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Annotation. The study of generation and spread of surface waves in fluid layers is one of the main fields in
mechanics. This article deals with main characteristics of the oscillating system "central body - liquid" by means of well-
known representation in the form of a pendulum mathematical model. It makes possible to evaluate the spread of
specified disturbances at the general physical level and to determine the most dangerous frequencies that lead to
increased amplitudes of fluid oscillations. We propose some equations for single-frequency pendulums, which influence
each other by means of resistance forces and added mass. Several examples with different natural frequencies of the
central body and different frequencies of the disturbing force were considered. The frequency of natural oscillations of
the liquid was assumed to be constant and corresponding to the depth of the liquid equal to 4 m. The calculation results
showed that the resonant frequency of oscillation of the liquid layer in this system plays a decisive role. This is due to the
fact that the mass of fluid is significantly greater than body mass. Moreover, in addition to the natural frequencies of the
constituent elements, the system has two additional natural frequencies. As a matter of fact, one of these natural
frequencies of the system is almost close to the natural frequency of the layer. For the range of parameters studied, the
system responds only to those disturbances, in which the frequency is close to the natural frequency of the liquid layer.
In this case, the amplitudes of the oscillations of the fluid and the body increase sharply. This indicates that in real
technological processes it is necessary that at least the dominant perturbation frequency be as far away as possible
from the first resonant frequency of the liquid. However, it should be borne in mind that the frequency spectrum of fluid
oscillations in the zone adjacent to the central body can be quite wide and may contain dangerous low frequencies.
Further experimental and theoretical studies that take into account the influence of the following modes on the dynamic
picture of the process are also of interest.

Keywords: oscillatory system, frequency, central body, pendulum.

Introduction. A number of chemical-technological operations, including
oscillations in tanks with a central body, take place in mineral processing processes
[1], as well as in metallurgy, in particular, in the treatment of molten iron in ladles
[2]. Here, the strong agitation of the liquid can lead to large dynamic loads on the

© V.1 Yelisieiev, V.1., Lutsenko S.A. Shevchenko, A.P. Shevchenko, O.P. Tolstopyat, L.O. Flieier, 2019


https://doi.org/10.1051/e3sconf/201910900118
http://www.dnu.dp.ua/rus

ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eotexHiuna Mexanika. 2019. No 145 131

fasteners of the central body and to splash of liquid. In addition, interest in the
oscillations of the fluid it is connected associated with problems of transportation of
liquid media in various tanks. Actually it is related to all types of transportation - by
rail, by sea or by air cargo. This field of mechanics received a great impulse by
development of rocket technology, since fluid fluctuations (fuel and oil) in the tanks
cause significant disturbances in rocket dynamics and significantly complicate flight
control. Beside to practical interest in influence of oscillations on the liquid media,
there are also theoretical questions about the occurrence of these oscillations and
interactions between oscillating fluid and the vessel or body.

The study of generation and spread of surface waves in fluid layers is one of the
main fields in mechanics. There is large number of publications devoted to this
problem [3, 4]. Actual part of this scientific direction is the wave motion of fluid in
tanks. Here important results were obtained [5, 6], revealing the dynamic
characteristics of wave processes in vessels. The basis of these studies is a theory of
potential flows of incompressible fluids. At present, dynamic effects of wave motion
in layers often prevail over viscous effects, but this theory has not lost its
significance. In spite of development of the powerful numerical methods, the
application of this theory to applied problems is accompanied by certain difficulties.
A fundamentally important simplification in considering the dynamics of bodies with
liquid layers, is the representation of oscillating layers in a form of pendulums [7].
This formulation does not fully disclose the process of interaction, but at general
physical level shows important details of the motion spread in considered oscillatory
system.

In this paper, we use this approach to study the interaction between oscillating
fluid layer and central body immersed in it. Let’s assume the body and the liquid
layer are single-frequency pendulums. As a rule, the first mode practically determines
the dynamic characteristics of the system and the loads occurring in the process. In
our case, solution will suggest the conditions when the most severe situations arise.
However, a multimode (theoretically infinite) oscillation pattern is typical to liquid
surface. In this case, a certain frequency range may have significant effect. So, for
example, the splashes themselves, of course, are the result of low-frequency
oscillations, however, in addition to such relatively rare rises, local high swelling and
even cumulative jets generated by much higher frequencies occur [8]. The frequency
analysis of the layer surface and the bottom zone in [8, 9] shows a wide range of
frequencies that is characteristic of this process. This suggests that considered model
unable to cover many interesting aspects of the process, but it can be useful in
practice. Thus, let us consider the fluid layer and the body as a single oscillatory
system with their own dynamic characteristics. It is exposed to some disturbances
that set it in motion. It also contains formulas for evaluation the main departure
frequency. It is rather difficult to estimate the force effect of the gas component,
therefore, in this formulation, the degree of the oscillatory system susceptibility to a
certain disturbance frequency at a constant amplitude will be traced. The concept of
system susceptibility is well known in the theory of turbulent boundary layers [10].

Mathematical formulation of the problem. Standard equation for pendulum
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oscillation includes equality of inertial and elastic forces. In our case, it is also
necessary to include the forces of interaction between the two bodies: the resistance
force and force associated with the added mass [11]. Thus, the equations for fluid and
body motion (the tank motion is not considered) can be represented as

G Yo =-KgXg —Mp Ve e ~kogSp(Ug —Ug)+asin(2fpt), (1)
dt dt dt
dUr dUg dup]
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where t — time; Xg, X — movement of fluid and body mass; Ug, Ur — velocities of
liquid layer and body; Mg, Mg, M, — mass of liquid, body and added mass; Kg, K¢ —
elastic ratios; ps — liquid density; S — the cross-sectional area of the body; k —
resistance ratio; fp — frequency of disturbing force change; a — amplitude of disturbing
force. Discard all terms in the right side of equation except the first one, and will
have the classic equation of pendulum oscillations, the oscillation frequency is
determined by

276 =(Kg /Mg )%, 2fe =(Kg /Mg)2. (3)

For a cylinder submerged in a stationary liquid (large vessel compared to the size
of the cylinder)

27t =[Kg /(Mg +Mp Y2, (4)

so, the natural frequency of the submerged cylinder is reduced. The Archimedes force
may be included in this system, but in this case we assume that the movement of the
fluid and body is strictly horizontal and he slope of body is not taken into account. If
consider the body slope, the equations become somewhat more complicated (vertical
components are added). In this case, the elastic force (the first term in the right side)
can be supplemented by the (Kr — Ka)Xr, Where Ky may be related to movement in
nonlinear manner, but should be less than K.

Natural frequencies of the system. As follows from the theory of liquid
oscillations in axisymmetric vessels [6], the natural frequencies of a fluid layer are
determined by the expression

[ [l - expl N
2 - o e PO 2 ®

where H — layer height; R — vessel radius, A« — eigenvalues (A, = 1,841; A, = 5,331,
A3 =8,536; A, =11,707). Let us assume (for a vessel with fluid layer radius and
height of 4 m, the first natural frequency is 0,47 Hz) that the natural frequency of the
cylinder is an unknown value (it depends on the mounting system), so we will vary it.
If the system solution is given in the form

X = Ag -exp(2st), Xp = A -exp(24fst) (6)

where Ag, Ar — amplitudes of layer and body; fs — natural frequencies of the whole
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system, so we can determine that
S = —E + mG + m,:) X

[(l+mF)fGZ+(1+ mG)fFZ]J_r (7)

X
i\/[(l-i- mF)fGZ +(1+ mG)sz]z —4fGZfF2(1+ mG +m|:)

where mg= M,/ Mg, mg= M,/ Mg, so oscillatory system has two more characteristic
values - these are the resonant frequencies of the system.

Results. Let’s show a number of examples of oscillatory movements of the
cylindrical body and liquid at different resonance frequencies of the body f¢, driving
frequency fp at a constant frequency fg of 0,47 Hz, which corresponds to the natural
frequency of the fluid layer of 4 meters height. In the figures (Figure 1A — 10A), the
amplitudes of oscillations are shown in dimensionless arbitrary units. Absolute values
are not important in this problem statement. Here, the comparison of the curves is
important, as well as how much the amplitudes of the oscillations of the system
change depending on the specified disturbance frequency. Figures 1B — 10B show the
spectral densities of the corresponding curves depicted in Figures 1A — 10A, which
are obtained using the standard Fast Fourier transform (FFT) algorithm.

The first example. Resonant frequency fr of the body is 0,25 Hz. In this case,
from formula (7) it follows that fs; = 0,168 Hz, a fs, = 0,469 Hz. For f, = 0,168 Hz,
we obtain the following amplitude-frequency characteristics (Figure 1 and 2).
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Figure 1 — Oscillations of liquid layer at fp =0,168 Hz: A — time curve of Xg; B — amplitude-
frequency characteristics of Xg, obtained as a result of Fast Fourier transform (FFT)
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Figure 2 — Oscillations of central body at fp = 0,168 Hz: A — time curve of Xg; B — amplitude-
frequency characteristics of Xg, obtained in FFT
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In this example, the natural frequency of the body is lower than the natural
frequency of the liquid. The upper resonant frequency here is close to the resonant
frequency of the fluid layer and the frequency of the disturbing force coincides with
the lower resonant frequency of entire oscillatory system (fp = fs;). From Figure 1A it
follows that the amplitude of layer oscillation is small (in conventional units), i.e.
liquid practically does not respond to disturbance, while the body amplitude is higher
than the layer amplitude, so the body is involved in the movement, but is strongly
inhibited by the fluid. Figure 1B and Figure 2B shows that FFT algorithm responds to
disturbing frequency of 0,168 Hz. If the disturbing frequency is somewhat lower or
higher than fs;, calculations show that amplitudes of layer and body oscillations are
small, i.e. neither liquid nor body is involved in the movement. With increasing
frequency, amplitude of the layer slowly rises, and at fp = fg we have a completely
different picture, presented in Figure 3 and 4.

In this case, as it follows from Figure 3A and 4A, amplitudes of layer and body
oscillations are two orders of magnitude higher than in the previous case (Figure 1A
—2A). That is, the coincidence of the disturbing frequency with the resonant
frequency of the fluid layer results in intensive movement of the layer and the body.
In Figure 3B and 4B are significant peaks corresponding to 0,47 Hz. A further
increase of f, frequency leads to rapid decrease of the movement intensity.
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Figure 3 — Oscillations of liquid layer at fp =0,47 Hz: A — time curve of Xg; B —amplitude-
frequency characteristics of Xg, obtained in FFT
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Figure 4 — Oscillations of central body at fp = 0,47 Hz: A — time curve of Xg; B — amplitude-
frequency characteristics of Xg, obtained in FFT

The second example. Resonant frequency fg of the central body is 1,2 Hz (higher
than fg). In this case, from formula (7) it follows that fs; = 0,468 I'i, a fs, = 0,81 Hz.
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For fp = 0,81 Hz we obtain the following amplitude-frequency characteristics (Figure 5
and 6).
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Figure 5 — Oscillations of liquid layer at fp = 0,81 Hz: A — time curve of Xg; B — amplitude-
frequency characteristics of Xg, obtained in FFT
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Figure 6 — Oscillations of central body at fp =0,81 Hz: A — time curve of Xg; B — amplitude-
frequency characteristics of Xg, obtained in FFT

Unlike the previous example, the lower resonant frequency of the system is close
to resonant frequency of the layer, and the upper frequency and fs, are one and a half
times higher than fs. Figure 5 and 6 present a case when the master frequency
coincides with the upper resonant frequency of the system. As it is in the first
example, the body responds to a disturbance (disturbing frequency presented in
Figure 6B), amplitude of its oscillation is slightly increased, fluid layer hardly reacts
to this disturbance (there is only a small burst corresponding to fg in Figure 5B). As
the frequency decreases and approaches the resonant frequency of liquid layer,
amplitude of layer oscillation slowly grows and as it is in the previous example, in
neighborhood of this value oscillations intensity sharply increases (Figure 7 and 8).
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Figure 7 — Oscillations of liquid layer at fp =0,47 Hz: A — time curve of Xg; B —amplitude-
frequency characteristics of Xg, obtained in FFT
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Figure 8 — Oscillations of central body at fp = 0,47 Hz: A — time curve of Xg; B —amplitude-
frequency characteristics of Xg, obtained in FFT
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Figure 7B and 8B show large bursts corresponding to the resonant frequency fc.

These examples demonstrate that the resonant frequency of liquid layer
oscillations in this system actually plays a decisive role because of the fact that mass
of the fluid is much greater than the mass of the body. As a rule, in this case one of
the natural frequencies of the system is close to the natural frequency of the layer.
Therefore, if disturbing frequencies fr and there fg are close, there is a strong agitation
at the liquid surface. If disturbing frequency coincides with the other natural
frequency of the system, the body responds to it, but its movement experiences great
resistance from the fluid. The most dangerous situations occur when the natural
frequency of the body is close to fg.

The third example. Resonant frequency fr of the central body is 0,45 Hz. In this
case from formula (7) it follows that fs; =0,302 Hz, f5, =0,47 Hz. Let’s show behavior
of the liquid layer at f, =0,46 Hz (Figure 9).
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Figure 9 — Oscillations of liquid layer at fp =0,46 Hz: A — time curve of Xg; B —amplitude-
frequency characteristics of Xg, obtained in FFT.

Calculations show that in this case the body oscillates with the liquid and Xg
almost coincides with Xg.

The forth example. The resonance frequency of central body fr is 0,49 Hz, that is
somewhat higher than fg. In this case, from formula (7) it follows that fs; = 0,329 Hz,
fso = 0,47 Hz. This case for fp = 0,48 Hz is shown in Figure 10 for a layer only, since
the body oscillations are almost the same.
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Figure 10 — Oscillations of liquid layer at fp = 0,48 Hz: A — time curve of Xg;
B — amplitude-frequency characteristics of Xg, obtained in FFT

From the last two examples it follows that if the interval between frequencies fg
and fr is narrow, the entry of the master frequency into this interval leads to a strong
increase of amplitudes of the layer and body oscillations.

Experimental studies of the oscillations of a freely suspended steel rod immersed
in a liquid in oscillating vessel were also conducted. The length of the pendulum was
chosen in such a way that the frequency of its natural oscillations in the fluid at rest
was deliberately less or within the specified frequency range of platform oscillations.
Centrally suspended steel cylinders with a diameter of 21 mm and a length of 60 mm
(measured natural frequency of oscillations in a fluid at rest is 2 Hz) and 119 mm
(measured natural frequency of oscillations in a fluid at rest is 1,577 Hz) were used as
a pendulum, the length of the suspension was little.

Figure 11 shows dependence of the frequency of pendulum immersed in a liquid
up to the point of suspension on the frequency of platform-liquid system in the range
1,8-2,5 Hz.

It is obvious that when the fluid oscillation frequency approaches the
eigenfrequency of a 60-mm pendulum, the frequency of its oscillations in a certain
area remains almost constant, while the oscillation frequency of 119-mm pendulum is
quite close to vessel frequency.
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Figure 11 — Frequency dependence of pendulum immersed in a liquid on the frequency of platform-
liquid system: 1 — 60 mm pendulum; 2 — 119 mm pendulum

Conclusions. On the basis of a mathematical model for pendulum oscillations, a
system of liquid layer and a central cylindrical body is considered. It was found that
in addition to the natural frequencies of these components, the system has two more
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eigenvalues.

Since the liquid mass is much greater than the body mass, the frequency close to
the resonant frequency of the layer practically determines the system behavior when
it is disturbed, i.e. the system actually responds only to disturbances which
frequencies are close to the natural frequency of the fluid layer. This important result
suggests that in practice it is necessary to know the resonant frequency of the liquid
layer and to try to damp amplitude with this exciting frequency. This can be done
both constructively and technologically. However, it is necessary to point out that the
spectrum of oscillation frequencies in the botton zone is wide and, naturally, contains
dangerous low frequencies, that is a challenge for practitioners. It is also desirable
that the natural frequency of the central body be as far as possible from the natural
frequency of the liquid. Besides, due to dispersion of fluid oscillations, further
experimental and theoretical studies, considering the influence of the following
modes on the dynamic pattern of the process, are of great interest.
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AHoTauis. BusueHHs reHepalii i NOWMPEHHS NOBEPXHEBUX XBUIb B LUAPaX PiduHN € OOHUM 3 OCHOBHUX HanpsMKiB
B MeXaHiLj. Y cTaTTi po3rnsaatTbCs OCHOBHI XapaKTepUCTUKM KOnuBanbHOI cuctemu "LleHTpanbHe Tino - pignHa" 3a
[OMOMOroH0 ii 3aranbHOBIZOMOrO NPEACTABIEHHS Y BUMMAAI MasTHUKOBOI MaTemMaTUyHOI Mogeni. BoHa He poskpusae
MOBHICTIO Npouec B3aemofil, NpoTe, Ha 3aranbHOMY (PisUMHOMY pPiBHI JA€ MOXIMBICTb MPOCTEXMTU 3@ PO3BUTKOM
30ypeHb, WO 3a7alThCsl, | BU3HAUMTM Hanbinbll HebesneuyHi yacToTh, SKi NPW3BOAATb A0 NIABMLLEHMX amnniTyg
KONMBaHHS PiguHW. PiBHSIHHS BUNMCAHI ANS OOHOYACTOTHUX MAsTHUKIB, LLO BANMBAIOTb OOMH HA OHOMO 3a AOMNOMOroH
CWn OMopy i NPUeAHaHOT Macu. Po3rnsHyTO Aekinbka NpUKNagie 3 pisHUMKU BRACHWMW YacTOTaMM LiEHTPanbHOMo Tina |
PisHUMK YacToTamu 3Byprotoyol cunu. YacToTa BnacHUX KONMBaHb PigMHU NpuitManacs NOCTiMHIN i BiANOBigHIN rMnbuHi
PidVHM PiBHOK 4 M. Pe3ynbTaTi po3paxyHKiB nokasanu, Lo pe30HaHCHa YacToTa KONMMWBaHHS Luapy PiavnHu B Ui cUCTEMI
rpae Bu3HavanbHy posb. Lle nos's3aHo 3 TuM, WO maca piguHK 3Ha4yHo Binblie macu Tina. Mpu LsoMy, OKpiM BIaCHMX
4acToT CKIafoBMX ENEMEHTIB, CMCTEMA Ma€ LUe ABi 40AATKOBI BNACHi YacTOTW. Ak NpaBumno, 0OaHa 3 UMX BIacHWUX YacToT
cUCTEMM MpakTU4HO Ormsbka A0 BRacHOi 4acToTu wapy. [ns AianasoHy JOCMMKeHUX napameTpis, cucTema
BIOTYKYETbCS TiNbKKM Ha Ti 30ypeHHs, Y AKX YacToTa 6im3bka 4O BMACHOI YacToTu pigkoro wapy. B ubomy Bunagky
amnniTyan KonuWBaHb PigMHW | Tina pisko 3pocTatoTh. Lle BKasye Ha Te, WO B peanbHMX TEXHOMOMYHWMX MnpoLecax
noTpibHe, o6, NpuHalMHi, AOMiHyrOYa YacToTa 36ypeHHs byna skHargani Bif NepLlol Pe30HaHCHOI YacToTU PiauHU.
Crnigye, npoTe, BpaxoByBaTH, LLO CMEKTP YACTOT KONMWBAHb PiANHM B 30Hi, NPUNernin A0 LEHTPanbHOro Tina, Moxe 6yt
BOCUTb LWMpOKUA | MmicTuT B coBi HebeaneyHi HW3bki yacToTW. Takox NpPeacTaBnsoTb IHTEpPEC noaanbLi
eKcnepuMeHTarbHi | TEOPETUYHI OMpaLtoBaHHS, LU0 BPAXOBYIOTb BMMMB HACTYNHUX MOZ HA AWHAMIYHY KapTUHY NpoLecy.

KntoyoBi cnoBa: KonuBanbHi CUCTEMM, YACTOTK, LIEHTPANbHE Tifo, MasiTHUKN.

AHHOTaUuA. V|3y‘-IeHVIe reHepaunn 1 pacnpocTpaHeHna NoBEPXHOCTHbLIX BOJIH B CITOAX XWAKOCTU ABNAETCA OOHUM
M3 OCHOBHbIX Hal'lpaBJ'IeHMIh B MeXaHuke. B cTatbe paccmaTpuBatdTCA OCHOBHbIE XapaKTePUCTUKK konebaTenbHo
CUCTEMbI «LIeHTparibHOe TEeNO - XWUAOKOCTb» NOCpPeacTBOM ee O6LLL€VI3B€CTHOFO npencraenieHna B Buae MasiTHUKOBOW


mailto:VILutsenko@nas.gov.ua
mailto:VIYelisieiev@nas.gov.ua
mailto:VILutsenko@nas.gov.ua
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=EC&P21DBN=EC&S21STN=1&S21REF=10&S21FMT=fullwebr&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=A=&S21COLORTERMS=1&S21STR=%D0%A8%D0%B5%D0%B2%D1%87%D0%B5%D0%BD%D0%BA%D0%BE%20%D0%A1$

140 ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexHiuna mexanika. 2019. No 145

MaTtemaTiyeckorn Mmogenu. OHa He packpblBAET NOMHOCTLIO NPOLECC B3aMMOLENCTBMS, OOHAKO, Ha 06LLEM (hu3nYeckom
YPOBHE [JaeT BO3MOXHOCTb MPOCNEANTb 3a Pa3BUTMEM 3afaBaeMbiX BO3MYLLEHUIA U onpeaenuTb Haubomnee onacHble
4acToTbl, KOTOpble NPWBOAAT K MOBbILEHHbIM amnanTygam konebaHus XMAKOCTW. YpaBHEHMS BbiNUCaHbl Ans
OOHOYACTOTHbIX MAsATHUKOB, BUAIOLIMX APYr HA Apyra NOCPeacTBOM CUM COMPOTUBAEHUS U NPUCOEANHEHHON Macchbl.
PaccmMoTpeHO HeCKOMbKO MPUMEPOB C pasHbIM COBCTBEHHBIMI YaCTOTaMK LEHTPANbHOTO Tena U pasHbIMK YacToTamu
BO3MyLLaKOWEN cunbl. YacTota coBCTBEHHbIX KonebaHWn XWAKOCTM MpUHMMAnach MOCTOSIHHOM WM COOTBETCTBYHOLLEN
rny6uHe XnakocT paBHOM 4 M. PesynbTaTbl pacyeToB nokasanu, YTo pe3oHaHCHas YacToTa konebaHus Crnos Xuakoctu
B 3TOW CUCTEME WrpaeT ONpeAensItoLLy0 porb. OTO CBA3AHO C TEM, YTO Macca XWAKOCTM 3HauMTENbHO Gorblue Macehl
Tena. Npu 3ToM, NOMUMO COBCTBEHHBIX YAaCTOT COCTABMAIOLMX ANEMEHTOB, CUCTEMA UMEET elle ABe LOMNOMHUTENbHbIE
co6CTBEHHbIE YacTOoThbl. Kak npaBuio, oaHa 13 aTUX COBCTBEHHbIX YaCTOT CUCTEMbI NPaKTUYECKM Brnaka k COBCTBEHHON
yactote cnosi. [ins auanasoHa MCCnefoBaHHbIX NapameTpoB, CUCTEMA OTKIMKAETCS TOMbKO Ha Te BO3MYLLEHMS, Y
KOTOpbIX YacToTa Grmaka kK COGCTBEHHON YacTOTe XMAKOrO Cnosi. B aTom cnyyae amnnutyabl konebaHuit XugKocTi n
Tena pesko BO3pacTaloT. JTO yKasblBAET Ha TO, YTO B pearibHbIX TEXHOMOMYECKMX npoLeccax Heobxoaumo, YTobel, no
KpalHen Mepe, AOMMHMpYHOLLAs YacToTa BO3MYLUEHMS Oblna Kak MOXHO Jarbluie OT NepBON PE30HAHCHOW YacToTbl
xugkoct. Criegyet, OOHAKO, Y4MTbIBaTb, 4YTO CMEKTP 4acToT KoneGaHWW XMOKOCTM B 30HE, NpuUnexallen K
LeHTparbHOMY Teny, MOXeT ObiTb [JOBOMbHO LWMPOK M cogepxatb B cebe OmacHble HU3kWe YacToTbl. Takke
NPEACTaBNSOT MHTEPEC AarnbHenwne 3KCNepUMEHTaNbHbIE W TEOPETUYECKe NpopaboTKK, yYnTbIBaKOWME BRUsSHUE
CNeayLLMX MO Ha AMHAMWUYECKYIO KapTUHY npoLecca.
KntoyeBbie cnoBa: konebatenbHble CUCTEMbI, YaCTOTbI, LLEHTParbHOE TENo, MasTHUKA.
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