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DETERMINATION OF THE NONLINEAR PARAMETER
AND INTERNAL PRESSURE IN A LIQUID
BY THE ACOUSTIC METHOD

IO.M. lyosincokuii, H.B. Timosa, H.B. Maniuesa, A.O. 3axaposa. Bu3HayeHHs1 HeMiHiliHOTO MapaMeTpa i BHYTPIlIHHOT0 THCKY
B PiIMHi aKyCTHYHHM MeTOOM. IIPOIOHYETBCS AaKyCTHYHMH METOJ OLHKM MOJICKYJSIDHHX BJIACTHBOCTCH pIiAMHM, BHU3HAYCHHS
HEJIHIHOro mapaMerpa pilvH MO CIIiBBiJHOIICHHIO MEpLIOl i APyroi TrapMOHIKH NpPU 3MiHi aKyCTHYHOI XBHJII, Ta 3a JOIIOMOIOIO IbOr0O
napameTpa BUMIPIOBaHHS BHYTPILIHBOIO THUCKY. TakoX MPOIOHOBAHHK METOJ BUMIPIOE MDKMOJIEKYJIAPHY BiJCTaHb IS JTOCHIIKYBaHUX
pinuH. B pinpHax opraHiB MOCHIIOIOTHCS €()EKTH PO3CIIOBAHHS 3BYKY Ta B3a€MOJIT XBWIb. Y PiIMHAX OpraHi3My Ha MOJICKYJSIPHOMY PiBHI €
HEe3Ha4YHa KIIbKICTh MIKPOCKOMIYHUX OynbOamiok. e npu3BoanuTh 10 BUHMKHEHHS sBUIIA KaBitamii. Lli siBUIIa MOXYTh OyTH HIKiUIMBHMH,
aJie He 3aBXkAH. ICHyIOTh anaparty 6i0T0Ti9HNX 1 (hapMaleBTHYHUX TEXHONIOTIH, MEAUYHI IPHIIAJH, SIKi YCHIITHO BUKOPHCTOBYIOTH Iii eDeKTH.
VY po6oTi mpeacraBneHa (yHKLIOHATbHA CXeMa €KCIIEPUMEHTY, BU3HA4YEHI OCLMJIOTpAaMU aKyCTUYHHMX CHUTHAJIB CKIHYEHO! aMILTITYAN Ha
PI3HHX BiJCTAaHAX BiJ BHIpPOMiHIOBa4ya. B sIkocTi BUIIpOMiHIOBaYa i MpuiiMaya BHKOPHCTaHI OJHAKOBI NMPHCTPOI HA OCHOBI KBAapI[OBUX
IUTACTUH JIaMEeTPOM 25 MM 3 PE30HAHCHOIO YacToToro 3 MI'n. Ls pi3HuIA MpUOIM3HO B TPU pa3H YaCTOT PE30HAHCY JATYHKIB 1 aKyCTHYHOTO
curHaiy 3a0esnedye JiHIHHICTH aMILTITYIHO-4aCTOTHOI XapaKTepUCTHKHM 000X nardywkiB. HemiHiliHI aKycTWYHI METOOM € CBITOBOO
TEHJICHII€I0 Yy O1OMEIUYHHUX JOCIIKEHHAX, TOMY IO BiJJKPUBAIOTh HOBI MOMJIMBOCTI Ta IEPCHEKTUBH y PO3POOKAX MEIUYHHX MPUIIAJIIB.
BUHVKHEHHS BUIIUX TAPMOHIK IIPH BUKPHBIICHHI BUXiJIHOI TapMOHIIfHOT XBMIII KiHIIEBOi aMIUTI Tyl MOXHA BUKOPUCTOBYBATH IS €KCIIPEC
aHayi3y (I3MYHUX BIACTMBOCTEHW YHMCTUX PIIMH i OCOOJIMBO BOJHUX PO3YMHIB OPraHiYHUX pedoBHH. JlaHuWil cnoci® eKcriepuMEeHTaNIbHOro
BU3HAYEHHs HEJHIHHOrO mapameTpa i BHYTPINIHBOrO THUCKY B PiJMHI 3py4YHillle, HiX CTaTHYHMH, OCKIJIBKM HE BUMAra€e 3acTOCYBAHHS
BHUCOKMX HaJUTMIIKOBHX CTaTUYHHUX TUCKIB. [IpONOHOBaHMI aKyCTH4HUI cnoci0 Jlae MeHIly MOXHUOKY, HDK AMHaMi4HMHA. TOYHICTH TaKoro
BU3HAYEHHs MOKe OYTH JIOCTaTHBOIO [UIS CY/KEHHS PO 3MiHY Mi’KMOJIEKYIIAPHOI B3aeMOIT B piffHaX.
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Yu. Dudzinskii, N. Titova, N. Manicheva, A. Zakharova. Determination of the nonlinear parameter and internal pressure in a
liquid by the acoustic method. An acoustic method is proposed for assessing the molecular properties of a liquid, determining the nonlinear
parameter of liquids from the ratio of the first and second harmonics when the acoustic wave changes, and using this parameter to measure
the internal pressure. In addition, the proposed method measures intermolecular distances for the studied liquids. In organ fluids, the effects
of sound scattering and wave interaction are enhanced. In body fluids, at the molecular level, there is a small amount of microscopic bubbles.
This leads to the appearance of the phenomenon of cavitation. These phenomena can be harmful, but not always. There are devices for
biological and pharmaceutical technologies, medical devices that successfully use these effects. The paper presents a functional diagram of
the experiment, identifies the oscillograms of acoustic signals of finite amplitude at different distances from the emitter. The same devices
based on quartz plates 25 mm in diameter with a resonance frequency of 3 MHz were used as the emitter and receiver. This difference of
approximately three times the resonance frequencies of the sensors and the acoustic signal ensures the linearity of the amplitude-frequency
response of both sensors. Nonlinear acoustic methods are a global trend in biomedical research, as they open up new opportunities and
prospects in the development of medical devices. The appearance of higher harmonics in the curvature of the initial harmonic wave of finite
amplitude can be used for express analysis of the physical properties of pure liquids and especially aqueous solutions of organic substances.
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This method of experimental determination of the nonlinear parameter and internal pressure in a liquid is more convenient than the static
one, since it does not require the use of high excess static pressures. The proposed acoustic method gives less error than the dynamic one.
The accuracy of such a determination can be sufficient to judge the change in the intermolecular interaction in liquids.

Keywords: nonlinear wave effects, internal pressure, harmonic, acoustic wave

Introduction

It has long been believed that in the problems of propagation of elastic acoustic waves of small
amplitude, the waves themselves do not affect the properties of a liquid, gaseous or solid medium.
Therefore, a priori assumed that it will not affect the distribution of other waves in this medium.
Hence the classical principle of superposition for acoustic waves. This state is a scientific idealization.
If you increase the intensity of elastic waves (finite amplitude waves) at relatively low frequencies (up
to 200 kHz) or significantly increase the frequency (~1 MHz) at relatively small amplitudes, the prin-
ciple of superposition is not fulfilled. It is necessary to take into account the limitation of the ampli-
tude of the waves, when there are a large number of nonlinear effects.

The presence of organic substances in the body fluids (amino acids, fatty acids, etc.) leads to an
increase in the effects of sound scattering on sound, the interaction of waves. Air is dissolved in the
blood, both at the molecular level and a small number of microscopic bubbles. This leads to a decrease
in the threshold value of the intensity of the waves of finite amplitude, at which the phenomenon of
cavitation occurs. These nonlinear phenomena are not always harmful. Designers have to deal with
them. There are devices of biological and pharmaceutical technologies, medical devices that success-
fully use these effects.

It can be assumed that the occurrence of higher harmonics in the curvature of the original har-
monic wave of finite amplitude can be used for rapid analysis of the physical properties of pure liquids
and especially aqueous solutions of organic substances.

Analysis of literature data and problem statement

For the adiabatic process in a liquid, the Theta equation is often used:

oo [ﬂ] 1), 1)
Po

where P — excess fluid pressure; p — the corresponding density of the liquid, py — density at a pressure
close to atmospheric p = 0, n — empirical constants [1 — 2].
Often in acoustic works another nonlinear parameter of liquid is used instead of n [3—4]:
B 2
r=—=(n-1)=p—gai
A c, Op
where ¢, — the speed of sound in an undisturbed medium under the condition p = 0. The parameter P°
is called “internal pressure”. It characterizes the forces of intermolecular adhesion in a continuous me-
dium, in our case — in a liquid. It follows from formula (1) that the exact value of the adiabatic modu-
lus of elasticity of a liquid [2]:

|p =Po> (2)

a K
Ko =p(—”j|8 =n(p+P"). 3)
op
In acoustic measurements, the sound pressure p is many times less than P’ [2], so you can use the
formula to calculate the internal pressure:

¢ K — 2
P Kaaleo _pocy 4)

n n
It should be noted that in [1] another, inaccurate relationship of pressure with a nonlinear parameter
is given. The internal pressure P can also be determined by the static method. As is known [2], the iso-
thermal modulus of elasticity up to the members of the second order of smallness can be represented as:
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Let’s use the thermodynamic relation:

=X (p+P). (5)

& = & (6)
Kiz CV ’

where C,, C, — heat capacities at constant pressure and volume, respectively.

The purpose and objectives of the study

The aim of the work is to develop an acoustic method for estimating the molecular properties of a
liquid, determining the nonlinear parameter and the internal pressure in the liquid.

To achieve this goal it was necessary to solve the following tasks: to determine ways to use the
acoustic method for rapid analysis of the physical properties of aqueous solutions of organic substanc-
es and to conduct research on an experimental setup.

Materials and methods of research

From expressions (3) and (6) it follows that up to the members of the second order of smallness,
we can write:

* *f Cp
P =P —>n=y—, @)
c\/
The assumption P* = P is quite natural, because the internal pressure, as a characteristic of mo-
lecular interaction, should not depend on the nature of the thermodynamic process. Using the values of
the internal pressure P, it is also possible to estimate the intermolecular distance in the liquid [5]:

26
T ~—, 8
g p ®)

where ¢ — surface tension.

It is known that the distortion of waves of finite amplitude can determine the parameter of the
liquid n, which characterizes the nonlinearity of equation (1). Therefore, based on formula (7), the val-
ue of P" is calculated. The advantage of the acoustic method for determining the internal pressure is
that in this case it is not necessary to perform measurements at high hydrostatic pressures, as in static
methods [1 —2].

Dynamic methods give a significant scatter of values, even for one participant [1 — 2], [6]. One of
the possible reasons is the use of tubes made of different materials, with different degrees of “sticking”
to them of liquid molecules in the boundary layer. Unlike dynamic methods of measuring the value of
P”, the acoustic method gives a relatively high accuracy. The acoustic method is based on the fact that
the distortion of the harmonic wave of finite amplitude depends on the nonlinear parameter 7.

In particular, the pressure amplitude of the second harmonic p, at distances X less than the wave
stabilization distance, at acoustic Reynolds numbers large or of the order of one, will be [1], [7]:

n+l{ Xo
. ( 3pfj, ©
4\ pycy

where p; — the amplitude of the pressure of the first harmonic at the sound source, ® = 2xf'is the circu-
lar frequency of the signal near the emitter.

As can be seen from formula (9), to determine the parameter n requires an absolute measurement
of p; and p,. This leads to a large error. Therefore, absolute measurements were performed only in dis-
tilled water. In transformer oil, ethyl alcohol and aqueous NaCl solutions, the nonlinear parameter was
determined relative to water.

Experimental installation and methods of research

The scheme of the experimental setup is shown in Fig. 1.
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The container /, muffled by a layer of

microporous rubber 2, is filled with dis- J'|_7 Dl 11
tilled water. As plugs on the surface of the %7 N
water freely floating layer of balls of foam 3 Q/—,
3. As the emitter is a quartz plate 4 at a F\JS o S R RS N 800S, 12
fundamental frequency of 1.5 MHz. The L —1 (W r— — — — — —— Ep— \/
test liquid or distilled water (in compara- 47 22 7| 7 {7
tive experiments) is poured into the cuvette I>9 L] $: o 5 —— T
5, the dimensions of which are B o — N |_|_L._
50%x150x200 mm. The cuvette is provided %) &

with sound-transparent windows 6 with | 4 6 10

Teflon films 0.05 mm thick. The cuvette 5 ? s

is rigidly mounted in the tank /. The
change of the test fluid was carried out
without its dismantling, because even a
small shift of the cuvette can lead to addi-
tional errors in determining the internal pressure.

The two-channel rectangular pulse generator 7, exciting the resonant harmonic signal generator &,
sets the duration and period of passage of the radio pulse with a frequency of 1.5 MHz. Then they
come through a power amplifier to the quartz vibrator 4, which creates an acoustic wave. Acoustic
pulses after passing (with distortion) in the studied liquid medium are converted into an electrical sig-
nal by a quartz plate /0, then through the switch /7 and the amplifier /2 are fed to the spectrum ana-
lyzer with memory /3. From the other output of the generator 7, a rectangular pulse with adjustable
time delay is fed to the switch /7 as a control signal. The time delay corresponds to the travel time of
the distance from the emitter 4 to the hydrophone 70. The travel period is set by the pulses of the gen-
erator 7 and is selected so that the attenuated acoustic signal is almost attenuated by reflections from
sound-absorbing coatings 2 and 3. The device 7 also allows, if necessary, to put a single start of the
pulse in manual mode. The spectrum analyzer /3 is equipped with a “memory” mode and stores on the
screen the spectrogram of the signal until the arrival of the next pulse. Measurement of the nonlinear
parameter n by the absolute levels of the first and second harmonics was performed for distilled water.
Then, after replacing the liquid in the cuvette 5 was a comparison of the readings with the results for
water. This took into account:

— that the boundary of two liquids separated by a Teflon film has a certain transparency coefficient D;

— hat part of the path between the emitter and the receiver acoustic pulse passes in the water sur-
rounding the cuvette 5 and has a value of constant n, generally speaking, different from the corre-
sponding constant of the test fluid.

We will denote the values relating to distilled water by a dash, and to another liquid by two dash-
es. We obtain the relationship between nonlinear parameters in the form:

n ' " I\ ’
n,_H:[%p%z_Ll}@gw a0
el [ Dhp) L Lo (pey) P

where X — the distance between the emitter and receiver, L — the length of the cuvette with the test flu-
id, D — the calculated transparency coefficient, the value of which for the studied liquids is in the
range 0.90...0.95.

Research results

In Fig. 2 shows waveforms of acoustic signals at the output frequency of a harmonic signal of
1 MHz. As the emitter and receiver (Fig. 1) used the same devices based on quartz plates with a diam-
eter of 25 mm with a resonant frequency of 3 MHz. This difference (approximately three times) of the
resonance frequencies of the sensors and the acoustic signal provides the linearity of the amplitude-
frequency characteristics of both sensors [8].

Fig. 1. Functional diagram of the experiment
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Fig. 2. Oscillograms of acoustic signals of finite amplitude of frequency 1MHz at distances from the emitter:
13 wavelengths (a); 67 wavelengths (b); 135 wavelengths (c); 320 wavelengths (d)

As can be seen in the oscillograms, with increasing distance between the emitter and receiver (in
wavelengths), the degree of distortion of the sine wave increases. At distances greater than 100 wave-
lengths, the signal becomes almost sawtooth. Measurement of the nonlinear parameter # for the stud-
ied liquids (distilled water, ethyl alcohol, transformer oil) was performed at a temperature of 20° C.
The standard deviation of the results of relative measurements did not exceed +4 %. Absolute meas-
urements were performed in distilled water at Reynolds acoustic numbers ~0.2...0.9. The error of di-
rect measurements consists of errors of absolute measurements of sound pressure of the first p; and the
second p, harmonics and an error at definition of sound transparency of membranes 6 of a cuvette 5. It
does not exceed value §...10 %.

It should be noted that the value of the nonlinear parameter for distilled water changes slightly on
different days and after prolonged sounding. Perhaps this is due to the processes of separation of part
of the air dissolved at the molecular level in the form of microbubbles, or vice versa, with the dissolu-
tion of part of the gas molecules from the bubbles in the surrounding liquid. Processing the results of
numerous absolute measurements by the method of least squares gives the value n =7.2+0.2 for water,
which agrees well with the data of other authors [1, 2, 9].

The experimentally obtained values of the nonlinear parameter » for the investigated liquids and
the corresponding values of the internal pressure P* for them are given in Table 1. There are also the
results of thermodynamic calculation using the experimental dependence of the ultrasound speed of
small amplitude on temperature and pressure [10]. The values of the parameter n, determined experi-
mentally, by the interaction of two acoustic waves or by the optical method for distortion of a harmon-
ic wave, are also given.

Table 1
The comparison of results of measuring
P*, MPa n
Liquid medium ) adiabatic calculation experiment 7x10"° m

isother- )

mal . This

[2] This work [7] [8] [9] work
Distilled water 319 294 314 5.8 6.0 7.6 7.2 4.6
Ethyl alcohol 98 08 98 9.0 11.3 11.0 10.8 4.4
Transformator oil - 238 245 - - 7.35 7.5 43

The internal pressure obtained by the proposed acoustic method coincides within the measure-
ment error with the values obtained from static measurements of the nonlinear parameter [2], with
subsequent calculations by formula (6).

Table 1 shows estimates of intermolecular distance for the studied fluids on the basis of experi-
mental data P and calculation by formula (5).
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Fig. 3 shows the dependence of the internal pressure P* in P* MPa
aqueous NaCl solutions on the salt concentration. To remove
from the solution of air trapped in the dissolution of the salt, the 360 4
solution was evacuated. The reason for the increase in the aver- /
age internal pressure in the aqueous solution with increasing 340 ]
concentration of sodium chloride may be the formation around '(
the ions of Na™ hydrate shells with high internal pressure. 120 .'/:
Conclusions # B
Nonlinear acoustic methods are a global trend in biomedi-
cal research, because they open new opportunities and prospects 3000 S 10 15 20C.%

in the development of medical devices.

Occurrence of higher harmonics at curvature of the initial Fig. 3. Dependence of internal pressure
harmonic wave of final amplitude can be used for the express on the concentration of NaCl solution
analysis of physical properties of pure liquids and especially
aqueous solutions of organic substances.

This method of experimental determination of the nonlinear parameter and the internal pressure
in the fluid is more convenient than static, because it does not require the use of high excess static
pressures. The proposed acoustic method gives less error than the dynamic one.

In contrast to the method of estimating the intermolecular distance by the speed of ultrasound,
this acoustic method allows you to directly obtain this value, assuming the applicability of the Theta
equation for a particular liquid.

The accuracy of such a determination may be sufficient to judge the change in intermolecular in-
teraction in liquids (as, for example, in the case of NaCl solutions).
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