PHYSICS OF LIQUIDS AND LIQUID

SYSTEMS, BIOPHYSICS AND MEDICAL PHYSICS

https://doi.org/10.15407 /ujpe63.4.308

L.A. BULAVIN,»? O.I. BILOUS,® A.V. BALEGA,! 0.S. SVECHNIKOVA !

I Taras Shevchenko National University of Kyiv
(64/13, Volodymyrs’ka Str., Kyiv 01601, Ukraine; e-mail: bulavin221@gmail.com,

svechnilova@gmasl.com)

2 Institute for Safety Problems of Nuclear Power Plants, Nat. Acad. of Sci. of Ukraine
(36a, Kirov Str., Chornobyl 07270, Kyiv region, Ukraine)

3 National Aviation University

(1, Prosp. Cosmonaut Komarov, Kyiv 03058, Ukraine; e-mail: oksanabilous@univ.kiev.ua)

ANOMALIES OF THE SOUND
ABSORPTION COEFFICIENT FOR BINARY SOLUTIONS
WITH A CRITICAL STRATIFICATION TEMPERATURE

The results of the analysis of experimental data concerning the sound absorption in the nitro-
methane-n-pentanol and nitrobenzene-n-hexane solutions obtained in a wide frequency interval
of 5-2800 MHz and measured along the isotherms and isoconcentrates, including their critical
values, are presented. The detected anomalous dependences of the sound absorption coefficient
were found to obey the laws of the dynamic scaling theory only in the fluctuation region of the
problem parameters, wta > 1. The sound frequency growth (f > 110 MHz) in the examined
frequency interval, as well as moving away from the critical temperature and concentration
values, is proved to transit the system from the critical region into the crossover, wm ~ 1, or
even hydrodynamic, wta < 1, one.
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1. Introduction

The influence of the temperature, concentration,
pressure, and other thermodynamic parameters on
the properties of substances in vicinities of their sin-
gular points has been a matter of many experimental
and theoretical researches for almost two centuries [1-
5]. Unlike the studies of the equilibrium properties of
binary solutions in a vicinity of the critical stratifica-
tion point [6], which have attracted the attention of
physicists for a long time, there are much less exper-
imental and theoretical studies of the dynamic prop-
erties of liquid systems and the kinetics of establish-
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ment of the equilibrium in them, when they are in the
critical state. At the same time, the research of the
kinetic properties of a substance near its critical strat-
ification point—in particular, an abnormal behavior of
the sound absorption coefficient—comprises a separate
interest and results in contradictory conclusions. For
instance, according to the dynamic theory of critical
phenomena, the sound absorption coefficient should
tend to infinity, when approaching the critical param-
eter values [7]. However, the available experimental
data do not agree with this conclusion.

The indicated shortcomings can be eliminated by
carrying out acoustic researches of the sound absorp-
tion coefficient (auf ~2) in a wide frequency, f, interval
covering a number of variation areas for the param-
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eter wry, where w = 27 f, and 7q is the lifetime of
concentration fluctuations. In particular, this is an
area located far from the critical point, wrg < 1,
where the mean field theory is actual; the critical area
wTg > 1 described by the fluctuation theory; and in
the crossover region, for which wmy ~ 1. Taking the
aforementioned circumstances into account, the de-
termination of the frequency intervals corresponding
to the indicated inequalities and for which the appli-
cation of available theories to the analysis of the spe-
cific features in the abnormal behavior of the sound
absorption coefficient would be correct is a challeng-
ing task. This work was aimed at the solution of this
problem.

2. Research Objects
and Experimental Technique

For experimental studies, binary solutions of nitrome-
thane-n-pentanol and nitrobenzene-n-hexane with
the upper critical stratification temperatures T, =
= XXX and YYY K, respectively, were chosen. The
fact that the indicated T, values belong to the room
temperature interval allowed us to reduce the error of
the experimental research.

While preparing solutions with various molar con-
centrations of the first component (nitromethane or
nitrobenzene) in an interval of 0.1-0.8, chemically
pure grade components were used. When studying
the sound absorption coefficient in the solutions near
their critical stratification temperature, the error of
the specimen thermostating was +1073 K.

The sound absorption coefficient was researched ex-
perimentally using the pulsed method, which was de-
scribed in work [8] in detail. In particular, in a fre-
quency interval of 5-150 MHz, the pulsed method
with a variable distance was applied together with
the resonance excitation of a quartz piezocrystal,
whereas, in a frequency interval of 300-2800 MHz,
the method of non-resonance excitation of a lithium
niobate single crystal was used. Depending on the ex-
perimental conditions, the relative measurement er-
rors for the sound absorption coefficient fell within
an interval of 2-5%.

3. Peculiarities in the Behavior of the Sound
Absorption Coefficient Along Isoconcentrates

Let us first analyze the experimental temperature
dependences of the sound absorption coeflicient ob-
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tained for the examined binary solutions with various
concentrations, but at a fixed frequency. For illustra-
tion, we selected the nitrobenzene—n-hexane solution
with the critical molar concentration of nitrobenzene
ZTer = 0.401 and the nitromethane—n-pentanol solu-
tion with the critical molar concentration of nitrome-
thane x.. = 0.385.

As an example, in Fig. 1, the temperature depen-
dences of af~2 for the nitromethane-n-pentanol so-
lution are shown. The curves depict the approxima-
tions of the corresponding temperature dependences
by the formula [9]

af 2 xn, ~ R~ Agt—EZur, (1)

which was derived by the authors of the dynamic
scaling theory. Here, Ag is a frequency-dependent
coefficient, t = (T — T¢y)/Ter is the reduced tem-
perature, Z,, = 3.05 is the dynamic critical index
[10], ax = 0.091 is the critical index for the tem-
perature dependence of the isochoric heat capacity,
and v = 0.633 is the critical index for the tempera-
ture dependence of the correlation radius [10]. Earlier
[11], it was shown that the sign in the power exponent
in formula (1) can vary depending on the examined
frequency interval.

Let us analyze the presented experimental data. In
the low-frequency interval wr; < 1, where 7; is the
acoustic relaxation time in the i-th dispersion interval
(see Fig. 1, panels 1 and 2 for 10 and 30 MHz, respec-
tively), the experimental values of the sound absorp-
tion coefficient (they are depicted by symbols) change
monotonically, as the temperature grows. Such a uni-
versal dependence is typical of binary solutions with a
critical stratification temperature. In particular, the
sound absorption coefficient decreases with the tem-
perature growth, as was predicted by the authors of
the dynamic scaling theory [6-10]. This universal be-
havior was also clearly observed for the solution of
nitrobenzene-n-hexane with the critical concentration
in the indicated frequency interval.

If the frequency increases further, f > 110 MHz,
the experimental data shown in Fig. 1 demonstrate
anomalous, not universal critical dependences of the
sound absorption coeflicient. At even higher frequen-
cies, these anomalies do not disappear, but radically
change their temperature dependence. The absorp-
tion peak, which was observed at low frequencies
in the fluctuation area (wmy > 1), decreases signifi-
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Fig. 1. Experimental temperature dependences of the sound absorption coefficient in the nitro-
methane—n-pentanol solution with the nitromethane molar concentration xcr = 0.385 at various
frequencies £ = 10 (1), 15 (2), 25 (3), 30 (4), 110 (5), 300 (6), 900 (7), 1500 (8), and

2500 MHz (9)

cantly by the absolute value and shifts toward the pa-
rameter values corresponding to the non-fluctuation
area (see panels / to 9 in Fig. 1). The increase of
the frequency (see panel & in Fig. 1) evidently re-
sults in the narrowing of the temperature interval,
where formula (1) is applicable, to T — T,, = 1 K.
The observed critical anomalies in the binary nit-
robenzene—n-hexane solution with the critical pa-
rameters T, and z. are less pronounced than in
the nitromethane—n-pentanol solution, despite that
the absolute values of the sound absorption coeffi-
cient in the binary nitrobenzene—n-hexane solution
are larger. Hence, the experimental data shown in
Fig. 1 and similar temperature dependences obtained
for the other binary solution with the corresponding
critical stratification temperature and critical concen-
tration testify that the abnormal temperature depen-
dences of the sound absorption coefficient were re-
vealed at frequencies f > 110 MHz. Those anoma-
lies cannot be described by the known dependence
(1). If the sound frequency grows further, the temper-
ature dependence of the sound absorption coefficient
totally transforms (see panels 5 to 9 in Fig. 1). Even
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the maximum value of the sound absorption coefhi-
cient (it is marked by the solid symbol) becomes ab-
normally shifted into the hydrodynamic temperature
region.

However, a thorough analysis of the existing tem-
perature dependences for the sound absorption coef-
ficient demonstrated the absence of critical anoma-
lies like those exhibited in Fig. 1, both for solutions
with noncritical concentrations x < z., and for pure
solution components. As an example, the experi-
mental temperature dependences of the sound ab-
sorption coefficients in the researched binary solu-
tions with concentrations close to the critical strat-
ification one, which are shown in Fig. 2, do not reveal
characteristic anomalies. At the same time, the fre-
quency dependences for all binary solutions are de-
scribed by equations with two sections of acoustic
relaxation. Expectedly, the temperature dependences
of the sound absorption coefficient at f = const are
different for different binary solutions along their iso-
concentrates x # ., because they are governed by
individual molecular mechanisms rather than univer-
sal fluctuation ones.
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Fig. 2. The same as in Fig. 1, but for the nitromethane molar concentration x = 0.3

There are no such anomalies in the temperature
dependences of the sound absorption coefficient for
the pure components of the examined solutions. Ne-
vertheless, the quantity af ~2(f, T') increases with the
temperature in the whole frequency interval in pure
nitrobenzene and nitromethane, but decreases in pure
n-pentanol and hexane. This dependence decreases
linearly in the case of m-amyl alcohol and by the
power law in the case of hexane. The analysis of the
frequency dependences for the pure components of
the examined binary solutions revealed only one re-
gion of acoustic relaxation, with the absolute value
of the sound absorption coefficient being insignifi-
cant in comparison with the corresponding values for
binary solutions. In hexane, nitromethane, and ni-
trobenzene, the relaxation processes can be described
in the framework of a model, where a liquid is consid-
ered as a mixture of broken and unbroken bonds. The
structural relaxation in n-pentanol is assumed to be
associated with the break of hydrogen bonds in as-
sociatives. Unlike molecular mechanisms, which are
completely responsible for the relaxation processes in
pure liquids, the fluctuation mechanisms are respon-
sible for the anomalous behavior of the dependence
af~2(f,T) for binary solutions in vicinities of their
critical stratification temperature.
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Hence, the analysis of the experimental and liter-
ature data obtained for the sound absorption coeffi-
cient in binary or ternary solutions [12, 13] showed
that the considered abnormal non-universal temper-
ature dependences are observed, if the temperature
dependences of the sound absorption coefficient are
different — decreasing or increasing — for the pure com-
ponents of the examined solutions. This conclusion
is definitely confirmed by the experimental data ob-
tained for the temperature dependences of the sound
absorption coefficient in the frequency interval f >
> 110 MHz.

As a result, one more conclusion can be drawn that
the anomalies in the temperature dependences of the
sound absorption coefficient stem from both concen-
tration fluctuations and structural peculiarities in the
binary solutions under consideration.

4. Three-Dimensional Representations
for the Sound Absorption Coefficient
at Various Frequencies

Let us denote the component of the sound absorption
coefficient associated with the molecular mechanisms
as a regular part, oyeg f —2, and the component associ-
ated with concentration fluctuations as a fluctuation
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Fig. 3.
dence af~2(f,x) for the binary nitromethane-n-pentanol so-
lution along the isotherm AT = 0.1 K: the fluctuation part
agf~2(f,z) of the absorption coefficient [see Eq. (2)] in the
low-frequency interval (10-300 MHz) (a), the fluctuation part
aq f~2(f, ) in the high frequency interval (400-2800 MHz) (b),
the total sound absorption coefficient and its regular part (c)
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Three-dimensional representations of the depen-
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Fig. 4. Concentration dependences of the sound absorption
coefficient a.f —2 for the binary nitromethane—n-pentanol solu-
tion in the low-frequency interval at the frequencies f = 10 (1),
25 (2), 30 (3), 50 (4), 110 (5), and 300 MHz (6). AT =0.1 K

one, aqf 2, so that the total sound absorption coef-
ficient equals to their sum [14]:

af_2 = Oéﬁf_2 + aregf_Z- (2)

Our experimental studies of the peculiarities in the
behavior of the sound absorption coefficient for vari-
ous binary solutions in wide frequency, concentration,
and temperature intervals allowed us not only to re-
veal and analyze the features of temperature anoma-
lies, and to study their molecular and fluctuation
mechanisms, but also to plot three-dimensional rep-
resentations of the dependences af ~2(f, T). Figure 3
demonstrates those dependences for the binary nitro-
methane-n-pentanol solutions.

Let us analyze these dependences. As one can see,
in a frequency interval of 10-300 MHz, the fluctua-
tion part of the sound absorption coefficient in the
binary solution gradually increases when the concen-
tration approaches the critical value. A further fre-
quency growth to 400-2800 MHz results in the ap-
pearance of nontypical anomalous dependences for
the fluctuation part of the sound absorption coeffi-
cient; i.e. the anomalies have a non-universal char-
acter, which may probably be associated with both
molecular mechanisms and the sound scattering by
concentration fluctuations [15] (see panels § to 9 in
Fig. 1). As a result, this behavior can no longer be
described by the power-law dependence (1) even in a
narrow temperature interval. The dependences shown
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Fig. 5. The same as in Fig. 4, but in the high-frequency interval: f = 10 (1), 25 (2), 30 (3),

50 (4), 110 (5), and 300 MHz (6)

in Fig. 3, ¢, as well as similar plots for other exam-
ined binary solutions [12,13], testify that the fluctua-
tion part of the sound absorption coefficient is smaller
than the regular part even along the critical isotherm
and isoconcentrate. Therefore, our research cancels
the inequality

(afiz)ﬁ(fv l’)
(O‘f_Q)reg(fa l‘)

which was obtained in the framework of the dynamic
theory of critical phenomena [10,12].

> 1,

5. Peculiarities in the Behavior
of the Sound Absorption Coefficient
Along Isotherms

Figures 4 and 5 demonstrate the x-cross-sections of
the dependences af ~2(f,z). The corresponding de-
tailed analysis shows that if the sound frequency in
the low-frequency interval (wr; < 1, Fig. 4) in-
creases, the concentration corresponding to the max-
imum of the absorption coeflicient decreases.

The analysis of the dependences obtained in the
high-frequency interval (Fig. 5) testifies that the con-
centration dependences of the sound absorption co-
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efficient along the isotherm AT = = 0.1 K are non-
universal. In particular, according to the analysis of
the data depicted in Fig. 4, the concentration corre-
sponding to the maximum of the fluctuation part of
the sound absorption coefficient (2) becomes shifted
into the concentration region below the critical value,
x < Z¢. Provided this condition, the plotted depen-
dence ¢ (f), which is analogous to the Widom line,
demonstrates that the frequency growth results in a
decrease of the concentration corresponding to the
maximum of the sound absorption coefficient. A fur-
ther increase of the frequency shifts the concentration
corresponding to the maximum of the sound absorp-
tion coefficient toward the values of the pure compo-
nents of the researched solutions.

The analysis of the dependences obtained in the
high-frequency interval (Fig. 5) shows that the con-
centration dependences of the effective sound absorp-
tion coefficient along the critical isotherm AT =
0.1 K have a non-universal behavior. In particular,
in a frequency interval of 400-2800 MHz (Fig. 5), the
maximum of the sound absorption coefficient corre-
sponds to pure nitromethane.

The dependences of the anomalous sound absorp-
tion coefficient af ~2(f,x) plotted for the other an-
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alyzed binary solution, nitrobenzene-n-hexane, are
shown in Fig. 6. The main conclusion, which can be
drawn on the basis on the data depicted in Figs. 4 to
6, consists in that the existing anomalies of the sound
absorption coefficient should be analyzed in three fre-
quency areas — w7g > 1, wrg ~ 1, and wmg <€ 1 —
in which their behaviors are different. Therefore, let
us analyze the dependences af ~2(f,z) (Fig. 6) and
afq?(f,x) (Fig. 7), which were obtained for two stud-
ied binary solutions, along the isotherms and at con-
stant frequencies (f = const), but in different fre-
quency regions.

The concentration dependences of the ultra-
sound absorption coefficient along the isotherms (see
Fig. 7, a) have a universal character (i.e. typical
anomalies) in the fluctuation region (wrg > 1), a
transient character in the crossover region (wrg ~ 1),
and a character typical of solutions with noncritical
parameters in the hydrodynamic region (wrg < 1).
At higher frequencies (Fig. 7, b), the maximum of
the sound absorption coefficient is observed at the
mole fraction of nitromethane x = 1 for all studied
frequency regions (wrmq > 1, wrq ~ 1, and wmy < 1),
This behavior is inherent to solutions with noncriti-
cal parameters. If the sound frequency grows further
toward the hypersonic range (Fig. 7, ¢), besides the
observed non-universal anomalies of the sound ab-
sorption coefficient (Fig. 7, b), the temperature cor-
responding to the maximum of the sound absorp-
tion coefficient becomes shifted from AT = 0.1 K
to AT = 12 K. Figure 7, d exhibits the “coexis-
tence” curve for the nitromethane—n-pentanol solu-
tion (black balls) obtained taking into account differ-
ent absorption coefficient values at different frequen-
cies. The corresponding fluctuation region of temper-
atures AT = 0.1 K.

6. Conclusions

In this work, the dependences of the sound absorp-
tion coefficient along the isotherms and isoconcen-
trates have been studied at various frequencies for
two binary solutions: nitromethane—n-pentanol and
nitrobenzene—n- hexane. A conclusion can be drawn
that the theory of dynamic scaling describes the
anomalies of the sound absorption coefficient only in
the fluctuation frequency region wry < 1. In the ex-
amined frequency interval of 5-2800 MHz, the growth
of the frequency above f = 110 MHz, as well as the

ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 4

deviations of the temperature or the solution concen-
tration from their critical values, brings the system
into the crossover (wmy ~ 1) or even hydrodynamic
(wra > 1) area.
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AHOMAJIIT KOE®IIIEHTA TOTJIMHAHHS
3BYKY BIHAPHIX PO34YNMNHIB 3 KPUTUYHOIO
TEMIIEPATYPOIO PO3IIAPYBAHHA

Pesowme

Y pobori HaBemeHO pPe3yJbTAaTH AaHAJI3y EKCIIEPUMEHTAJIbHO
OTPUMAaHUX JaHUX KoedillieHTa NOTJIMHAHHS 3BYKY Yy IIAPOKO-
My giamaszoni gacror 5—2800 MI'1y B310BXK i30TepM Ta i30KOH-
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LEHTPAT, BKJIIOYHO 3 IXHIMM KPUTHIHUMU 3HAMEHHSIMU JJIs H-
[IEHTAHOJIy-HITPOMeTaHy Ta HiTPOOeH30JIy-H-rekcany. Beranos-
JeHo, 110 3adikcoBaHi aHOMAJBHI 3a€2KHOCT] KoedinienTa mo-
IVIMHAHHSA 3BYKY IHiJIIOPSAIKOBYIOTHCS 3aKOHAM, OTPHMAHHUM Yy
Teopil AMHAMIYHOIO CKEHIIHTY, TIIbKH y GIIyKTyaliifHiil oba-
cTi ixHiX mapameTpis wTg,; > 1. Hoseneno, mo 36inbieHHs
gacroru 3ByKy (f > 110 MI'n), qyist 1oCIiazKyBaHOTO Jianas3o-
HYy 9aCTOT, AK 1 BiIXiJ BiJy KpUTHUYIHHUX 3HAUEHb TEMIIEPATypH
Y1 KOHIIEHTpAIlil, BUBOIUTH CHCTEMY 3 KPUTHYHOI y KPOCOBED-
HY WTgn ~ 1, abo HaBiTE rizpomuHaMiany o61acTh Wiy, K 1.
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