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A precise investigation of the dependence between the resonance frequencies and the
frequency for the real resonmator cell was carried out using automatic measurement
equipment which works in the range of frequency 0.5—10 MHz. This experimental
dependence was compared with the theoretical one for the ideal resonator cell. As
a result, regularities were found which are important for more accurate velocity
measurements in liquids in the whole frequency range used in the resonator method. It
was pointed out how on the basis of these results the method of calculating the
propagation velocity in the resonator method can be improved and its accuracy
increased.

1. Introduction

Physico-chemical investigations of liquid and solution properties using ultrasonic
spectroscopy methods require measurements of the propagation parameters of the
compression waves (attenuation and velocity) in tested liquids at a wide frequency
range. Depending on the tested liquid and investigated phenomena, this range may
cover the frequency from several hundreds kilocycles/s up to several gigacycles/s. As
a rule it is impossible to make measurements at such a wide range using only one
measurement method. The biggest obstacles occur at the beginning and at the end of
the mentioned range. Wave-guide effects are an obstacle at low frequencies. At high
frequencies piezoelectric transducers and electronic equipment are the main problem.

To avoid these wave-guide effects, the so-called resonator method proposed by
Eccers [1—4] and, next, used and developed by other investigators [5—15] for
imeasurements below 10 MHz has been commonly applied in the last years. This
method allows to measure the attenuation of a tested liquid as well as the propagation
velocity of an ultrasonic wave as a function of the frequency. The attenuation
coefficient is determined by the measurement of the quality factor of the resonator cell
with the tested liquid inside. The ultrasonic velocity is calculated from the frequency
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distance between the subsequent resonance frequencies of the resonator cell (filled up
with the tested liquid). A theory about this method can be found in the literature [1, 2,
6, 9—11].

The measurements of attenuation do not cause particular difficulties, but those of
velocity are more controversial.

From the theoretical point of view, the principle of velocity measurement is very
simple. In accordance with [1, 2], in the ideal resonator cell the frequency intervals
between subsequent resonances 4f,, should be the same and equal to the first basic
resonance frequency of that system, f:

W, DR =f1=2i[, wisl %, 1)

where c is the wave velocity in the liquid, / is the distance between the internal surfaces
of the transducers, n is the integer, a number of the resonance.

Thus when the distance / is known and the interval A4f,, is measured, one can find
velocity ¢ from Eq. (1).

In practice, the relationship between Af, and f, is complicated and direct use of
Eq. (1) to determine the velocity causes significant errors. Indeed, many inves-
tigators [1, 2, 6, 10, 11] noticed that resonance frequencies are not to be situated
in the equal frequency distances in the real made resonator cell. Especially at
frequencies close to f, (where f, is the fundamental resonance frequency of the
transducers) and odd harmonic, e.g. 3 f,, 5 f, etc. Af, are smaller than f, in
a significant manner. :

EcGErs [1, 2] presented the formula for calculating the direct value of velocity from
measurements of the frequency intervals between subsequent resonances (4f,) but that
may be used only in the frequency range that is close to the anti-resonance frequencies

of the transducers of the resonator cell, e.g. % Io % f, etc. without a definition of the

applicability range.

Sarvazan [9] also considered the velocity measurements but limited his con-
siderations only to relative measurements. LABHARDT [6] obtained an analytical
relationship for the direct calculation of velocity from the measurements of 4f;;
however, it requires some of the values of the resonator cell parameters, the
determination of which, mostly in the experimental way, introduce additional errors.

Thus, as one can notice, in the literature no precise investigations of the dependence
between Af, and the frequency f for the real resonator cells can be found. Such
investigations are fundamental for accurate velocity measurements and, what is very
important, they enable to employ the whole frequency range used in the resonator
method not only at the anti-resonance frequencies like in [1, 21].

The aim of this work was to study the dependence between A4f, and the frequency
f for the resonance cells and as a result of this investigation, determine the
consequences for the velocity measurements and their accuracy.
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2. Formulation of the problem

The solutions mentioned by EGGers [2] were the starting point for the study.
According to those, the first resonance frequency f| for the liquid layer in the resonator
cell can be determined with great accuracy by measuring f, and Af,, at a frequency close

to'—’;‘l (where f, is the fundamental resonance frequency of the transducers used in the

resonance cell) and, subsequently, by introducing the correction which accounts for
the influence of the transducers on the measured frequency of the resonance. Under

these conditions
_f,, R (2f,
i G -] ?

where R is the ratio of acoustical impedances of the tested liquid and the quartz (the
material of the transducers), n is the number of resonance.

For the frequency f close to j—:;', n is calculated from Eq. (3)

ns— (3)

making the result even to an integral. ‘
After calculating f,, one can find the velocity from the relationship (4)

¢ =21f,. @

However, in [2] there was no information as to what range of frequency the correction
introduced in Eq. (2) allows to get the value of f, and, consequently, to get the value of
¢, with order of the accuracy of about 0.1%. Such an exactness is regarded to be the
minimum accuracy required in physico-chemical investigations.

In the frequency range distant to the anti-resonance frequency of the tranducers,

the values of j—;‘; are different in a significant manner from f, and the correction

introduced in Eq. (2) is not sufficient. On the other hand, when nis determined from the
relationship (3) a significant error is also involved.

The experimental investigations carried out and described below allow to
determine the range of applicability of the calculation procedure based on Eqs. (2)and
(3). These measurements enable to calculate f, in a different, more accurate way in the
whole measurement frequency range.

3. Measuring system

When the method described above is used in measurements, the transducer of the
resonator must have electric signals from frequency source that can supply stable
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frequency and have the possibility of frequency change in the range defined by the
resonator. The output signal, sometimes on the millivolts level, is very sensitive to
disturbances. In the article [14] the authors describe a set-up for ultrasonic
measurements using the resonator method with a manually operated frequency
synthesizer as the supply source of the resonator cell. The output signal was amplified
in the selective amplifier especially designed for this purpose and was indicated on
atypical oscilloscope. However, measurements in this set-up were time-consuming, the
amplification of the receiving channel was not sufficient for frequency distant from the
resonance frequency of the resonator transducers and the determination of the signal
level of the output signal from the oscilloscope was not so accurate.

To eliminate these inconveniences, a new equipment was constructed [15], which is
shown in the block diagram in Fig. 1. This equipment automatically changes the
frequency of the supplying signal. Disturbances of the received signal are eliminated by
using a superheterodyne circuit in the receiving channel. The electronic part of the
equipment may work in the frequency range 20 kHz—10 MHz. However, the
measurement possibilities of the resonators limit the lower range of the frequencies to
0.5 MHz.

thermometer
interface digital ’°9r:;‘_:’f""° oor°c
F=— =— amplifier
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computer ~§ ?
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Fig. 1. The block diagram of the overall set-up.

The Hewlett-Packard mod. 3324 A generator with a minimal step 1 mHz and range
from 1 mHz to 60 MHz was used as the programmable source of the variable
frequency. It supplied the synthesizer which controlled the resonator and delivered
voltage to the mixer. The synthesizer, the mixer and the amplifier were made to be used
in this measuring equipment. The digital voltmeter Meratronik mod. V553 was used as
A/D converter from which data were transmitted to an IBM PC/AT computer. It gave
0.01 dB resolution in this equipment.
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Fig. 2. The resonance peaks of the resonator.
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Fig. 3. The resonance curve for the frequency f, = 1538,342 kHz.
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The computer program that controlled the set-up enabled automatic finding of the
resonance frequencies f,, of the resonator, and then performed an exact analysis of each
obtained resonance curve and detentnined the half-power bandwith Jf,.

An initial finding of the resonance frequencies /, was made with a bigger step of
frequency changes (e.g. 1 kHz) and then for a more precise finding of f, and §f,, this step
was automatically lowered down to 0.1 Hz.

Exemplary results of finding the resonances and the analysis of the resonance curve
are shown in Figs. 2 and 3.

After that data processing and calculations of the ultrasound attenuation and
velocity in the liquid which filled the resonator were performed according to individual
computer programs.

In this set-up 4 resonator cells, made at the Institute of Fundamental Technological
Research, with identical construction but different resonator frequency of quartz
transducers, were investigated in turn. The cross-section of such a resonator was
presented in [12, 13].

The resonance frequencies of the each pair of transducers used in resonator cells
and their average values are presented in Table 1.

Table 1
No. of resonator Su i A T
cell kHz kHz kHz
1 1988 1984 1986
2 2008 2010 2009
3 2553 2556 25545
4 3132 3131 3131.5

All these cells could be used .vith two different-thickness distance rings viz. 10 and
20 mm. An exact “acoustical” distance between the tranducers / was established after
each assembling and filling of the resonator cell in the way of calibration by using
reference liquids. Distilled water and methanol were used in the calibration and
investigation measurements described below.

4. Results

After assembling and establishing the parallelism of the transducers, each cell was
calibrated, i.e., the distance between the tranducers in the cell by means of acoustic
measurements was determined. First, the value of Af, = f,,,—/, was measured at

1
a frequency close to 3 f, then n, f, and [/ were calculated from Egs. (3), (2) and (4)

respectively.
As an example the results of the measurements and calculations for the cell No. 2
(f, = 2009 kHz) are mentioned below:
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1) 10 mm distance ring; temperature 25.05°C; water inéide; from data tables: c,,.,
= 1496.82 m/s, R = 0.114; from measurements: f, ,=971.505 kHz, Af,,=74.095 kHz;
from calculations

971.505
n= 74,095 = 13.111 = 13,
S/, = 74.7096 kHz,
[=10.02 mm.

2) 20 mm distance ring; temperature 25.17°C; water inside; from data tables:
Coatee = 1497.00 m/s, R=0.114; from measurements; f,,=1000.11 kHz, f3,=36.90 kHz;
from calculations

1000.11
n= 600 27.103 = 217,
f,=137.041 kHz,
[/=20.21 mm.

Similarly made calibrations for the other cells gave the results presented in Table
2 (for 10 and 20 mm distance rings).

Table 2
1, mm
No. of to
S T 10 mm distance 20 mm distance
ring ring
1 9.99 19.67
3 10.01 20.16
4 10.00 2027

Knowing the values of / and assuming water and methanol as nondispersive
liquids, the subsequent resonance frequencies f, were measured in the wide frequency
range.

1
It was observed that with an increase of frequency f above 3 [, the intervals

Af, decrease in comparison to the theoretical value Af,=f, attaining minimum
for a frequency close to f, and next increase achieving values close to f, for

a frequency near % ¥e

This phenomenon occurs in a similar manner for the frequencies 3 f,
5 f, etc., for different liquids and for different distances between transducers
with very small quantity differences. Some results are presented in Figs. 4—7
as examples.
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Fig. 4. The frequency interval 4f, and maximum amplitude of the output signal at resonances U, as
a function of the frequency ffor the cell No. 2. The 20 mm distance ring. Water. f,=2009 kHz,/ = 20.21 mm,

f,=31041kHz, U__ = 58 V.
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Fig. 5. The frequency intervals 4f, and maximum amplitude of the output signal at resonances U, as
a function of the frequency fTor the cell No. 2. The 10mm distance ring. Water. f, = 2009 kHz,/ = 10.02mm,

f,=T747096 kHz, U__, = 58 V.
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Fig. 6. The frequency intervals 4f, and maximum amplitude of the output signal at resonances U,,, as
a function of the frequency ffor the cell No. 2. The 20 mm distance ring. Methanol. f,=2009 kHz, / = 20.06
mm, f, = 27.571 kHz, U, = 58 V.
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Fig. 7. The frequency intervals 4f, and maximum amplitude of the output signal at resonances U, 28
a function of the frequency ffor the cell No. 3. The 20 mm distance ring. Water. f,=2554.5kHz, [ = 20.16
mm, f, = 37.121 kHz, th =358V
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Fig. 8. F as a function of the frequency f and the number of resonances n for the cell No. 2. The 20 mm
distance ring. Methanol.

Another interesting regularity can be noticed from the analysis of the measure-
ments carried out. Namely, as a result of contracting of frequency intervals between
subsequent cell resonances, the number of recorded resonances is bigger than for an

ideal resonator cell (than f,=const = f)) exactly by one among the frequencies % v A

and f,. This regularity occurs independently of the kind of liquid the distance ring
thickness and resonance frequency of the cell transducers. Figures 8 and 9 present
examples of experimental observations which visualize this regularity. » is the num-
ber of the resonance for a real cell at frequency f, F is the difference between n and

Ju

= ie.,:

7

F=n—j—_1. (5)

The ratioé is the number of resonances for an ideal resonator cell; this is a real number.

1
Thus, as it was mentioned above, the value of Fequals 1 at f = f,. At frequencies close
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Fig. 9. F as a function of the frequency f and the number of resonances n for the cell No. 3. The 20 mm
distance ring. Water.

3
to 2 f,, F achieves a value slightly greater than 2 and next increases very fast near the

frequency 3f,.
The regularity described above of increasing F makes it possible to determine the

1
propagation velocity in a tested liquid at frequencies far to 3 f from Eq. (6).

A

Ly

6
Knowing f,, the velocity c is calculated from the relationship (4). The value of F is
found from the calibration curve for the reference liquid (for instance, Figs. 8 and 9 for
the cell No. 2 with a 20 mm distance ring and cell No. 3 with the same ring respectively)
at the frequency of that measurement. One can encounter difficulties when deter-
mining the number of real resonance for the tested liquid n,, which should be estimated
from Eq. (7)

()

- YD 7
"=, "
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where the indexes “#” and “r” denote the values for the tested and reference liquids,
respectively. However, this must be done with care because it is possible to make
a significant error estimating n, with a difference by one.

5. Conclusions

The performed measurements enabled to verify the range of applicability
of the correction (2) given by Eggers. It was established that the results
of calculations of the velocity with only this correction are obtained with

an error of about 0.1% starting from the frequency % Jf, For frequency
close to f,, this error grows very fast and, for instance, at frequencies near
0.9 f, equals about 0.3%. Furthermore, for frequencies close to ; Jp the

determination of n from Eq. (3) can have more than one meaning what
can lead to significant errors.

The established regularities in the frequency dependencies of Af, and F enable to
propose the new method of velocity calculation from the f, measurements in the whole
frequency range used in the resonator method.

By using the method proposed here the error mentioned above is no greater than
0.1% for similar liquids i.e. tested and reference even at frequencies close to f,.
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