liquid methanol,
obtained from the original measurement setup. The dataset explicitly contains
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Figure 3: Thermo-viscous loss measured experimentally using the centre frequency shift ap-
proach (equation (13)) for methanol at various temperatures (¢ 221 K, 4 244 K, ¢ 300 K, = 350 K,
and * 400 K) as a function of pressure.
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Figure 4: Thermo-viscous loss measured experimentally using the raw moment approach (equa-
tion (16)) for methanol at various temperatures (® 221 K, 4 244 K, ¢ 300 K, m 350 K, and * 400 K)

as a function of pressure.
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repeated measurements at each state point that should ideally yield the same
result. The centre frequency shift approach does not yield a clear relation be-
tween the measured thermo-viscous 10ss fimeas and the thermodynamic state of
the fluid, cf. figure 3. Repeated measurements even show large variations. This
instability is attributed to the small relative shift of the signals’ centre frequency,
which could be as low as 0.1 %. In contrast, evaluating the raw moments of the
signal spectra yields significantly less variation among repeated measurements,
cf. figure 4, and indicates a clear relation between the measured thermo-viscous
loss fimeas and the thermodynamic state. Consequently, evaluating the raw mo-
ments of the signal spectra is the preferred method to determine the absorption
parameter a. However, the values given in figure 4 are still superimposed by
parasitic effects which have to be analysed and corrected.

3. Analysis of systematic measurement deviations

In contrast to the effects of the transducer’s frequency response and the elec-
trical signal transmission that can be accounted for by the methods presented
above, systematic measurement deviations caused by diffraction and imperfect
reflections need to be corrected with other approaches. The approach presented
here is based on literature data for bulk viscosity and acoustic absorption as
a reference to derive a correcting procedure using a number of reference mea-
surements. A prerequisite for the proposed procedure is, however, that the de-
viations are deterministic and continuous such that they can be described with
elementary mathematical expressions.

The expected systematic measurement deviations are caused by wave prop-
agation and should therefore only depend on acoustic properties, such as the
sound velocity ¢, density p, and thermo-viscous loss pguiq. A simulation model
of the measurement setup is created allowing to investigate the systematic mea-
surement deviations qualitatively. This virtual model facilitates a full variation
of the fluid properties ¢, p, and pauiq- The field equations are solved numeri-
cally by finite differences in time domain (FDTD) using a dedicated simulation
tool [22]. The wavelengths of the simulated acoustic waves are small compared
to the overall size of the simulation domain so that a rather fine grid resolution
of around 1.2-107 spatial points is required. Despite reducing the computational
effort by exploiting the setup’s axial symmetry, a simulation run takes approxi-
mately 50 h on current hardware (Xeon E5-2670, Intel). Each run yields a time
signal that leads to the absorption parameter ag,, by applying the raw mo-
ments method. Two distinct simulation studies are conducted and their results
are discussed on the basis of the simulated thermo-viscous 10ss figim = 20gimpC”.

In a first simulation series, the original setup is virtually replicated (figure 1).
The transducer mounting is included, covering the outer ring of one side of the
transducer’s active area. Consequently, the transmission characteristics and the
transducer’s sensitivity for incident acoustic waves are expected to differ for each
side. If there were no interfering effects, the thermo-viscous loss determined by
evaluating the simulated signals psm would be equal to the thermo-viscous loss
in the fluid pauiq- The results depicted in figure 5, however, show significant
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Figure 5: Thermo-viscous loss pisip determined from simulation for asymmetric emission char-
acteristics, i.e. including the transducer mounting, for varying fluid parameters. The simulation
results clearly indicate large systematic deviations.

deviations from the ideal values. While the deviations appear continuous with
respect to the fluid parameters, the most notable feature is that the determined
values for peas are partially negative. This effect is also observable in the time
domain, as signals having propagated through the longer chamber seem less
attenuated than signals that propagated through the shorter chamber. This
anomaly is explained in light of the asymmetric transducer mounting, giving
rise to an apparent absorption of the waves inciting from the shorter cham-
ber and consequently yielding negative values for pg, at some thermodynamic
states. A similar effect is observed in the original setup [10], but proves to be
inconsequential for sound velocity measurements.

A second simulation series is conducted without accounting for effects caused
by the transducer mounting. In this case, the results (figure 6) show a signifi-
cantly lower deviation from the ideal values, which is positive for all examined
combinations of fluid parameter values. The deviation is again continuous and
increases with sound velocity and density. Furthermore, the observed system-
atic deviations seem to superimpose to the fluid’s proper thermo-viscous loss
additively

Msim =~ ffiuid + Hdev - (17)

The same can be observed for the simulations which account for the effects of
the asymmetric transducer mounting (figure 5). The additive superposition is,
however, less noticeable due to the large systematic deviations. This fact can
be exploited to develop a method to correct the deviation, which is described
in section 5. Additionally, a modification of the experimental setup is proposed
aiming to reduce the parasitic effects on the measured thermo-viscous 1oss fimeas
by creating symmetrical emission characteristics.
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Figure 6: Thermo-viscous loss figim determined from simulation for symmetric emission charac-
teristics, i.e. neglecting the transducer mounting, for varying fluid parameters. The simulation
results indicate increasing deviations for higher density and sound velocity.
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Figure 7: Schematic of the transducer mounting to enable symmetrical emission of acoustic
waves in both directions.

4. Modification of the measurement setup

On the basis of the present simulation results, a modification of the two-
chamber pulse-echo measurement setup is proposed, aiming to reduce the sys-
tematic measurement deviation. The original setup (figure 1) aims at for preci-
sion measurements of the sound velocity of liquids. It is designed with a single-
sided, conically shaped transducer mounting, having a circular opening facing
the longer chamber and thus giving rise to asymmetric emission characteristics.
The quartz crystal is placed on the opening, fixed and electrically connected
with spring elements [10].

This mounting geometry is revised to facilitate symmetric emission charac-
teristics. Special care is taken as the mounting is also required to connect the
transducer electrically, while avoiding materials that may be unsuited for high
temperature and pressure environments. Symmetry is achieved by constructing
a conically shaped mounting ring that partially shields the transducer from the
longer chamber in accordance with the partial shielding of the opposing struc-
ture facing the shorter chamber, cf. figure 7. The mounting ring is positioned

10
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Figure 8: Upper and lower view of the model for the mounting ring with spring-loaded pins
inserted.

slightly above the transducer, since the ring serves as an electric contact for the
upper electrode and has to be insulated from other components that are contact
in with the lower electrode. This gap between the ring and the transducer also
protects the latter from mechanical damage.

The gap between transducer and the mounting ring, although necessary,
entails unwanted reverberations and resonance effects when the transducer emits
acoustic waves. In an effort to suppress these unwanted effects, a stochastic
structure is designed [23], i.e. prismatic elements with randomized heights are
created at the ring’s lower surface, causing diffuse reflections. Previous sound
velocity measurements indicated the existence of structure-borne sound in the
transducer mounting, as evident from additional echoes in time domain. Thus
parabolic surfaces are favoured over straight ones to divert these signals away
from the transducer.

The highly detailed and finely structured parts have to sustain high tempera-
tures and are consequently manufactured additively from stainless steel (1.4550)
by selective laser melting. Spring-loaded pins (F708, FEINMETALL) are used
to electrically connect the upper electrode to the mounting ring, cf. figure 8. The
simplified geometry of the mounting ring (figure 7) needs to be modified to ac-
commodate for these pins, requiring housings that protrude from the parabolic
surface (figure 8). A disc-shaped X-cut quartz crystal (KVG Quartz Crystal
Technology) with a resonance frequency of 8 MHz is used as transducer. The
electrodes on the quartz crystal are in a so-called ‘keyhole’ configuration that
requires opposing spring-loaded pins for a good electrical contact. For improved
stability, two additional pins are used. The mounting ring is fixed to the struc-
ture by screw holes leaving space for polytetrafluoroethylene washers ensuring
proper electrical insulation. For symmetry reasons, four mounting holes are re-
alised along with space for the washers (figure 8). In an effort to ensure the
transducer’s surroundings to be as symmetric as possible, the pin housings are
mirrored on the structure’s opposing site. As no spring-loaded pins are required
to contact the lower electrode, the housings are instead used to accommodate
the screws, which hold the ring element in place.

A sectional view of the modified setup is presented in figure 9, showing the
20 mm and 30 mm spacers used to realise the shorter and longer sound propaga-
tion chambers, respectively. While both spacers are made from stainless steel,

11
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Figure 9: Sectional view of the transducer mounting for symmetrical radiation from the di-
rection of the parabolic lower element (top) and the inserted mounting ring (bottom).

Figure 10: Additively manufactured 20 mm spacer (left) and ring element (right) with wire
for electrical contact.
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Figure 11: Measured thermo-viscous 10ss pimeas 0Of liquid methanol at constant temperature
300 K and varying pressure obtained with the original and revised setup, compared to inter-
polated literature data [24, 25].

the shorter spacer is manufactured additively and the longer spacer is made by
spin forming due to its nearly axisymmetric geometry. Both additively manufac-
tured parts, the short spacer and the ring element, are shown in figure 10. The
transducer’s excitation signal is supplied through a wire brazed to the mount-
ing ring and the rest of the setup is kept at ground potential. Completing the
measurement cell, the acoustic reflectors are attached using screws to the spac-
ers through six circumferential threads at each spacer’s respective end. This
approach is adapted from the original setup [10], allowing for a quick access
to different elements. As in the original setup (cf. section 1), the transducer is
driven by a sinusoidal burst supplied by a signal generator and the signals are
recorded using an oscilloscope. The revised setup is placed in a temperature
controlled pressure vessel similar to the original setup allowing measurements
at defined thermodynamic states [15].

To evaluate the improvements and demonstrate the reduction of the sys-
tematic measurement deviation, the acoustic absorption in liquid methanol is
determined at various thermodynamic states. A comparison of the measured
thermo-viscous 10ss fimeas Obtained by the original setup and the revised setup
with interpolated literature data [24, 25] is given in figure 11. While the thermo-
viscous loss fimeas measured with the original setup shows large deviations that
tend to increase with rising pressure, the revised setup shows significantly re-
duced systematic deviations that are less dependent on pressure. However, the
results of the revised setup show some scattering.

5. Correction procedure for systematic measurement deviations

The simulation study in section 3 shows that the systematic measurement
deviation due to the acoustic wave propagation in the measurement system is

13
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expected to be continuous and dependent on the properties of the fluid. Fur-
ther, the deviation appears to be additively superimposed to the loss in the fluid.
However, as the simulation model does not account for all effects that occur in
the physical measurement setup, the results of the simulations cannot directly
be used to correct the systematic measurement deviation that remains after
modifying the setup (figure 11). While a correction can be found by identifying
a polynomial expression of the sound velocity ¢, the density p, and the measured
thermo-viscous 10ss pimeas [26], qualitative aspects of the simulation results can
be exploited for a more robust approach. A reliable method for parametrising
and identifying the systematic measurement deviation is advantageous, as disas-
sembly of the setup, which is required to remove contaminations (e.g. particles
from valve wear), typically changes its acoustic properties and thus necessitates
repeating the procedure. Inspired by the simulation results in section 3, the
proposed correction procedure presupposes these effects to superimpose to the
fluid’s proper thermo-viscous loss additively. Then they can be formulated by
some function P(c, p) of sound velocity and density

Hfuid = Hmeas — P(C, P) . (18)

A close examination of the simulation results indicates a small factor (close to
unity) between the simulated and the fluid’s proper thermo-viscous loss that
is best observed at moderate sound velocity ¢ = 900ms~! and density p =
800kgm ™3, cf. figure 6. A progressively rising offset between the fluid’s proper
thermo-viscous loss pgyuiq and the simulated result pgy, is visible. This factor is
accounted for by an additional fitting parameter b,

HAuid = bu,umcas - P(Ca P) ) (19)

which is considered to be close to unity for a physically sound approach. The
contributions of the systematic measurement deviation P(c,p) are further as-
sumed to be polynomial functions

P(c,p) = Z bic™p" , m,n € [0,N], (20)

i,m,n

whose order N < 3 is restricted since the number of possible combinations
increases with rising polynomial order. The number N, <5 of non-zero coefli-
cients b; restricted as well. How many coefficients are non-zero depends on how
successful the efforts to create symmetrical characteristics described in section 4
are, as indicated by a comparison between figures 5 and 6. The requirement that
the additional coefficient b, has to be close to unity can be utilised in order to
find a suitable parametrisation for P(c, p).

The present correction relies on accurate reference data for the bulk viscosity
and is demonstrated using liquid methanol and n-hexane as reference fluids. Re-
calling equation (3), the individual contributions to the fluid’s proper thermo-
viscous loss superimpose linearly, with the respective shear viscosity [27, 28],
thermal conductivity [29, 30] and heat capacities [31, 32] that are determined

14
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different numbers of coefficients Ny, .

with the most recent equations of state. If lesser known fluids are to be analysed,
the sound velocity may also be determined by evaluating the delay of the mea-
surement signals. In contrast, the bulk viscosity reference data are determined
by interpolating selected literature data [33, 24, 25, 34, 35]. Using these data,
reference measurements are conducted at 15 different thermodynamic states for
methanol and at 11 different thermodynamic states for n-hexane. The subse-
quently performed acoustic absorption measurements of methanol and n-hexane
with the revised setup yield the measured thermo-viscous 0SS fimess = 20mess2C>-

The following procedure is proposed to find a suitable expression for P(c, p)
using the reference measurement data. The least-squares fit of equation (19)
for all variants of the polynomial P(c,p) is determined, identifying the values
for b, as well as for the coefficients b;. A variant of P(c, p) is selected, which
shows b, close to unity, small root-mean-square deviation (RMSD) E,,, and as
few coefficients Np, as possible. Only few variants of P(c, p) are identified with
b, ~ 1 (figure 12). There are several variants, typically with a large numbers
of coefficients NNy,, that will fit the reference data better, resulting in a lower
RMSD. However, b, is also low, indicating overfitting. There are also some
variations with low b,, but a rather high RMSD and as few as one coefficient
that indicate underfitting. Of the variants that show b, ~ 1, a second-order
polynomial with RMSD E,, = 0.287mPas

HAuid = bu,ufmess - (bl : 02 +ba - ,0) » (21)

and two parameters b; with values disclosed in table 1 is selected. The se-
lected polynomial equation (21) does not depend explicitly on the sound ve-
locity, although the simulation results (section 3) imply that the dependence on
the sound velocity exceeds the dependence on density. However, realisations of
P(c, p) that are close to equation (21) in figure 12 do depend on sound velocity.
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Table 1: Results for the coefficients of equation (21).

bﬂ b1 b
0.9472  —4.5429-10~°9  2.8507-106
1 Pasm® kg2 Pasm3kg~!

As the deviation to be corrected appears to be approximately constant with re-
spect to the properties of the fluid (cf. figure 11), this almost constant term can
be expressed in several ways that yield similar numerical results. Conversely, ap-
plying the method to previously recorded data from the original setup indicates
a strong dependence on sound velocity, yielding the following expression [17, p.
111]:

HAuid = bu,umeas
—(b1~cp2+b2~cp+b3-02+b4-c). (22)

The correction (equation (21)) is parametrised and identified based on ref-
erence data. Applying it to other measurement data is thus only possible if the
acoustic behaviour of the fluid to be analysed is similar to that of the refer-
ence fluids. The actual measurement range is quantified by identifying a convex
hull [36] enveloping the reference data’s thermodynamic states in the sound
velocity-density plane. As the deviation is expected to be continuous, equa-
tion (21) is expected to be valid in the vicinity of the reference measurements.
Thus, the validity of the correction is expanded by including measurement data
sets that have a relative deviation of less than 2 % with respect to sound velocity
and density. This range is depicted in figure 13 along with additional data sets
for methanol and n-hexane that are not included in the reference data set, as
well as n-octane and n-decane.

Finally, an uncertainty analysis on the basis of a Monte Carlo method [37, 38|
is performed. Uncertainties for the principal measurements (temperature and
pressure measurement as well as the uncertainties of the oscilloscope’s time
base and voltage measurement) are taken into account as type B uncertain-
ties and propagated through all computational steps. Further, the uncertainties
specified by the respective equations of state for all required thermodynamic
properties (sound velocity, density, shear viscosity, thermal conductivity, and
the specific heat capacities) are considered similarly. Of particular interest are
the uncertainties ucor caused by the correction method, which are estimated
according to [39]

M
1
2 2
= ref,n — Mfui ; 23
Ucorr M — (]\[b1 ¥ 1) nz::l (,u ef,n Ha d,n) ( )

considering the M = 26 supporting reference data points, while N, + 1 is the
number of parameters of the correction that need to be identified (the one ad-
ditional parameter is b,). If the term NNy, 4 1 is dropped, the expression would
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Figure 13: Measurement range as defined by a convex hull enveloping the reference measure-
ments in the sound velocity-density plane. Valid (e) and invalid (o) data sets based on a
tolerance of 2% relative deviation.

be identical to the RMSD of the fit. It is apparent that for a larger number of
parameters N, , the uncertainty contributed by the correction increases, provid-
ing another reason for a small number of parameters. The uncertainties of the
employed reference data from the literature need to be approximated, as most
publications predate the introduction of the concept of measurement uncer-
tainty. Some authors specify repeat measurement accuracies [33, 35] of around
or below 5%, a value that is assumed as additive type B uncertainty with uni-
form distribution. The resulting standard uncertainties for each measurement
value are shown along with the results in the following section (figures 14 to 16).

6. Results and discussion

The proposed modifications of the two-chamber pulse-echo measurement
setup significantly reduce the systematic measurement deviation of acoustic
absorption measurements. The subsequently applied signal processing in com-
bination with the correction accounts for the remaining deviations between the
measured 1oss fimeas and the proper thermo-viscous loss pgyid-

However, verification is only partially possible, as values for the measured
quantities for some of the fluids have not been published before. Thus, to check
for plausibility, the results for fluids of the homologous series of n-alkanes are
evaluated. As earlier publications for primary alcohols show that thermo-viscous
loss pifuia and the bulk viscosity pp, increase with molecular size [16], the same
is expected for the n-alkanes, but has, as of now, not been experimentally in-
vestigated.

The experimental results for the n-alkanes at constant temperature 303 K
and varying pressure corroborate the anticipated increase of pieas With molec-
ular size, cf. figure 14. Further, they indicate the measured thermo-viscous loss
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Figure 14: Experimentally determined thermo-viscous loss pguiq of n-hexane, n-octane, and
n-decane with its respective standard uncertainties at constant temperature 303 K and varying
pressure.

to increase with rising pressure, a behaviour that has already been observed for
aliphatic carbon hydrates [33].

Following equation (2), the computation of a substance’s bulk viscosity from
Imeas Tequires a range of its thermodynamic properties to be known, i.e. thermal
conductivity v, specific heat capacities cp, c,, and shear viscosity s, which for
the investigated fluids are taken from the literature [27, 28, 40, 29, 30, 41, 31,
32, 42]. The bulk viscosity follows the same trend as fimeas, cf. figure 15, i.e.
it increases with rising molecular size and pressure, thus matching previous
observations for toluene and methanol [33, 25].

The relatively large uncertainties can be traced to the correction procedure
and the RMSD of 0.287 mPas, which is very close to the observed uncertainty
of each measurement. As the absolute uncertainties do not change significantly
with the values of the measured quantity, this also implies that measurements
performed on fluids with a large thermo-viscous loss will show a small rela-
tive uncertainty. This is plausible as the measurement effect increases with the
measurement quantity in this absorption measurement procedure variant.

While the present results for the n-alkanes are listed in tables A.2 to A.5
with their respective standard uncertainties w,, ., and u,,, additional results
obtained with the original setup for water, toluene, 1-propanol and 2-propanol
are disclosed elsewhere [17, p. 187 f.].

The bulk viscosity can independently be determined by molecular dynamics
(MD) simulation [43]. Such simulations are based on force fields describing the
interactions between molecules. In the present work, the repulsive and dispersive
intermolecular interactions of methanol are described by a Lennard-Jones type
potential [44] and the bulk viscosity is determined on the basis of th