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Novel monitoring system for quantitative estimation of efficient medical
treatment of diseases based on dielectric properties of blood samples

L.V. Batyuk !, N.N. Kizilova?
! Kharkiv National Medical University, Kharkiv, Ukraine
2y.N. Karazin Kharkiv National University, Kharkiv, Ukraine
e-mail:n.kizilova@gmail.com

A new system for monitoring the effects of radiation and chemotherapy on patients with cancer and some other severe diseases
based on the changes in the dielectric characteristics of their blood samples before and after the treatment using a pre-
organized system of knowledge on the cancer dynamics, statistical long-term data processing either in the individual or for
different cancer types, novel mathematical models and computations on them for interpreting the measurement data is
presented. The elaborated system allows accumulating, storing and retrieving data for primary and repeated data processing,
the real time decision making on the efficiency/inefficiency of the treatment procedures, and planning future treatment
procedures.

Key words: monitoring system, oncology, chemotherapy, radiotherapy, efficiency, mathematical modeling, dielectric
properties, medical diagnostics.

B pabote npexncraBieHa HOBasi CHCTeMa MOHHTOPHHTA Pe3yJIbTaTOB BIMSHMS PAAMAlMOHHOW W XHMHOTEpAIUH Ha TAI[HEHTOB
C OHKOJIOTHYECKMMH 3a00JeBaHUSMH M psja JIpyrux 3a0ojieBaHMH HAa OCHOBAaHWUHM W3MEHEHHUS JUIJIEKTPHYECKUX
XapaKTePHCTHK P00 KPOBH MAIMEHTOB IO U TIOCTIE JICUSHUS] HA OCHOBE MPEIBAPUTENFHO OPTaHN30BaHHOM CHCTEMBI 3HAHUH 0
JUHAMHUKE Pa3BUTHSI OHKOJIOTMYECKOTO 3a00JIeBaHMS, CTATHCTHIECKOH OOpaOOTKM MAHHBIX UIMTENBHBIX H3MEPEHUH Kak y
JAHHOTO TAIMeHTa, TaK U IO BUAaM 3a00JeBaHMH, CIIENHAIbHO pa3pabOTaHHBIX MAaTEMaTHUECKUX MOJENel U pe3ynbTaToB
YHCICHHBIX PAacYeTOB MO HUM AT HMHTEPIPETAlH SKCIEPUMEHTANbHBIX MAaHHBIX. Pa3paboTaHHas cucTeMa IIO3BOJISIET
HaKaIUIMBaTh, XPaHUTh W W3BICKATh JAHHBIC U1 MEPBHYHOW M IOBTOPHOM cTaTHCTHYECKOH 00paboTku mHpopmanuu, B
peansHOM BPEMEHHU IPUHUMATH perieHns 00 3G(GeKTHBHOCTH/HEIPPEKTHBHOCTH TePANeBTHYECKUX MPOLEAYp U IUIAHUPOBATh
HOCJIEYIOIIHE IeUeOHbIC MEPOIIPHATHS.

Knrouesvle cnosa: cucmema MOHUMOPUHZA, OHKOJIO2UA, Xumuomepanus, pa()uomepanu}z, Bd)d)eKWlu@HOCmb, mamemamudeckKue
MOO@]ZHPOBGHM@, 0u3ﬂ€KmpuLl€CKM€ ceodcm@a, Me()uuuucmm ouasHocmuKa.

VY poboti mpencraBieHa HOBa CHUCTEMa MOHITOPUHIY pe3yNbTaTiB BIUIMBY pajialiifHOi Ta XimioTepamii Ha NaIli€HTIB 3
OHKOJIOTIYHUMH 3aXBOPIOBAaHHSAMH Ta DALY IHIINX XBOpPOO (iIEMiYHHUI, TeMOparidHuil iHCYNBT Ta iHIII) Ha OCHOBI 3MIiHH
IENEeKTPUYHIX XapaKTePHCTHK Mpo0 KPOBi MAIi€HTIB O 1 MICNA JIKYBaHHS 3 BUKOPHUCTAHHAM IIOTIEPEIHBO OPTraHi30BaHOL
CHCTEMH 3HaHb IPO JHHAMIKY OHKOJIOTIYHHX 3aXBOPIOBaHb, CTATHCTHYHOI OOpOOKM JaHMX OaraTOpiyHMX BHMIPIOBAaHb SK Y
KOHKPETHOTO TAIli€HTa, TaK i 32 THIIOM XBOPOOH, a TaKOX CHELIaNbHO PO3POOJICHNX MaTeMAaTHYHUX MOAEJEH i pe3ynbTaTiB
YHCEJIbHUX PO3PAaxyHKIB IS IHTEepHpeTalil eKCIeprMEHTAIbHUX JaHUX. B mepmiomy po3aiii cTaTTi HaJaHWi JeTaabHUH
OTJISA[] CydYacHOl JiTepaTypd 3 JOCATHEHb CYYaCHHX IHOMBIIyalbHUX (i3i0NOTIYHUX Ta MAaTeMaTHYHHA MOJeei,
AQBTOMATHYHHUX KOMIT IOTEPHUX CHCTEM 300py MEIUYHHX JaHHX, Pe3YNbTATiB YHCENBHUX PO3PAaXyHKIB 3a MaTeMaTHYHUMHU
MOZEISIMH 3 ypaxyBaHHSIMHU peanbHOl iHANBIIyalbHOT 3-BUMIpHOI TeoMeTpii TOCHiKyBaHOT CUCTEMH, JaHUX Oe3MocepeaHix
BUMIPIOBaHb IIBUJIKOCTEH Ta THCKIB B OKPEMHX apTepiajJbHHX CErMEHTaX, a TaKOX Pe3yJIbTaTiB YHCEIbHUX PO3PAaxXyHKIB, Yy
TOMY YHCI IHTETPAIbHUX ITapaMeTpiB, a caMe 00 €MHUX BUTPAT KPOBi B CYIMHAX Ta OCEPETHEHUX 3HAUEHb THCKIB. B npyromy
pO37ini HaBeJeHI MaTeMaTHYHI MOJENi, SKi € CKIaJHUKaMH 3alpOIIOHOBAHOI CHCTEMH MOHITOPHHTY, IiarHOCTHKH Ta
JKyBaHHS OHKOJIOTIYHMX 3aXBOPIOBAaHb HA OCHOBI €IEKTPO(I3MYHUX IMMapaMeTpiB CTaHTAPTHHX MpoO KpOBi TMallieHTa 3a
JIOTIOMOTOI0 BHMIpIOBaHb Ji€IeKTPUYHUX MOKA3HHUKIB MPOOM B 30BHIMIHBOMY €JIEKTPOMArHITHOMY BHIpoMiHroBaHHI CBU-
JianasoHy MpH MIXPOKOMY BapiloBaHHI TeMIepaTypu 3pas3ka B aiamasoni T=0-56 C.

Po3poOniena cuctema 103BOJIsIE HAKOMUYYBaTH, 30epiraTy Ta BHIABaTU JAaHi Ul MEPBHHHOI Ta MOBTOPHOI CTAaTHCTHUYHOL
00po6xu iHdopMalii, B pearbHOMY Yaci IpUHMATH pilleHHs Npo eeKTHBHICTH/Hee()EeKTUBHICTD TEPANIeBTHYHUX MPOLEIyp i
IJTaHyBaTH MOAAIIBIII JIIKYBAIbHI 3aXO0JIH.

Knwwuoei cnosa: cucmema MoHImoOpuHey, OHKOIOZIA, Ximiomepanis, padiomepanis, eQeKmueHicmy, MamemMamudi
MOOeNt08aHHs, OieleKMPUYHi 81ACMUBOCI, MeOUYHA 0IACHOCTIUKA.

1 Introduction

Revolutionary technologies being currently developed in physics, chemistry, material and computer
sciences are rapidly changing our life and healthcare. During the last decades many novel approaches to
medical diagnostics, surgery planning with computer-based systems have changed the quality of
medical care and promoted development of patient-specific medicine using complex individual
mathematical models, automated medical data analysis systems, omics-based studies, and decision
making algorithms with artificial intelligence (Al) [1-3]. Digital technologies are promoting the
elaboration of novel materials for bone implants, orthodontic units and teeth restoration which are based
on the computer-assisted mechanical analysis of the individual 3D models. Blood flow simulations with

© Batyuk L.V., Kizilova N.N., 2019
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computational fluid dynamics (CFD) in the patient-specific cardiovascular models allow estimation of
the stenosis severity and decision making on the number of stents needed for the blood flow
normalization [4]. Moreover, electromagnetic, acoustic, optical and other physical properties of tissues
carry valuable diagnostic information [5]. Since blood is the most movable fluid that passes through any
organ and tissue, in the case of cancer, blood is strongly influenced by the products of the cancer cell
metabolism and tissue decay that changes chemical and physical properties of the red blood cells (RBC)
and blood plasma [6]. Such changes can be observed even at the early stages of the cancer development
and may serve as an excellent test for early diagnosis of cancer [7]. Since measurements and
interpretations of mechanical, electric and other physical properties require coordinated efforts of
engineers, mechanics, biologists, mathematicians and medical specialists; the modern medicine is
becoming an interdisciplinary science.

Another dimension to the healthcare is added by One Health (OH) concept that is a new health
policy framework of the XXI Century. The OH concept treats human health as connected with animal
health and bacterial maps, environmental conditions (food and water quality, pollutions, etc.), economy
and other factors [8, 9]. It is well recognized that the cancer diseases are mostly determined by
environmental, economic and other factors included into the OH concept. Currently a breakthrough in
cancer diagnosis has been demonstrated by high-fidelity cancer detection on medical images using Al
[1, 2, 10]. The Al code based on convolution neural network (CNN) [11] has correctly recognized skin
cancer in 95% cases, while the international team of 58 experienced dermatologists from 17 countries
have succeeded in 86,6% cases [12]. Al based on GoogLeNet Inception CNN has demonstrated better
abilities in recognition of lung cancer on the whole-slide images of human chest than an international
team of recognized pulmonologists [13]. Reinforcement Learning algorithms have been trained for
predicting individual optimal dosing in treatment of brain tumor [14].

Recently deep learning algorithms have been successfully trained using data from 284335
cardiovascular patients and validated on two independent datasets of 12026 and 999 patients with
successful prediction of cardiovascular risks based on the image analysis of their retinal fundus
photographs [15].

Therefore, Al demonstrated promising perspectives in analysis, recognition and classification of
patterns on medical images, integrated arrays of different omic data including the incomplete datasets.
The physicians could be augmented by Al creating the expert-in-the-loop system that is considered a
new approach in the personal healthcare [3]. Information technologies and multidisciplinary approaches
in cancer diagnosis and treatment are the main components of patient-specific predictive oncology. In
this study such a system for monitoring human health and quantitative estimation of efficiency of the
cancer treatment based on detailed measurements of dielectric properties of blood samples is presented.

2 Dielectric properties of biological materials

Biological cells and tissues are characterized by surface electric charge produced by the charged
proteins, dissociation of the surface molecules, and adsorption of ions from the interstitial fluids or
blood plasma. The charged particles form several compact and less compact layers around the cells in
water-based solvents. In the external and internal electric fields (i.e. produced by heart, skeletal and
smooth muscle contractions, electric signal propagation along nerve fibers and brain activity) the
electric layers are polarized changing the dielectric permittivity &=¢&"+ig" of biological cells and
tissues [16]. The real part &' corresponds to static dielectric permittivity, while &” corresponds to the
energy loss in the material being an imperfect dielectric. The dielectric loss ¢, =atan(e"/¢g’)
characterizes the amount of the energy converted into heat due to electric conductivity and dielectric
losses. Dielectric permittivity of blood increases with the concentration of RBCs and blood plasma
proteins.

The dielectric parameters of biological materials shows the dependence on the frequency @ of the
applied electric field (dispersion) in the form &'(w), &"(w) . The frequency dependencies for dielectric

permittivity with single relaxation time z (Debye model) have the form [15]

#(w)=e, +- 2% orlé, —¢,) (1)
1+ w7) 1+ w7)
where ¢, and ¢, are permittivity measured at high wz, >>1 (the THz frequency range) and low
ot <<1 frequency ranges, ¢, corresponds to the steady electric field.

_gw

&"(w) =
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The modified Cole-Cole dispersion model is described by the generalized equation
Ege — € o,

© 4 i (2)

e =€, +
(@) =2, 1+ (o)™ iwe,

where « is the Cole-Cole parameter.
The dispersion relation for electric conductivity o of the sample may be written then as [15]
o O-O
i 3
1+ (w7)® ®)
The curves &'(w), &"(w) can be measured by dielectric spectroscopy (DS) technique proved to be a
useful approach for analyzing heterogeneous systems, especially biological cell suspensions and tissues
[15]. Nowadays the DS technique can be applied to a single cell, which makes the theoretical analysis
relatively simple because complex electrical interactions between cells need not to be accounted for.
The proposed system of monitoring is based on the DS measurements on diluted suspensions of human
RBC and the data analyses based on (1)-(3).

o(w) = 0’r

3. The monitoring system components

3.1. The dielectric spectroscopy unit

The dielectric parameters of the tissue samples have been measured by the method of microwave
dielectrometry using a cylindrical resonator at a working frequency f=9.2 GHz in the temperature range
T=2-45 °C that allows recording the structural changes in the electric layers and hydrated shells of the
cells at a molecular level by the ratio between free and bound water contents [15]. For &'
measurements, the sample has been collected in a capillary (2 mm in diameter), placed in the resonator,
and a shift of the resonant frequency between the natural frequency of the resonator and the resonator
with the sample has been recorded. The values ¢’ and &" have been calculated from the gradient
curves obtained for substances with known values &' and &". The value &" has been corrected for
electrical conductivity due to the presence of inorganic ions in the medium. The electrical conductivity
of the samples has been measured by a bridge method at f=1 kHz at room temperature. The error in the
obtained values do not exceed + 0.2 for &' and + 0.5 for £". The temperature of the samples in the
capillary has been measured with a copper-constantan thermocouple with an accuracy of + 0.1 °C. The
room temperature has been 20.0 °C, and the sample has been cooled/heated by keeping it in ice/hot
water accordingly.

The measurement procedure has been as follows. A venous blood sampling (2 ml) has been
performed on an empty stomach. The collected blood has been stabilized with an anticoagulant (0.1 ml
of heparin solution with 5000 1U activity). Then the erythrocyte fraction has been separated from the
plasma by centrifugation (three times) at 3000g (10 minutes per centrifugation cycle) with sodium
phosphate buffer (0.15 M NaCl, 0.02 M Na,HPO,/NaH,PO,, pH=7.4). Then a suspension of cells has
been prepared in the same buffer with natural concentrations 4.8x10% cells/mm?®). The portion of the
suspension has been placed into the unit for measurements of &' and &” at different temperatures. The
measured values have been submitted to the database.

3.2. Database

A convenient structure of the database has been elaborated. Each record related to a single patient or
volunteer contains encrypted personal information; anamnesis with the prescribed treatment(s) and the
treatment results; previously obtained clinical and biochemical blood examination results; current
diagnosis and &' (T) and &" (T) curves measured in the dielectric spectroscopy unit.

Currently, the datasets for healthy donors (67 records), patients with breast and lung cancer before
and after chemical and/or X-ray therapy (78 records), patients with ischemic and haemorrhagic stroke
before and after treatment (84 records), diabetes mellitus before and after treatment (53 records) are
collected in the database.

3.3. Statistical analysis core
The data collected in the database have been thoroughly processed by different statistical methods
(regression, correlation, factor analysis). The most important dependencies have been obtained and the
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main differences between healthy donors and patients have been determined. Based on the statistical
data, it has been shown that [6, 7, 15]:

1)
2)
3)
4)

5)

The dielectric parameters are important non-specific indexes of the disease, the disease stage
and the treatment success;

The differences in the &' (T) and &" (T) curves between the healthy blood samples and the
patients’ blood samples increase with progression of the disease;

In cases of successful treatment, the &' (T) and &” (T) curves become closer to the healthy ones;
The observed regularities are similar in the RBC and RBC ghost suspensions; therefore the
changes in the dielectric parameters due to both disease progressing and treatment success are
determined by the changes in the RBC membranes;

Since the dielectric measurements have been conducted in the TGz frequency when the water
molecules are movable only, the hydration shells of the RBC and RBC ghosts can be
responsible for the measured differences, therefore, the thickness and density of the hydration
shells can be considered as the most informative indexes of the disease stage and the treatment
success.

r r
g e

0 5 10 15 20 25 30 35 40 45T, °C 0 5 10 15 20 25 30 35 40 45 T,°C

a b

Fig.1 Dependencies &' (T) and &" (T) of RBC suspensions (a) and RBC ghosts (b): 1 — healthy donors, 2 — breast

cancer, 3 — lung cancer

4. The monitoring system and its first implementation results
The components described in the previous chapter are combined by the feedback connections into the
novel approach for the computer-assisted decision making in individual medical diagnostics, treatment
planning and result estimation (Fig.2).

Data
classification

Verbal data

r ™\
Standard physiological

test results
\.. y.

¥

Database Eiegularities

3 Y

Statistical Artificial
analyses core intelligence

\

.
Additional physical
data €'(T),£"(T), etc.
\ J

Decision

Fig.2 The monitoring system scheme
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The monitoring system could be run by Al which will increase the diagnostic and treatment ability
of the system. As shown with the Al algorithms used for the skin [12] and lung [13] cancer diagnostics,
retina photographs based cardiovascular risks prediction [15], the Al algorithms trained on the
combination of verbal (age, gender, smoking status, etc.), humerical (blood pressure, blood sample
examinations, and other standard physiological test results), and additional dielectric &' (T) and &" (T)
curves can be helpful in the decision making by the expert-in-loop system.

The collected medical data are not sufficient for deriving any global conclusions on the statistical
regularities on the type of disease or individual treatment prescription. They are insufficient for training
of Al and its validation as well. The results obtained on the datasets described in the paragraph 3.2,
have revealed that variations of the &' and &" values at different temperatures in healthy donors and
cancer patients are statistically similar, and the dielectric properties of RBC and their membranes can be
used as a non-specific cancer diagnostic parameter and a treatment success indicator.

5. Conclusions

A new monitoring system for cancer diagnosis and quantitative estimation of efficient medical
treatment of cancer disease based on the results of the standard medical tests and additional
measurements of dielectric parameters of blood samples in the wide temperature range from T=0 C to
the near protein denaturation temperatures T~50 C has been developed and tested. The system is
proposed for further validation and implementation for more accurate early diagnostics of cancer and
other diseases as well as for quantitative estimation of treatment success. Based on the collected
database for the healthy donors, the patients with breast and lung cancer before and after chemical
and/or X-ray therapy, the patients with ischemic and haemorrhagic stroke and diabetes mellitus before
and after treatment, it has been shown that the real and imaginary parts of the dielectric permittivity of
the RBC and RBC ghosts suspensions can be considered as important non-specific indexes of the
disease and its stage. The same index can be used for quantitative estimation of the treatment success.
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Cucrema KOMIT FOTEPHOTO MOJCIIIOBAHHS JUIsl YUCIIOBOTO BUPIIICHHS
OJIHOBUMIPHOTO HECTaI[lOHApHOTO PiBHSIHHS broprepca

[.B. I'apsiueBcohka, [.0. [IporexTop
Xapxiscokuii HayionanvHuil yHisepcumem imeni B. H. Kapaszina, maiioan Ceoboou 4, m. Xapxis, 61022, YVrpaina
e-mail: i.garyachevskaya@karazin.ua

VY cTaTTi OMHCYETHCS CHCTEMa KOMIT FOTEPHOTO MOJIETIOBAHHS, sIKa IPW3HAYeHa JUIS YHCIIOBOTO BHPINICHHS HENMIHIHHOTO
OJHOBHMIPHOTO HecTallioHapHOTO piBHSHHS bloprepca. UmcioBe BupimeHHs gudepeHIiagbHoro piBHAHHA bBroprepca
3IIMCHIOETBCS 32 OE3CITKOBOIO CXEMOIO 3 BUKOPUCTAHHSIM METOIY YAaCTKOBUX PO3B’A3KIB 1 pamialbHUX Oa3uCHHUX (YHKIIH.
Juckperun3ariisi 32 4acoM OJHOBHMIPHOTO An(epeHIialbHOTo piBHAHHS Broprepca 3aiiCHIOEThCS 3 BUKOPUCTAHHIM 0-cxemu.
B saxocti pagianpHHX 0a3uCHUX (YHKIIM B CHCTEMi KOMII'IOTEPHOTO MOJETIOBAaHHS BHUKOPHUCTOBYETHCS 3BOPOTHA
MYJIBTUKBaApaTHdHa QyHKIis. [ BupimeHHs qudepeHiaTbHuX PiBHAHD B YACTHHHUX MOXiJHUX B CHCTEMI KOMIT IOTEPHOTO
MOJIENIOBaHHSI Iepei0avueHo 3aBJaHHs TOYaTKOBUX Ta KPailoBUX YMOB, a TAKOX 3aBIaHHS JpKepena sK (GYHKIIT, 10 3a1eXnTh
Bix KoopauHaT i yacy. CucreMa KOMII'IOTEPHOTO MOZENIOBAHHS JO3BOJISIE HANAIITOBYBATH TaKi IapaMeTpH BHPIMICHHS SK
po3mip oOmacti kpaioBoi 3amadi, KUIBKICTh IHTEPIOJALIHHUX BY3JiB, YacOBHIl IHTEpBAJ Ha SKOMY OyJe BHpILIyBaTHCS
HecTallloHapHa KpaioBa 3a/ava, KpPOK 3a YacoM, mapamerp (GopMH paaiaibHOi 0a3ucHOl (QyHKIi, a TakoX Koe]ili€HTH B
piBusHHI Broprepca. Po3B’s30k HenmiHIHHOTO OJHOBHUMIPHOTO HeECTalliOHapHOTO piBHsAHHA bloprepca B cucremi
KOMIT TOTEPHOTO MOJICITIOBAHHS Bi3yaJli3yeThCsl y BUTILSII TPUBHMIPHOI MOBEpXHi. B crcTeMi KOMIT IOTEPHOTO MOJETIOBAHHS
peari3oBaHa MOKIIMBICTH Bi3yalli3alil OTPEMAHOTO PO3B 3Ky Ha OKPEMHX MPOMIKKAX Yacy y BHIJISAI TPUBUMIPHUX Tpadikis.
EdexTuBHICTh YHCIOBOrO BHPINICHHS B CHCTEMi KOMIT IOTEPHOTO MOJETIOBAHHS INPOJCMOHCTPOBaHA Ha MPUKIALl JBOX
TECTOBHX 3a/1a4 JUIA SKAX OyJIH OTPUMaHi YUCIIOBI PO3B’SA3KHU, a TAKOK MOPAXOBaHi CEpPEeaHs BITHOCHA, CepeaHs a0COIIOTHA Ta
MaKCHUMaJbHa TIOXHOKH.

Kntouosi cnosa: neninitine oonosumipne pisusnns bropeepca, cucmema Komn'iomepHo2o MOOENO8AHHS, HECMAyioHapHa
Kpatiosa 3a0aua, 6e3cimrkosull Memoo, padianbhi 6a3ucHi QyHKYIL, 360POMHA MYTbMUKEAOPAMUYHA QYHKYIS.

B cratbe onuceiBaeTcs cucreMa KOMIBIOTEPHOI'O MOJEIUPOBaHUS, IpeIHA3HAYEHHAs JUI YUCICHHOTO PELICHUS HeIMHEHHOT O
OJTHOMEPHOT'0 HeCTallMOHapHOro ypaBHeHUs broprepca. Uucnennoe pemenue anddepeHunansHoro ypaBHeHus broprepca
OCYIIECTBIISIETCS 10 OECCETOYHOM CXeMe C HUCIOIb30BAaHUEM METOJla YaCTHBIX PELICHHH M paJuaibHBIX 0a3UCHBIX (yHKIHH.
JluckpeTn3anus Mo BpeMeHH OJZHOMepHOro auddepeHnanbHOro ypaBHeHus broprepca ocyIiecTBiIsIeTcs: ¢ HCIOJIB30BaHUEM
0-cxembl. B kxauecTBe paguanbHBIX 0a3MCHBIX (YHKIMH B CHCTEME KOMITBIOTEPHOTO MOJEIHPOBAHHS HCIIONIB3YeTCs 0OpaTHas
MynbTHKBaApaTHaHass ¢yHKous. s pemenns aud(epeHIManbHbBIX YpaBHEHHI B YacTHBIX IPOM3BOAHBIX B CHCTEME
KOMIBIOTEPHOTO MOJCIMPOBAHUS MPETyCMOTPEHO 3aJaHIe HAYANbHBIX W TPAaHWYHBIX YCIOBHUH, a TaKXKe 3aJaHHe HCTOYHHKA
Kak (YHKINH, 3aBHCSAIIEH OT KOOpAMHAT M BpeMeHH. CHcTeMa KOMIBIOTEPHOTO MOJETHPOBAHMS IMO3BOJSIET HACTPaWBaTh
TaKue MapaMeTpbl pelleHHe Kak pa3Mep oOJlacTH KpaeBOH 3a/aud, KOJIWYECTBO HHTEPNOJSILHOHHBIX Y3JIOB, BPEMEHHOM
MHTEpBaJ Ha KOTOPOM OyJeT pelaThCs HecTal[iOHapHas KpaeBas 3ajaya, LIar 1o BpeMeHH, mapameTp (OopMBbl paguanbHOM
OasucHoll ¢QyHKuMHM, a TaKke Ko3(GUIMEHTHI B YypaBHeHMH broprepca. Pemenwe HenMHEHHOro OJHOMEPHOTO
HeCcTallMOHApHOro ypaBHeHUs broprepca B cucTeMe KOMIBIOTEPHOTO MOJEIUPOBAHUS BU3YyalU3UpYyeTCs B BUJAE TPEXMEPHOU
MOBEPXHOCTH. B crcTeMe KOMITBIOTEPHOTO MOJIEINPOBAHHS PEaTn30BaHa BO3ZMOXKHOCTh BU3yaIN3alliH MOTyYEHHOTO PEIICHUS
Ha OT/ENBHBIX MPOMEXKYTKaX BPEMEHH B BHAE TPEXMEPHHIX rpadukoB. D((EeKTHBHOCTh YHCICHHOTO PEIICHHS B CHCTEME
KOMIBIOTEPHOTO MOJETHPOBAHHS MPOJEMOHCTPHPOBAHA HA MpPUMEpPE ABYX TECTOBBIX 3aHad JUI1 KOTOPHIX OBUTH IOJTydEHBI
YHCIICHHBIE PEIICHNS, a TaKKe TOCUYUTaHbI CPEHSAST OTHOCUTEIIBHAS, CPETHAS aOCOIOTHASI M MAKCHMAaJIbHAS TOTPEITHOCTH.

Knrwouesvie cnosa: mnenuneiinoe ooHomepnoe ypasnewue bilopeepca, cucmema  KOMRbIOMeEPHO20  MOOEIUPOBAHUS,
HeCmayuoHapHas Kpaesas 3a0ayd, beccemounvlii Memoo, paouaivbhvle OA3UCHble PYHKYUU, 0OPAMHASL MYTbMUKEAOPAMUYHAS

dyuryus.

The computer modeling system for numerical solution of the nonlinear one-dimensional non-stationary Burgers’ equation is
described. The numerical solution of the Burgers’ equation is obtained by a meshless scheme using the method of partial
solutions and radial basis functions. Time discretization of the one-dimensional Burgers’ equation is obtained by the
generalized trapezoidal method (8-scheme). The inverse multiquadric function is used as radial basis functions in the computer
modeling system. The computer modeling system allows setting the initial conditions as a coordinate-dependent function,
boundary conditions as a coordinate- and time-dependent function and setting the source function as a coordinate- and time-
dependent function for solving partial differential equation. A computer modeling system allows setting such parameters as the
domain of the boundary-value problem, number of interpolation nodes, the time interval of non-stationary boundary-value
problem, the time step size, the shape parameter of the radial basis function, and coefficients in the Burgers’ equation. The
solution of the nonlinear one-dimensional non-stationary Burgers’ equation is visualized as a three-dimensional surface plot in
the computer modeling system. The computer modeling system allows visualizing the solution of the boundary-value problem
at chosen time steps as three-dimensional plots. The computational effectiveness of the computer modeling system is
demonstrated by solving two benchmark problems. For solved benchmark problems, the average relative error, the average
absolute error, and the maximum error have been calculated.

Keywords: nonlinear one-dimensional Burgers’ equation, computer modeling system, non-stationary boundary-value problem,
meshless method, radial basis functions, inverse multiquadric function.
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1 Beryn

VY naHiil CTaTTi PO3MISINAETBCS CUCTEMa KOMIT roTepHoro MoxaentoBanHsa (CKM), ska mpusHaueHa
JUTSL 9MCIIOBOTO BUPIIICHHS OJTHOBHMIPHOTO HECTAIlIOHAPHOTO PiBHSIHHS broprepca 3a 0e3CiTKOBOIO
cxemoro. PiBusHHS broprepca Oymo po3B’si3aHO aHATITHYHO TLTHKH TSI KIHIIEBOTO YHCIA ITOYATKOBUX
Ta KpaioBux ymoB [1, 2]. benton i [Imatnman [3] orpumanu Oau3pko 35 pi3HUX TOYHHUX PO3B’SI3KIB
OIHOBUMIpHOTO DpiBHsIHHA broprepca. Tomy mns oTpuMmaHHS pPO3B’s3Ky piBHAHHSA broprepca 3
JIOBUTBHUMH TIOYaTKOBUMH Ta KPalOBUMH YMOBaMH BHKOPHCTOBYIOTHCS Pi3HI YHCIOBI METOIU.
Haii6inpm monmynsipHUMHU cepell HUX € METOJ[ CKIHYeHHUX DPI3HHUIb, METOJ CKIHYCeHHHX EJIEMEHTIB i
cniekTpanbHi Metoau. OTiisau WX METOJIB HaBeAeHI B podortax [4, 5]. OmHak 3rajgaHi BUILE YHCIIOBI
METOJM BHUMAramTh MOOYJIOBH IHTEPIOJAIINHOI CITKM BCEpeAMHI 0O0JIacTi KpailioBOi 3amadui, IO
posrisaeThes. ['eHepartist CiTKy, K 1 paHile, 3aUIIA€ThCSI HAWOUTBI TPYIOMICTKOIO YaCTHHOIO OYb-
SIKOT'O YMCJIOBOTO MO/ICITFOBAHHS 3aCHOBAHOT'O HA BUKOPUCTAHHI CITKOBHX METOJIIB.

[[1o6 yHMKHYTH TPYIHOIIIB MOB’A3aHUX 3 MOOYIOBOIO IHTEPIOJAIIINHOI CITKH, MPOTATOM OCTaHHIX
JIBOX JECATWIITH JOCIITHUKAMH aKTUBHO pPO3pPOOISIIOThCS pi3HI Oe3ciTkoBi cxemu. Ormsagu 3
0€e3CITKOBUX METOIB MpeAcTaBieHi B crarTsax [6, 9]. Be3ciTkoBi MeToaM € MPOCTUMH B peasizaliii ta
00YHCITIOBATILHO e(heKTUBHUMH. BEe3CITKOBI CXEMH YCIHIIIHO 3aCTOCOBYIOTHCS JIJISl MOJICITIOBAHHS BOIHOL
MTOBEPXHi, MOBITPSHUX MacC, XBUJIBOBHX IMPOIECIB, BUCOKONIBUAKICHOTO 3ITKHEHHS, T€Uil piIuHU, 33129
TEIUIONpPOBiAHOCTI Ta imme. OAHAaK, B MaHWK dYac, BCE IMIe BIJICYTHI CHCTEMH KOMIT IOTEPHOTO
MOJICIFOBAHHS, 3aCHOBaHI Ha BUKOPHUCTaHHI OE3CITKOBHX CXEM, JUIS YHUCJIOBOTO BHPIIICHHS
OJIHOBUMIPHOTO HECTAI[IOHAPHOT'O PiBHAHHSA broprepca.

Meroro JmoCHipKeHHS € po3poOka Ta TMporpaMHa peamizamisi CHCTeMH KOMIT IOTEPHOTO
MOJICTIFOBAHHS, SKa TMPU3HAYCHA JUIA YKHCJIOBOTO BHUPIIIEHHS OJHOBHMIPHOTO HECTAIliOHAPHOTO
piBHsHHS Broprepca 3a 6€3ciTKOBOIO CXEMOIO 3 BUKOPUCTAaHHAM pajialbHUX 0a3uCHUX (YHKIIIH.

2 Itepamniiina cxema
PosrisiHeMo HemniHiliHE 0JJTHOBUMIipHE HECcTal[ioHapHe piBHSIHHS Broprepca B oOMekeHii 00acTi:
2
ou(x,t ou(x,t o u(x,t
ghsu(x,t) ( )=v ( )+f(x,t), xela b], te[0,T] (2.1)
ot oX 0 X2

u

. ) .. 1 ) )
e M,& — Bimomi KoedimieHTu, v =E — KiHeMaTHuHa B’sA3KicTh, R — unciao Peitnonbnaca, f (X,t) —

GbyHKIIs JKepena.
[ToyaTKOBI YMOBH 331al0ThCsl Y BUTIISIIL

u(x,0)=ug(x), xela, b] (2.2)
KpaiioBi ymoBu [lipixiie MatoTh BUTIIS:

u@t=e(t) oy

2.3
u(b,t)= g (1) (23)
3aCTOCOBYIO‘lI/I H-CXCMy JJIs1 ,I[I/ICerTI/BaI_Ii'l' 3a 4aCoOM, OTpUMYEMO:
u(x,t)=u"t+(1-o)u" (2.4)
f(xt)~0f"™ 1(1-0)f" (2.5)

e un:u(x,tn), fnzf(x,tn),tnznr, N — Kpok iteparii, r — uacoBuii imtepan, 0<H<1 —

BaroBHH KOC(QIIIEHT.

Toni
Au(x,t) = 0Au™ 4 (1-6)Au" (2.6)
ou(x,t un+l_un
ét )z . 2.7)
az
e A=——.
ax2

IlincraBumo piBHsHHES (2.4) - (2.7) B piBHSHHAS (2.1):
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u™t—y" n+1 N+lg, N+l , ¢n+l n Ny, N, N
,u—z@[vAu —eu"™ UM 4 f J+(1—9)[vAu —gu"vu" + f J (2.8)
T
0
e V=—.
OX
Ilepermmemo piBHSHHS (2.8) HACTYITHUM YHHOM:
- t%[vAu”Jrl —euMlyyntly f “*1} =" —(1- 0)r[vAu” —eu"vu" + f ”} (2.9)
Toxi
1-6
Aun+l:LunﬂJrfunﬂVunJrl_l]anrl_Lun_( )[VAun—gunVun+fnJ (2.10)
Orv 1% v Orv ov

[Ipunyctumo, 1o un+1(x) — PO3B’S130K AaHOTO MudepeHmianbHoro piBHsAHHA. [IpeacraBumMo npaBy
yacTuHy piBHAHHS (2.10) sk QyHKIiIO F(X). e o3nauae, mo piBasHHA (2.10) € audepeHmiansHIM
piBusiHHAM [lyaccona:

AN =F(x) (2.11)

Otxe, sxkmo QyHkmis F ( X) Bijioma, TO piBHsHHA (2.10) exkBiBanieHTHO piBHsHHIO [Iyaccona (2.11)
IPU THX CAMHUX KPaOBUX YMOBaXx.

PiBHOMipHO 00epemMo N —2 TOYKHM KOJOKAaIIii {Xk }’2\l 1 BCepeIuHI 00JacTi (a,b) 1 Bl TOYKM Ha
rpanuni obmacti X =a Ta Xy =b. F(x) ANPOKCUMYETHCS pafiallbHUMH 0a3uCHUME (DYHKITISIMHU
?j (X) = (p(rj ) HACTYITHUM YHHOM:

N
F(x)~ X afo;(x) (2.12)
j=1

ne rj = — eBKJII/IOBA BIJICTaHb M)XK BY3JIaMH.

Toni u™*? ( X) ANPOKCUMYETHCS SIK:

n+l N n+l
UM () = X a0 (x) (213)
=
ne @ (X) — PO3B’SI30K PiBHSHHS
AD(x)=pj(x) (2.14)

Y nmaHiii po0oTi, B SAKOCTI pagianbHUX Oa3UCHUX (YHKIiH, BHUKOPUCTOBYETHCA 3BOPOTHA
MYJIbTUKBaJIpaTHIHa QYHKIIis

1
olt)=T—— (2.15)

ne €¢#0 — mapameTp GpopmH, 110 OOMPAETHCS TOBUIBHO.
Tomi @ j (X) MaTHUME€ BUTIISII:

1 [ 2
CD(FJ')Z— rj +C (216)
PiBasinas (2.10) sBisie coboro pexypcuBHy ¢opmynny. Orxe, nane JudepeHilianbHe PiBHIHHS
MO’KHA BUPILITYBAaTH KPOK 32 KPOKOM, TIOYMHAIOYH 3 TOYATKOBUX YMOB (2.2).
Baxaroun 6 =1, piBusanns (2.10) 3anumeTses y BUTIISIIL:

gL —i[vAun’Ll _8un+1Vun+1J g L (2.17)
1 7

Heniniitamit wien u"vy™? JiHEapU3yEThCS HACTYITHUM YHHOM:
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un+1vUn+l _ unJrIVun “u"Vu n+l u"vyh (2.18)
ITigcraBumo piBusHus (2.18) B piBHsauns (2.17):
"+t —1[vAu”+1 —eu™lvu" - gu”Vu”*l} —u"+ Zytvy 4 L fnd (2.19)
H H H
3anumemo piBHAHHS (2.13) pa3om 3 kpailoBumu ymoBamu (2.3) B MaTpuuHiit hopmi:
[u]" = A[e]" (2.20)

ne [u]" =[u1n,ug,...,uﬁ JT  [e]" =[af,a£,...,a,r\'] JT T2 Az[d)(rkj)] 1<k,j<N.
Marpuus 4 Moxke GyTH NMOJIiIeHa HACTYTTHUM YHHOM:
A=Ay + A, (2.21)
e

D(nei), sxkmo 2<k<N-1, 1< j<N
Ay = ( J)
0, iHaxme

(2.22)
B CD(rkj), sk kK=1,N, 1< j<N
0, inakmre

3acTrocoByrour criBBigHOmEHHS (2.21) 10 TOYOK BcepemuHi o0nacTi Ta A0 TOYOK Ha TPaHUIL
obnacri, piBHSHHA (2.19) mepenuieThcst B HACTYITHINA MaTpU4HIN (opMi:

{Aﬁ —T—:Mﬁ +%[diag(Ad [04]”)wstj +diag(VAd [a]n)Ad } Ab}[a]”*l - -
:Ad[a]n+%(Ad[a]n).*(VAﬁ [ )+ [FI™
e diag(Aﬁ[a]n) — JiaroHajbHAa MATpPUI 3 eJIeMEeHTaMHu Ad[a]n Ha TOJIOBHIM JlaroHaii,

-
n+l T T . .
[F]™ = {glr”l,— £ =0, 95‘*1} , % 03HA4a€ MOKOMIIOHEHTHUH 100YTOK JIBOX BEKTODIB.
Onucana iTepalfiiina cxema Oyna B3sATa 32 OCHOBY pO3pOOJICHOI CHUCTEMHM KOMIT IOTEPHOIO
MOJIEJTFOBAHHSI.

3 Onuc cucTeMy KOMI’IOTEPHOT0 MO/IeJTIOBAHHS
Inrepdelic cucteMu KOMIT'IOTEPHOTO MOJENIOBAHHS JJISi YUCIOBOTO BUPILICHHS OJHOBHMIiPHOTO
HecTalioHapHoro piBHAHHS broprepca npencrasnenuii Ha puc. 1.

| ol ypasnenus Bioprepca oo
ABE B
TpanmuHEIe yCrosns
g,=9,ct) 0
9,=g,(0) 0
HavankHbie yenosus
8 x: 0.62832
U= ug(X)  sin2w) 102
6 u(x.1): 6.3061
O
WeToummk 4
f=flxt) sin(2*x) 2
=
30
MapameTpe! peleHns E
KoadpchuumerTt npn dufét 1 Y
KoadhcpmumeHT npn udu/ox 1 5
KoadhpmumeHT npn Fulon? 114 8
15
Pasmep obnactu ot 0 no i 4
Lar no koopauHaTe pif100
BpemeHHoi uHTepsan 15
Lar no BpemeHH 0.1
MapameTp dhopmsl PES 01
[ CTAPT l Beibop utepauym ot 1 o 151

Puc. I Inmepghetic cucmemu xomn 1omepno2o Mooeno8anHs
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Y BepxHIii YaCTHHI IPOTpaMu PO3MIIIYEThCA TTaHENb IHCTPYMEHTIB, 300pakeHa Ha puc. 2.

| 3yMm +/- | |Bpau.|,aT|=| |OT06pa3uTbICKpbrrh ceTKy|

L@léf_&ja
t

MpocmoTp 3Ha4YeHus B TO‘-IKel | CoxpaHuUTb pelueHue |

Puc. 2 Ilanenv incmpymenmis

Ha mnanenmi iHCTpyMEHTIB pO3TAlIOBYIOTbCS KHOIIKM, $KI JO3BOJISIIOTH 3MIHIOBaTH MaciuTad
KOOpPIMHATHUX OCEH Ta 3AiliCHIOBaTH iX 00epT Ha JOBUIBHUEI KYT, BifOOpakaTH YUCIOBE 3HAYCHHS
PO3B’sI3Ky B 00paHiil TouIl, 30epiraTh OTpUMaHHUN PO3B’SA30K y BUTIISAII PacTPOBOTO 300pakKeHHS, a
TaKOXX BioOpakaTH Ta MPUXOBYBATH CITKY Ha TPUBHMIPHiH TIOBEPXHi.

st BupimeHHS qUQepeHIlialbHuX PIBHIHb B YaCTUHHHUX IOXITHUX, HEOOXiJHO 3aJaTH 3HAYCHHS
MOYATKOBUX Ta KpaiioBux ymoB. ¥ CKM nepenbadeHo 3aBaaHHS KpallOBHX YMOB B YHCIIOBOMY BHUTJISII
abo sk QyHKIiI, MO 3aJeXUTh Big KoopauHaT 1 dacy. CucTemMa KOMII'IOTEPHOTO MOJIENIOBAHHS
JO3BOJIIE 3aJaBaTd SIK YHCJIOBI TOYAaTKOBI YMOBH, TaK 1 y BUTJSAAI (QYHKUIl, IO 3aJeKUTh Bij
koopauHat. ¥ CKM dyHKIIis kepena Moxe OyTH 3aaHa B HacTyrmHoMy Burisini f = f (X,t) .

CucrteMa 703BOJISIE HAJAIITOBYBAaTH TakKi MapaMeTpH BHUPILICHHS SIK po3Mip 00JacTi, KUTBKICTh
IHTEPITONALIHHUX BY3IiB, 9YaCOBHI 1HTEpBaj, KPOK 3a 4acoM, mapameTrp (GopMH pagianbHOI 6a3ucHOI
¢yHKIIT, a TakoX KoedilieHTH B piBHsSHHI Broprepca.

Po3B’s130k ogHOBHMIpHOTO HecTalioHapHoro piBHsHHS broprepca B CKM Bi3yani3yeTbest y BUTIISAL
TPUBUMIipHOI TIOBEepXHi (quB. puc. 1). B cuctemi peamizoBaHa MOXKIUBICTh Bi3yaumi3allii po3B’s3Ky Ha
OKpEeMHX MPOMDKKAX Yacy y BHIJISII TPUBUMIpHUX Tpadikis (puc. 3).

e e e (ESNEEE ™
BHE ¥ HE

[paHnyHLIe yCnoBKA
9,=g,(xt) 0
9,= g,(xt) 0

HavansHble ycnosus

uy= uD(x) 0

WcTounmnk

f=f(xt) sin(x)

u(x,t)

MapameTpbi peleHis

Koadhdpuument npu du/ot 1

Koadpdpuument npu udu/dx 1

KoachduumeHt npu Fulok’ 1

Paamep obnactn ot |0 no pi
Ular no KoopauHaTte pi/100

BpemeHHoii HTepBan 1

LWar no epemern 0.1

MapameTp dopmbl PEd 0.01

CTAPT ‘ Bribop utepauun ot 1 go 11 1:2:10 11 [pUMeHNTE:

Puc. 3 Bizyanizayia po36’a3Ky Ha OKpemMux npomidickax uacy

4 Yucaosi pe3yabTaTi
B mpomy po3amimi  UTIOCTpYeTbCS  3aCTOCYBaHHS  PO3POOJEHOI CHCTEMH  KOMIT IOTEPHOTO
MOJIEIIIOBAHHS Ha MPHKJIA/i ABOX TECTOBHX 3a]a4 1 OL[IHIOETHCSI TOYHICTH OTPUMAHUX PO3B’SI3KIB.

Jyis OIiHKM TOYHOCTI ampoKCHUMalii BHKOPHCTOBYIOTBCS CEpeldHsl BiHOCHA IMOXHOKa rerr(u),

cepenHsi abCONIOTHA IMOXUOKa aerr(u) 1 MakCHUMaJIbHa IOXHOKa merr(u), Kl OOYHMCIIIOIOTHCH 3a

dbopmynamu:
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—Uj)z
(uj)”

aerr(u)z\/izl_:(uj—ﬂj) (4.2)

LD

L
e
L

rerr(u) = 4.1)

|~

I

merr(u)zm?x‘uj —Gj‘ 4.3)

Je Uj Ta 1] j € BiJINIOBIIHO aHATITUYHUMH Ta YHCIOBUMH PO3B’S3KaMH B By3JIax X j e[a, b], al—

3arajgbHa KUTBKICTh IHTEPIOJSAIIHIX BY3IIiB.

3anaga Nel
PosrnsiHeMo HeniHiliHEe 0OTHOBUMIpHE HecTalliOHapHE piBHAHHS Broprepca:
2
) | () 2U) | T LG e (4.4)
X ox2 2
e Xe[O, 27[], dy=7/10, te [0, 2], =01 u=1 &£=1 v=0.0001, c=545.
[ToyaTkoBi yMOBH:
u(x,0)=cos(x) (4.5)
KpaiioBi ymoBu:
u(x,t)=u(x+2xz,t) (4.6)
AHaTITHYHUI PO3B’SI30K 33/1aHO Y BUTIISII:
u(xt)=cos(x)e™" 4.7)

Ha puc. 4 mpencraBieHa Bisyamizallisi HaONIKEHOTO PO3B’SA3KY HECTAI[lOHAPHOTO PiBHSIHHS
broprepca, orpumanoro 3 BukopuctanasiM CKM.

10.2

u(x,t)

1-0.2

-0.6

-0.8

Puc. 4 Bizyanizayia nabaudsxcenoz2o po3e 3Ky
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B Tab6muti 1 HaBeneHi moxubku po3B’s13ky 3amadi Nel B pi3HI MPOMiIKKH Hacy.

Tabnuys 1. Hoxubku pose’sizky 3adaui Nol

t rerr(u) aerr(u) merr(u)
0.5 3.9309 x 10™ 1.3036 x 10°® 2.6162 x 107

1 5.9474 x 10™ 1.9723 x 10°® 3.3835 x 107
1.5 6.5737 x 10™ 2.1799 x 1073 4.2149 x 107

2 8.6270 x 10™ 2.8606 x 107 5.1334 x 107
3amaua Ne2

PosrnssHemo HeniHiliHEe 0THOBUMIpHE HeCTallioHapHe piBHsAHHS Broprepca:
ou(x,t ou(x,t 62u X,t
yMJrgu(x,t) ( )—v ( )=
X ox>
Je Xe [O, 1], d,=0.01 te [0, 0.001], 7=0.0001, #=1, £=1 v=0.5 ¢c=0.01.

[ToyaTkoBi yMOBH:

2v zsin(zx
u(x,0)= —( )
2+ cos(7x)
KpaiioBi ymoBu:
u(0,t)=0
u(Lt)=0
AHaJTITHYHUHN PO3B’SI30K 3a/1aHO Y BUIIISIL:
2
2ve ™ sin(zx)
u(xt)=
2+e cos(7zx)
Ha puc. 5 mnpencraBnena Bisyaumizallisi HaONMKEHOTO pO3B’SI3KY HeCTAI[lOHAPHOTO
broprepca, orpumanoro 3 Bukopuctanasim CKM.

-zt

u(x,t)

Puc. 5 Bizyanizayis Habnausicenoeo po3e sa3ky

(4.8)

(4.9)

(4.10)
(4.11)

(4.12)

PIBHSIHHS
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B Tabxnui 2 HaBeneHi MOXHOKK po3B’ 3Ky 3aaui Ne2 B pi3HI MPOMIXKKH Yacy.

Tabnuys 2. Ioxubku poss ’s3xy 3adaui No2

t rerr(u) aerr(u) merr(u)
0.0001 6.3164 x 10° 7.8001 x 10™ 1.3082 x 10°®
0.0002 1.2635 x 10* 1.5593 x 107 2.6150 x 107
0.0003 1.8955 x 10 2.3379 x 107 3.9205 x 107
0.0004 2.5278 x 10™ 3.1158 x 107 5.2245 x 1073
0.0005 3.1602 x 10™ 3.8930 x 107 6.5272 x 107
0.0006 3.7929 x 10™ 4.6695 x 107 7.8285 x 107
0.0007 44258 x 10* 5.4453 x 107 9.1284 x 1073
0.0008 5.0589 x 10™ 6.2204 x 107 1.0426 x 107
0.0009 5.6922 x 10™ 6.9948 x 107 1.1724 x 10
0.001 6.3257 x 10™ 7.7686 x 107 1.3019 x 107

5 BucHoBku

Po3pobnena Ta mporpaMHO peanizoBaHa CHCTEMa KOMIT FOTEPHOTO MOJENIOBAHHS UL YUCIOBOTO
BUPILICHHST HEJHIMHOTO OJHOBHMIPHOTO HecTallioHapHOTO piBHAHHS Broprepca. UuncnoBe BupimeHHS
mudepeHIianbHOTO PiBHAHHSA broprepca 3miiiCHIOETBCS 3a 0€3CITKOBOIO CXEMOK 3 BUKOPHUCTAHHSIM
METOJIy YaCTKOBUX PO3B’SI3KiB 1 pafianbHuX 0a3ucHUX (HYHKIIH. EQeKTHBHICTh YHCIOBOTO BHUPIIICHHS
B CKM npopeMoHCTpOBaHA Ha MPHUKIAIl JBOX TECTOBUX 3a1ay I SKUX OYJIM OTpHMaHI HaOJIMXKEHI
PO3B’SI3KH, a TAKOXK IMOPAXOBaHi CepeqHs BiTHOCHA, CEpeIHS a0CONIOTHA Ta MAKCHMAaJIbHA TIOXHOKH.

Bapro Big3HaunTH, 1110 3BOPOTHA MYJIBTHKBaZpaTHdHa (QyHKIIS, SKa BUKOpUCTOBYeThcS B CKM st
anpoKCHMAIlii, MICTUTh TapameTp GOPMH, SKHI BILIMBAE SK HA TOYHICTH OTPUMAHOTO PO3B’SI3KY, TaK i
Ha 00YMOBJICHICTh CHCTEMH JIIHIHHUX alreOpaidHuX piBHsIHb. OnTHMabHI TapamMeTpu ¢hopmu B 3anadi
Nel 1 B 3amaui Ne2 anst Bcix po3paxyHKiB OynM 3HalJieHI ekcrnepuMeHTanbHO. Bubip onTuManbHUX
napameTpiB popmu PB®D Bce 111e 3anumaeTbcss HEBUPILMICHUM ITATAHHSIM.
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Po3pobneno Meton po3paxyHKy BHMYIISHHX KOJHMBAaHb €IEMEHTIB KOHCTPYKIIIH, IO B3a€MOJIIOTH 3 BOJHHM CEPEIOBUINEM
IpH eKCIUTyaramnii. Po3risHyTo rapMoHi4HI, IMIyJIBCHI 1 ceiicMiuHI 30BHIIIHI BIIMBH. BBakaeThes, Mo pifuHAa, SKa 0TOUyE
KOHCTPYKTHUBHHII €JIEMEHT, € i[JealbHOIO0 1 HECTHCIINBOIO, a 11 pyX, BUKJIMKAaHUN KOJIMBAaHHSIMH €JIEMEHTY, 0 PO3IIIAAETECS, €
6e3BUXpOBHM. 3a Taki YMOBH iCHye MOTEHINial MIBHAKOCTEH, IO 330BOJIBHSE piBHAHHIO Jlammaca. [lyist BU3HAUCHHS THUCKY
piAMHE Ha TOBEpXHi, IO 3 HEI0 KOHTAKTYIOTb, BUKOPUCTOBYETHCS iHTerpan Kommi-Jlarpamka. 3HaXoMKeHHS HOTEHIATy
HIBUIKOCTEH 3IIMCHIOETHCS HUIAXOM pO3B’S3aHHA KpaioBoi 3amadi Helimana mns piBHsHHsA Jlammaca Ha po3iMKHYTIH
MOBepxHi. Sk iHTerpanbHe MOAAHHS U1 HEBIJOMOTO MOTEHIaNy MBUAKOCTEH BHKOPHCTAHWI MOTEHIIAN MOJBIHHOTO MIapy.
Leit moTeHmian 3a10BoNbHSE piBHSHHIO Jlaruiaca Ta yMOBaM 3racaHHS IIBHAKOCTI HA HECKIHYEHHOCTI. BUKOHaHHS TpaHUYHUX
YMOB HENPOTiKaHHS NPHU3BOJUTH 10 HEOOXIIHOCTI PO3B’sI3aHHS TiNEPCIHIYISIPHOTO IHTETPAIBHOTO PIBHSIHHS IOJ0 Hepenary
THCKy. [l po3B’si3aHHS KpaloBOi 3amadi TiJpONPYKHOCTI 3acTOCOBaHWH MeroJ 3amaHux (opm. Ilpu mpomy HeBigomi
HEepeMIllleHHsT Ta IOTEHIa]l IIBUAKOCTEH 300paXaroThCs Yy BHITIAAL PANIB 3 HEBIJOMHMH KoediumieHTamu. basucHuME
¢GyHKIISIME B IUX psigax oOpaHi BiacHI GOpMH KOJNMBAaHb €IEMEHTY KOHCTPYKILIi 0e3 ypaXyBaHHsS BIUIMBY piguHH. YacToTn
KOJIUBaHb €JIEMEHTY KOHCTPYKUIi B piAWHI OOYNCICH] 3 ypaXyBaHHAM MPHEAHAHUX Mac. J{JIs aHaji3y BUMYIIECHHX KOJIHMBAaHb
€JIIEMEHTIB KOHCTPYKIIH, IIO B3a€EMOMIIOTH 3 PIAMHOI, OTPHMAHO CHCTEeMY AWGEpEHUINHUX PIBHAHB IPYroro MOPSIKY
BITHOCHO HEBIIOMHX KOe(IIiEHTIB pAMIB, AKi 3aJeKaTb JHIIC BiJ Yacy. SIK MpHKIax PO3TISHYTI KOJMBAaHHA KBagpaTHOI
JKOPCTKO 3aKpiIUIEHOi IUTACTHHKU 32 MAii pi3HMX 30BHILIHIX HaBaHTaXeHb. [IpoaHai30BaHO MOBEIIHKY MAaKCHMAaJbHOI
IHTEHCHUBHOCTI HampyXXeHb B 3aJIEKHOCTI BiJ] HapaMeTpiB HaBaHTaXXCHHA. BCTaHOBICHO, NpH SKHX IMapameTpax Moxke
BIIOyTHCS pyHHYBaHHS.

Knrwuosi cnosa: eumyuieni KonuaHHs, 2iOPONPYs#CHA 83AEMO0is, Memoo 3a0anux Gopm, cinepcuHeyisipHe iHmezpaivHe
DIGHAHHSL.

Pazpaboran MeTo] pacuera BBIHYKICHHBIX KOJIeOaHHH 3JIEMEHTOB KOHCTPYKIMH, B3aUMOJICHCTBYIONIMX C BOJHOHM Cpefol IpH
SKCIUTyaTanuu. PaccMoTpeHbl rapMoHuUecKye, UMITyJIbCHBIE U celicMUYecKue BHEUIHHe BosneicTus. [Ipennonaraercs, 4yro
JKUJIKOCTh, OKPYXKarolllass KOHCTPYKTHBHBIA 3JI€MEHT, SIBJISETCS HICalbHOM M HECKMMaeMoH, a ee JBIKCHHE, BbI3BaHHOE
KOJIEOAHMSAMH PacCMaTPHBAEMOTO 3JIEMEHTA, SIBISETCS OE3BUXPEBBIM. B 3THX yCIOBHSAX CyIIECTBYEeT MOTEHIHAT CKOPOCTEH,
KOTOpBIA y/OBieTBOpsieT ypaBHeHuio Jlammaca. Jlns onpeneneHuss JaBlieHUs] KHUIKOCTH Ha KOHTAKTHpYIOIIME C HeH
MOBEPXHOCTH Hcnonb3yercd uHterpan Komm-Jlarpanka. HaxokaeHune mnoTeHIMana CKOPOCTEH OCYIIECTBISETCS MyTEM
peuieHust kpaeBoi 3amaun Helimana nns ypaBHeHus Jlamjaca Ha pa3sOMKHYTOH MOBEpXHOCTH. B kauecTBe MHTErpaibHOrO
NpeJICTaBIEHNUs HCTIONIb30BaH MOTEHIMA ABOWHOrO cios. Takoi moTeHIMan yJaoBIeTBOpsIeT ypaBHeHHIO Jlamnaca 1 yCIOBHIO
3aTyXaHHsI CKOPOCTH Ha OECKOHEYHOCTH. BBIMONHEHNE TpaHMYHBIX YCIIOBUH HENPOTEKAaHHS IPHBOJUT K HEOOXOIUMOCTH
peLICHUs TUIIEPCUHTYIIPHOIO HHTErPajbHOTO YPaBHEHUS OTHOCUTEINILHO Iepenaja AaBieHus. [ pemeHus kpaeBoi 3axaun
THAPOYIPYrOCTH TPUMEHEH MeTox 3aJaHHbIX (opm. [Ipy 3TOM HeW3BeCTHbIE INEepeMeNIeHUss M IOTEHIHMAl CKOPOCTEH
MIPEACTABISIOTCA B BUAC PAIOB ¢ HEM3BeCTHRIMH Kod(durmenTamu. Kak 6a3ucHble pyHKIMN BHIOHpaAIUCh HOpMBI KoeOaHui
JJIeMEeHTa KOHCTPYKIMH B BO3IyXe, 0e3 ydera BIMSHHSA KUIKOCTH. YacToTsl KoneOaHMII B BOAE ONPENEISIINCH C YIETOM
MPUCOEANHEHHBIX Macc. IS ncciueoBaHus BEIHYKICHHBIX KosleOaHMH moxydeHa cuctema auddepeHnnatbHbIX ypaBHEHHH
BTOPOTO MOPSAKA OTHOCUTENFHO HEU3BECTHBIX KO3()(HUIIMEHTOB PSIOB, 3aBUCAIINX TOJIBKO OT BpeMeHHU. B kxauecTBe mpumepa
paccMOTpeHbl KojeOaHHsl KBaApaTHOH JKECTKO 3alleMJICHHOH IIacTHHKH. [IpoaHamM3MpoBaHO MOBEACHHE MaKCUMAaJIbHOM
UHTEHCUBHOCTH HAIpPSKEHUH B 3aBUCHMOCTH OT IapaMETPOB HArpy:KEHMsA. YCTaHOBJIEHO, NPH KaKUX MapaMeTpax MOXKeT
MIPOM30HTH pa3pylleHHUE.

Knrwuesvie cnosa: evinyscoennvie Koiebanus, uOPoynpy2oe 83aumooeticmeue, Memoo 3a0AHHbIX OPM, SUnePCUHSYISIPHOE
UHMESPANbHOE YPAGHEHUE

The method for simulating forced vibrations of structure elements, which interact with water medium during service is
developed. Harmonic, impulse and seismic loadings are accounted for. It is assumed that the fluid surrounding the structure
element is an ideal and incompressible one, and its movement caused by the vibrations of the element in question is vortex-
free. Therefore the velocity potential that satisfies the Laplace equation exists. To determine the fluid pressure on the surfaces
contacting with the liquid the Cauchy-Lagrange integral is used. The velocity potential is determined by solving the Neumann
boundary value problem for the Laplace equation on an open surface. The potential of the double layer is used as an integral
representation. This potential satisfies the Laplace equation and the conditions for vanishing velocity at infinity. The non-
penetration condition leads to the necessity of solving the hypersingular integral equation for the pressure drop. To solve the
boundary value problem of hydroelasticity the method of given forms is applied. The unknown displacements and potential are
represented as series with unknown coefficients. The basic functions in these series are the modes of vibrations of the element
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without liquid. The frequencies of the structure element vibrations in fluid are evaluated taking the added masses into account.
For simulating forced vibrations the system of second order differential equations relatively to the unknown time-dependent
coefficients is obtained. The vibrations of a rigidly clamped square plate are examined as an example. The behavior of the
maximum stress intensity is analyzed in dependence with the loading parameters. The estimations for critical values of load
parameters are provided.

Key words: forced vibrations, fluid-structure interaction, method of given forms, hypersingular integral equation.

1 Beryn.

[HTEHCHBHUI PO3BUTOK CydYacHO! TEXHIKHM BHMAara€ CTBOPCHHS HOBUX MPHIIAJAIB, OONaTHAHHS Ta
amapatrypu. 3a3Bu4ail 1e oOJaJHAaHHS TpAIOE B yMOBaxX /il MiJBUIICHUX TEXHOJIOTIYHUX,
TEMIIEpPaTypHUX Ta IHIMUX eKCIUTyaTaliiHuX YWHHUKIB. [Ipu mmpoMy poboTa amapaTypu BigOyBaeTbCs
MIPH B3a€MOJIIi 3 OTOYYIOUHMM CEpPEAOBHUINEM, piAuHOI0 abo razom. Jlns HajgaHHA HaOIHHUX OIIHOK
MIITHOCTI Ta HaIIHHOCTI TaKOTO 00NaIHAHHS CJIiJ] TPOBOJUTH aHAIIi3 X MIITHOCTI 3 YpaxyBaHHSM SIBHII
rigpo-npyxHoi abo aepo-npykHoi B3aemoii. J{o TaKMX KOHCTPYKLiK BiJHOCITHCS IOCYJUHNA BUCOKOTO
ticky [1,2], nomari ta kpumku rigporyp6in [3,4], mamuBHi Oaku pakeronociiB [5] Ta iH. s
MaTeMaTHYHOTO MOJCTIOBaHHSI 0araTb0X KOHCTPYKTMBHHX €JIEMEHTIB BUKOPHCTOBYIOTH TOHKI
iacTuHu abo 000JI0HKHU. JIOCHTIUKCHHIO BUTBHUX KOJIMBaHb IUIACTHH TPHU B3a€EMOJIi 3 PiTUHOIO
NPUCBSYCHO BEJIMKY KUIbKICTh HayKOBHX Tpailb. Tak, B [6-8] BHBUaBCs BIUIMB YMOB 3aKpilUICHHS Ha
BJIACHI YaCTOTH KOJHWBAHb MPSMOKYTHOI macTwHKH, B [9-11] BuUKOpWCTaHi pi3HI YHCIOBI METOAH
NnoOyZ0BM MaTUIb IPUEJHAHUX Mac PiguHU, B [9] 3alpONIOHOBAHO TaK0X €KCIIEPUMEHTAIBHUI METO/,
B [12] mochimKyBalvch KOMMBAHHS IUTUT 3 KOMIIO3UTHOTO Marepially 3 ypaxyBaHHSM MPUETHAHUX Mac
piguman. KonwBaHHSA MPYXXHUX IJIACTHH 3 YpaxXyBaHHAM Jii pyxomoi piamHu fnociimkeni B [13-14], B
[15] BBaxkasoch, 110 piAMHA 3IHCHIOE TyJbcallii. Aji¢ BUBYCHHIO BUMYIICHUX KOJMBAaHb IIACTHUH 3
ypaxyBaHHSIM HasBHOCTI PiJJUHH MPHCBSYCHO 3HAYHO MEHIIA KiTbKICTh HAyKOBUX mpatpb [16]. Pazom 3
TAM, I TpodJieMa € aKTyalbHOI IMPH MPOEKTYBaHHI TiAPOTYpOIHHOTO OONaAHAHHA. 3ayBa)KHMO,
HaANpUKIa, mo cydacHi cranaaptu npoektyBanHs ['EC ta TAEC [17] BuMararoTh OLIHKHA CEHCMIYHOI
CTIMKOCTI 00JlaIHAHHS, a 1€, B CBOIO Yepry, Bee M0 HeoOXiTHOCTI po3paxyHKiB BUMYIICHUX KOJWBaHb
€JIEMEHTIB T1IPOTEXHIYHIX KOHCTPYKIIIH Ta CIIOPYA B yMOBax [ii iMITyJILCHHUX Ta CEHCMIYHUX BILTUBIB.

2 3araabHe ¢opMyJIOBaHHS 3a4a4vi PO3PaxyHKY BHUMYIIEHHMX KOJHMBAHb eJeMeHTIB
KOHCTPYKILiii, 110 3aHyPeHi B piiuny.

PosrnsmaeTpes e1eMeHT Mpy>KHOI KOHCTPYKINil, 3aHYpPeHUN Yy pPiluHY, SKAW 3MIMCHIOE KOJHMBAaHHS
BHACIIZIOK JIii J€SKOT0 30BHIIIHBOTO HABaHTAXXEHHS. PIBHAHHS pyXy TaKoTO €JIEMEHTY B ONEpaTOpHii
(dhopMi Ma€e BUTIIS]T

M,U+K,U=Pn+F, (2.1)
ne U — BekTop mepeMmilieHs npykHoro eneMmenty, Ms ta Ks —maTpuiii Mac Ta )OpCTKOCTI BiATIOBIAHO,
P — nepenian Tucky pigunu, F — cuia, mo 30ymKye, N — OJMHUYHA HOPMaJb JI0 IOBEPXHI €JICMEHTY.

[MpunycTrMo, 110 piliHA € HECTUCIIMBOIO Ta HEB’S3KOI0, a il pyX BHACHIIJIOK KOJMBAHb 3aHYPEHOTO
eJeMeHTy, € 0e3BUXpoBHM. B mmx yMoBax iCHye MOTeHIiall MBHUAKOCTEH V(X,Y,zt)=graddrx,y,zt),
SKHW 33/10BOJIbHsAE piBHAHHIO Jlaruiaca. Ha OOKOBHX MOBEpPXHSX €JIEMEHTY MaroTh OyTH BHKOHaHI
YMOBH HenpoTikaHHs. L{i yMoBH cOopMyIIbOBaHO SIK TaKy KpalioBY 3a/1auy:

CORER
A® =0, =(U,n). 2.2
on ( ) (22)
BusHaueHHS THCKY DIJMHH Ha TOBEPXHIO 3aHYPEHOTO EJIEMEHTY 3IiHCHIOEMO 3a JIOIIOMOTOI0
inTerpany Komri-Jlarpamka
D" (x,y,zt) oD (xy.zt)
ot ot

P:_pI y (23)

Je p) — ryctuHa piguad. [Ipumyctumo, mo po3B’s30K KpaioBoi 3amadi (2.2) 3HaiineHo. [Ipu npomy
OymeMo MaTh

d(x,y,2,t)= G(U), (2.4)
ne G — nesika, MOKH 110 HeBioma oneparopHa ¢yskuist. 3 ymoB (2.3) Ta (2.4) 3Haiinemo
P(x,y,z,t)=HU. (2.5)

[MixcraBumo monauus (2.5) B piBHSHHS pyxy (2.1) Ta oTpuMaemMo
MU+KsU=-HU+F (2.6)
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B piBasaHi (2.6) Matpums H € MaTpuIer0 TpHETHAHWX Mac piguHA. 3acid ii moOymoBm 3
BUKOPHCTaHHSIM METOJly TPAaHHYHUX CJICMCHTIB HaBeaeHO B pobotax [3,4]. [Ipu 1iboMy sik iHTErpaibHE
MOJIaHHs I HEB1IOMOT'O MOTEHIIIANY MBUAKOCTEH BUKOPHCTAHO rapMOHIYHUN MOTEHINIAN MOBIHHOTO

mapy [18]

ﬂ h _gddsa x=(xy,2) &=(Eng), @.7)

ne (& t) - HeBinOMa rycTHHA MOTEHIIATY, N ¢ € O/IMHUYHIM BEKTOPOM HOpMaJli 10 MOBEPXHi Sg, IHACKC

€ BKasye Ha Te, O iHTerpyBaHHs B (2.7) MPOBOIUTHCS caMe 32 Ii€0 3MIHHOIO.
Ockinbkn @* —®~ =T, TO nepenaj TUCKY € IPONOPLIHHUM I'yCTUHI moTeHmiany I

3 Mertoa 3aganux ¢opM NpH BH3HAYeHHi BUIBHHX Ta BHMYIIEHHX KOJIMBAHb eJIeMEHTIB
KOHCTPYKIii, 110 B3a€EMOIIOTH 3 PiIHHOIO0.
300pa3uMo BEKTOp HEBIIOMHUX nepeMimeHb KOHCTPYKIIT B piuHi y Burisiai [2,5]

u(x,y,z,t)= ZCK (x,y,2), (3.1)

ne U, € dopMaMu BUTBHHX KOJHBaHb €IEMEHTY KOHCTPYKIIil y moBiTpi. 3rigHo 3 (3.1) Ta rpaHYHOl
yMOBH 3 (2.2) OTPMMAEMO sl 1sl HeBioMoi ryctunu T'(§,t) y Takuii BUTIsL

N
rEt=> ¢ br@). (3.2)
k=1
®yukuii T (§) Bu3HAYEH] K PO3B’A3KHM TAKUX TMEPCUHTYISAPHUX iHTEIPATbHUX PiBHAHD:
1 6 1
— | T, () ———| —— 1S =(U,,n).(3. 3.3
e e @3)
Maemo nani
N
O - =D ¢ () (x). (3.4)

3 Bupa3ziB (3.4), (2.3) BCTaHOBIIOEMO, IO
N
P= _plzck(t)rk (x) (3.5)
k=1

[MincraBumo posknaaeHus (3.1), (3.5) B piBusHHA pyxy (2.1). OTprMaeMo, KOPUCTYIOUHCH JHIHHICTIO
omepatopiB Ms Ta Ks,

ch MU, ( +ch KU, ( +p|ZCk ) (x (3.6)

3 piBasaEA (3.6) 32 ymoBH, mo F =0 ta p;, =0 npuxoaumo a0 mpoOieMH BIAaCHUX 3HAYEHb VIS

BIJIbHUX KOJIMBAaHb €JIEMEHTY KOHCTPYKLil B moBiTpi, a sikmo F =0 T1a p, #0 3HaxogumMo BiacHi
3Ha4YeHHs 3 YypaxyBaHHAM [PUEIHAHUX Mac piguHd. Beaxarouw, mo C, (t)=C, exp(iQt),
BUKOPHUCTAHHSIM YMOB OPTOTOHAJIBHOCTI OTPUMAEMO
— M2 —
Ks(Uy) = o Mg (Uy), (MS(Uk)fuj)_Skj ' (3.7)
Jie , - YaCTOTH BJIACHHUX KOJMBAHb €IE€MEHTY KOHCTPYKIIi{ y TTOBITpI.

[Ticns BUKOHAHHSA CKaISIpHOTO N00YTKY piBHSAHHA (3.6) Ha QyHkuii U, BU3HaUaeMo, 110
N
o8 C, Q% C;8 +p, ch (rka|) =0. (3.8)
k=1

3 (3.8) 3naxomumo wactotu (Q2) Ta opmm (xoedimientn C, ) BUIBHHX KOJNMBaHb KOHCTPYKIII 3
ypaxyBaHHSM MPHUEIHAHUX Mac PiJUHH.

Sxkmo B piBHaHHI (3.6) F#0 Ta p; 20, npuxogumo 10 po3B’A3aHHA 3a7adi pPO3PaxXyHKY
BUMYIICHUX KOJIMBAaHb €JIEMEHTY KOHCTPYKLil 3 ypaxyBaHHSM HpueTHaHUX Mac pinuHu. Ilicns
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BUKOHAHHS CKJIAPHOro Ho0yTKy piBHAHHA (3.6) Ha ¢yHKuii U, mpuXoIMMoO 0 CHCTEMH 3BHYAMHHX

JuQepeHLiHHIX PiBHSIHD APYTOTo MOPSAKY Y BUTIISII
N
" 2
Ck(t){5kl+p|2(l“k,u,)}+a)k§klck(t): (F,U,), 1=12..N. (3.9)
k=1
s oTprMaHHs OAHO3HAYHOTO PO3B’sI3Ky cucTeMu (3.9) HeoOXigqHO chOpPMYIIIOBATH ITOYATKOBI YMOBH.
B monmanpmiomy obupaemMo HyIbOBI IMOYATKOBI YMOBH, TOOTO BpakaeMo, IO PyX IUTACTHHH B PiauHI
MOYABCH 13 CTaHy CIOKOIO.
[Ticns  po3p’si3aHHsA  cUCTeMH JUQEpeHUidHNX piBHAHL (3.9) 3HAXOOAMMO TEpPEMIlLCHHS
KOHCTPYKTHBHOTO eJIeMeHTY 3a ¢opmymoro (3.1)

4 BumyuieHi KOJTUBAHHS MJIACTHHKH M/ €10 TApMOHIYHOT0 30y/1KEeHHS.
PosrisinyTi konuBauHs KBampatHoi miactuau [0 ,a]x [0,a] 3i cToponoo a = 1M i TOBHIMHOIO
h = 0.003M, 110 3HaXOIUTHCA B PiAMHI Ta MiAaHa JIii TAPMOHIYHOTO HABAHTAXKCHHS

F =a,cosm,t . (4.2)
MexaHi4Hi XapakTepUCTHKM IUIACTHHH Ta pigMHM € Takumu: Moxymb FOmra E=2.1.10° MIla,

koedirient Iyaccona v = 0.3, rycruna miactuun p, =7800 xelx®, rycTuna pimunnm p,=7800 Keln®,

TpaHulld IKMHHOCTI o = 650 MI]a.
CxemaTtryHe 300pa)Ke€HHS IIACTHHY TIi1 Ji€F0 30BHINTHHOTO HAaBaHTKEHHS MOAaHo Ha puc. 4.1 a).
PiBHsiHHS pyXy TutacTuHu Mae Bursi [19]

o0*w Eh®
DV¥V?W+ph—=P+F, D= . 4.2
P o 120-v?) (4.2)

BBakaemo, 110 MJIaCTHHA JKOPCTKO 3allleMIICHa B3I0BK KOHTypy. B [20] orpumani Taki dhopmu
KOJIMBaHb IUIACTUHKH 0€3 ypaxyBaHHs NPUEAHAHUX Mac PiHHU:

W, (X,¥)=w,,(x,y)=sin I%rsin%t (4.3)

3rigno 3 (3.1) B 1bOMY BHUIAIKy MaEMO
N
W(X, y,t)= ch (t)Wk (X’ y), (4.4)
k=1

Jle BJacHi (GOpMH KOJIWBaHb Wk(x, y) obumcmoBanich 3a Gopmynor (4.3). BUBYEHO 3anexHICTh

MaKCHUMaJbHOI iHTEHCHUBHOCTI HANpY)XeHb O BiJ 4Yacy NpH Pi3HUX Napamerpax 30ymkeHHS (4.1).
[HTEHCHBHICTD HAIPY>KEHb 0OUYHCITIOBANACH 32 hopmystoro [19]

o; =\/G§+G§—chy+31:iy , (4.5)
e Hapr)KeHHH anHaqui TaKUM YHUHOM.
Eh (o*w  d%*w Eh (o*w  d*w Eh o&%w
o, = 5 > +V—| o,= 5 >+ V— Ty = : (4.6)
1-v-| ox oy 1-v-\ oy OX 1+v oOxoy

Ha puc. 4.1 6) 300pakeHo rpadik iHTEHCHBHOCTI HaNpyKeHb, SIKa BH3HAYEHA 3a IMEPIIOK (HOPMOIO
KOJIMBaHb IUIACTUHKH 0€3 BpaxyBaHHS NPHEJAHAHUX Mac PiAMHHU, TOOTO BBaxaioch, mo |=m=1 B
bopmyi (4.3). 3ayBaxkumo, 110 MaKCHMMaJbHE 3HAYCHHS IHTCHCHUBHICTh HAIPY)XCHb MPUIIMAE B TOYII
Xo=Yo=05, 1 me 3HaueHHs 1pu OOpaHMX MEXaHIYHUX XapaKTEPUCTHKAX JOPIBHIOE
Cimx =9888212 MIla.

3a3HaunMo, 110 MpHU OOYHUCICHHI CKAISIpHUX A0OYTKIB B mpaBiii wactuni (3.9) c ypaxyBaHHIM
Bupasis (4.3) Oyaemo Matu

(F,U)=0, 1=234. (4.6)

Ile mo3BoJisse B MeEpIIOMY HAOJMKEHHI OOMEXKUTHCH JIMIIE BHBUEHHSIM KOJHMBAHb 3a IEPIIOIO

dopmoro. 11iii popmi KOTHUBAHB BIMOBIIA€ BIACHA YACTOTA, sika JopisHioe 12,3 T'ix [20].
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PosrnsiHyTO KONMBAaHHS IIACTUHKH ITiJ] JIIE0 TAPMOHIYHOTO 30Y/PKEHHS TIPY PI3HUX 3HAYEHHSIX 8y Ta
o B popmyti (4.1).
JlocmiKeHO 3aeKHICTh Bifl 4aCy MaKCUMAJIbHOI IHTCHCUBHOCTI HanpyXeHsb (4.5).

Puc.4.1. Po3nooin inmeHcusHocmi HaAnpyiceH

Ha puc. 4.2 a) momaHo 3aJIeXXHICTh MAaKCHMAJIbHOI IHTEHCUBHOCTI HAaIlPY)X€Hb BiX dYacy IpH
ap = 0.1MIIa, ®o=3I'u nporsirom 10 cexynn, a Ha puc. 4.2 6) IO 3aIEKHICTH MOOYIOBAHO IPH
ap = 0.1MIla, g = 12.295T'y mpotsrom 1000 cexyn.

] n f 1000

|

1000
a) 0)
Puc.4.2 3anesicnicmos maxcumanbhol iHMeHCU8HOCMI HANPYJICeHb Gi 8I0 YACY NPU PIZHUX YACMOMAX 2APMOHIYHO20
HABAHMAIICEHHS

Yactota mp = 12.295I'1 € OJM3BKOIO 10 YacTOTH BJIACHUX KOJIMBaHb IUIACTHHH 3 ypaXyBaHHIM
MPUETHAHUX MAaC PiMHU, TOMY IPHU i TAKOTO HABaHTA)XKEHHsS CIOCTEpiraerbes pexum Ooutts. [lpu
ILOMY MaKCHMajlbHa IHTEHCHUBHICTh HANpPYXEHb NPH 3MiHI 32 4acOM 3HAYHO IEPEBUIIYE TPAHUIIIO
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IUIMHHOCTI, II0 MOJXKE IPU3BECTH [0 PYHHYBaHHS KOHCTPYKTHBHOIO e€jeMeHTy. Ilpu yacrtorax,
BiJIOKPEMJICHHX BiJl BJIIACHUX, CIIOCTEPITalOThCS TMEPIOJAMYHI KOJIMBAaHHS 3 OOMEKEHOI aMILTITYIO0.
Buxin Ha TpaHUIIO ITHHHOCTI MPU TAKKX YaCTOTaX 3IMCHIOETHCS JUIIE Tpu dg > S0MITa.

5 BumynieHi KoJMBaHHSA MJIACTUHKY MiJ Ai€10 iMIyIbCHOI0 HABAHTAMKEHHSI.

PosrnsHyTO KBajpaTHY MIACTUHKY 3 TUMH K MEXaHIYHUMH Ta TEOMETPUYHUMH XapaKTEePUCTUKAMHU,
110 OIMCaHi BHIIE.

IIpu npoMy BBaXKaJIOCh, 11O

F = Qoa(t), (5.2)
ne Qo € 3a1TaHUM PO3MOIIICHUM THCKOM,
1, t<T,
alt)= 5.2
( ) 0, t=T. (62)

vac 7 € mepiogoM [ii iMmynbCHOro HaBaHTaxeHHs. Ha puc. 5.1a) 300pakeHO CXEMaTHYHHUNA BUIIIS
HaBaHTaxeHHs (5.1), (5.2).
3 BUKOPUCTAHHIM METOAUKH [21] oTpumaHo Takuit po3s’s30k piBHsHB (3.9):

iz—izcos(th) 0<t<T
Qk Qk
Ck(t)z 1 1 1
Q—i—Q—i(:OS(Zkt) —§+§C059k (t —T) t>T

o (5.3)

Ha puc. 5.10) momaHo 3aneXHICTh MAKCUMAIILHOI IHTEHCUBHOCTI HaNpy>KeHb BiJl 4acy mpoTsrom 40
CeK TpH TakuX mapamerpax HaBaHTaxeHHd: Qu=0.1 Mlla, 7' = 1.5cexk.

a Gj
L 0.0012

0.0010
0.0008
0.0006
0.0004

0.8+

0.0002

PR
‘ LA A
0 1 2 3 4 I | t

-0.0002

=

a) 0)

Puc.5.1. Iunynscrne HasanmagiceHHst ma 3a1eHCHICMb MAKCUMATLHOT IHIMEHCUBHOCMI HANPYJICeHb O 8i0 Yacy

B npomy BUMagKy MakcuMalibHa IHTEHCHBHICTD HaIpy>KE€Hb € 3HAYHO MEHIIO0 I'PaHHUIll IUTHHHOCTI,
TOMY KOHCTPYKTHBHHI €JIEMEHT BUTPUMYE TaKe HaBaHTa)KECHHS.

6 BumylieHi KOJTUBaHHSA IJIACTUHKH i Ai€I0 ceficMiYHOro HABaHTaKEHHS.

PosrnssHyTO  KONMMBAaHHS ~ KBaJpaTHOI IUIACTHHKM 3 TEOMETPUYHMMU Ta  MEXaHIYHUMH
XapaKTepUCTUKAMH, 10 HaJaHi B MyHKTI 4, mia miero ceificMiynoro HaBanTaxeHHs [21]. Tlpu oMy
MPHITYCKAJIOCh, 1[0

F = Qoas(t), (6.1)

ne Qo € 3a1TaHUM PO3MOIIIEHUM THCKOM,
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_ [Qysin(12at/5)cos(22t), t<T,

6.2
0, t>T, ©.2)

a(t)

gac T € mepiogoM Aii celicMiuHOTO HaBaHTaXeHHSA. Ha puc. 6.1a) 300pakeHO CXEMAaTHYHUH BUTIISAI
HaBaHTaxxeHHs (6.1), (6.2).

Po3B’s130k piBHAHBE (3.9) oTpUMaHO 3a METOAMKOIO, omucaHo B [22]. Ha puc. 6.16) 300paxkeHo
3aJIeKHICTh MAKCUMAJILHOT 1HTEHCHBHOCTI HampykeHb Bin dacy npu Qu=0.02Mmna. Ile HaBaHTakxeHHS
BIITIOBi A€ il CEeMCMIYHOrO HaBaHTAKEHHS CHIIOK 5 Oais [23].

=, @ (8) i

0.01 4 0.01 1

-0.01 -0.01 4

-0.02 -0.02-

a) 0)

Puc. 6.1 Ceiicmiune HaeanmasicenHs ma 3a1eHCHICIb MAKCUMATLHOI IHMEHCUBHOCI HANPYJiCeHb Oy 810 Yacy

3ayBaxXMMO, 1110 TIPH TAKOMY 3eMJIETPYCi HE BiAOYBAEThCS MEPEBUILICHHS TPaHMIIl INTUHHOCTI, TOOTO
KOHCTPYKTHBHHH €JIEMEHT MOXKE BUTPUMATH BKa3aHE CEHCMIUHE HAaBAHTAKCHHS.

7 BucHoBKH.

Po3pobneno meton po3paxyHKy BHMYIIEHHX KOJHMBAaHb KOHCTPYKTHBHUX €JIEMEHTIB, IO
B3a€MOJIIIOTh 3 PIIMHOID Ta 3HAXOAATHCA B YMOBaxX [ii 30BHINIHIX TapMOHIYHUX, IMIYJIbCHHX a0o
CeCMIYHMX HaBaHTaXeHb. MeToN 3aCHOBaHMH Ha BUKOPHCTaHHI PO3KIAJICHb HEBIJOMUX MEPEMIIICHb
€JIEMEHTIB KOHCTPYKIIH B pimuHI B psaau 3a GopMamMu KONMBAaHb IMX EJIEMEHTIB 0€3 ypaxyBaHHS
NpUENHAHUX Mac PiTMHU. PO3INISHYTO KOJIMBaHHS KBaJpaTHOI MPYKHOI, >KOPCTKO 3aKpiIuIeHOi
TUTACTHHKH, TIO 3/IMCHIOE KOJMUBAHHS B PiAMHI Mij JIi€I0 Pi3HUX 30BHINIHIX HaBaHTaKeHb. OTpuMaHi
3aJIeKHOCTI 3MiHM MaKCHMaJbHOI 1HTEHCHMBHOCTI Halpy)XeHb BiJl 4acy JUid pI3HHUX TNapaMeTpiB
HaBaHTaXeHHs. Lle 7ae MOXXITMBICTH OLIIHIOBATH MiLHICTh KOHCTPYKTUBHOT'O €JIEMEHTY Ta 3A1HCHIOBATH
BUOIp mMapaMeTpiB HaBaHTAXCHHS TaKUM YHWHOM, 100 3a0e3rmeunTH HamiiHICTh (YHKI[IOHYBaHHS
eJIEMEHTIB KOHCTPYKIIiH TpH BiOpaiisix. B monaneiiomy nependadaeTbes TOMIMPUTH 3aITPOTOHOBAHHIMA
MiIX1J HA aHaji3 CTIMKOCTi Ta MIIIHOCTI jonarei OBOPOTHO-JIONATEBUX T1IPOTYpOiH 3 ypaxyBaHHIM
JeMIpyBaHHS.

JIITEPATYPA

1. Ecenera E.B, I'muteko B.U., CtpenpankoBa E.A. CoOcTBeHHBIE KOJIEOAHHSI COCYAOB BBICOKOTO
JaBJICHUSI TIPU B3aUMOJEHCTBUU C XKHUIAKOCTBIO. [Ipobnemvr mawunocmpoenus. 2006, Nel. C.105-
118.

2. Gnitko, V., Naumemko, Y., Strelnikova E. Low frequency sloshing analysis of cylindrical
containers with flat and conical baffles. International Journal of Applied Mechanics and
Engineering. 22 (4). 2017. pp. 867-881.



BicHuk XapkiBcbkoro HawioHanbHoro yHisepcuteTy imeHi B. H. Kapasita, 2 0 1 9 27

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

T'amuna E.B., PxeBckas W.E., CtpensaukoBa E.A. MccnemoBanne TUHAMHYIECKIX XapaKTEPUCTHK
Jioractei pa60tmx KOJIEC TMOBOPOTHO-JIOIMMACTHBIX FI/II[pOTyp6I/IH npu BSaHMOHCﬁCTBHI/I C
KUAKOCTHIO. Bicnux Xapkiecvkozo Hayionanrwnozo yrigepcumemy. 2009. Ne 847. C. 79-86.
Medvedovskaya T. Free Hydroelastic Vibrations of Hydroturbine Head Covers / T.
Medvedovskaya, E. Strelnikova, K. Medvedyeva. Intern. J. Eng. and Advanced Research
Technology (IJEART). 2015. Vol. 1, No 1. P. 45-50. DOI 10.13140/RG.2.1.3527.4961.

Gnitko V., Naumenko V., Rozova L., Strelnikova E. Multi-domain boundary element method for
liquid sloshing analysis of tanks with baffles. Journal of Basic and Applied Research International,
17(1). 2016. pp. 75-87.

Liang, C. C., Liao, C. C., Tai, Y. S. and Lai, W. H. The Free Vibration Analysis of Submerged
Cantilever Plates, Ocean Engineering, 2001. Vol. 28, pp. 1225-1245.

L | Mogilevich, V' S Popov, A A Popova and A V Christoforova. Mathematical Modeling of
Hydroelastic Oscillations of the Stamp and the Plate, Resting on Pasternak Foundation 10P Conf.
Series: Journal of Physics: Conf. Series 944 (2018). 012081.

Abdulkareem Abdulrazzag Alhumdany, Muhannad Al-Waily, Mohammed Hussein Kadhim.
Theoretical analysis of fundamental natural frequency with different boundary conditions of
isotropic hyper composite plate. International Journal of Energy and Environment (1JEE), Volume
7. Issue 3 .2016. pp. 229-240.

Yadykin, Y., Tenetov, V. and Levin, D. The Added Mass of a Flexible Plate Oscillating in a Flui.
Journal of Fluids and Structures. 2003. Vol. 17. pp. 115-123

Rezvani, S. S., Fazeli, H., Kiasat, M. S., and Haji-Hashemi, G. Effects of Added Mass Parameter on
Fluid-Structure Natural Frequencies by using Analytical, Numerical and Experimental Methods.
Amirkabir Journal of Science and Research in Mechanical Engineering (ASJR-ME). (2015).Vol.
47. No. 2. pp. 61-70.

Khorshidi, K., Effect of Hydrostatic Pressure on Vibrating Rectangular Plates Coupled with Fluid.
Scientica Iranica Transaction of Civil Engineering.2010. Vol. 17. No. 6. pp. 415-429.

Kerboua Y, Lakis A A, Thomas M, Marcouiller L 2008 Vibration analysis of rectangular plates
coupled with fluid Applied Mathematical Modelling 32(12). pp 2570-2586.

Kerboua, Y., and Lakis, A. A., Dynamic Belavior of Plate Subjected to Flowing Fluid, WSEAS
Transaction of Fluid Mechanics. 2008. Vol. 3, No. 2. pp. 101-115.

Chang, T. P., and Liu, M. F. On the Natural Frequency of a Rectangular Isotropic Plate in Contact
with Fluid. Journal of Sound and Vibration. 2000. Vol. 236. No. 1. pp. 547-553.

Mogilevich L I, Popov V S and Popova A. A. Interaction dynamics of pulsating viscous liquid with
the walls of the conduit on an elastic foundation. Journal of Machinery Manufacture and
Reliability. 2017. 46(1). pp 12-19.

Chapman C J, Sorokin S. V. The forced vibration of an elastic plate under significant fluid loading.
Journal of Sound and Vibration. 2005 281(3) pp 719-741.

O.B. Kenmsepa. Celicmiuna HeOe3meka 1 celcMmiuHMi 3axucT B YKpaiHi. Ykpaincokui
eeoepagiunui scypran. 2015. No 3. C. 9-15.

CrpenpuukoBa E.A. T'unepcuHryssipHble HHTErpalbHbIE YPaBHEHHS B JBYMEPHBIX KpaeBBIX
3agadax A ypaBHenus Jlamuiaca u ypasaenuii Jlame. Jon. HAH Vkpainu. 2001. Ne3. C. 27-31.
Buprep N.A., Illlop b.®., HocuneBuu I'.b. Pacuer Ha mnpouyHOCTh Aeraneil mamuH. M.:
Mammnaoctpoenue, 1993. 640 c.

Mockanenko P.I1., Ilansuikos P.I'., CtpenbnikoBa O.0. MeTos rinepcHHIYISIpHUX 1HTErpajibHUX
piBHSHB B 3aJjadyax BUIBHMX Ta BUMYIIEHUX KOJIMBAaHb JIOMATEH TiApOTypOiH TpW B3aeMomii 3
pinuHoto. Bichux Hayionanvnoco mexuiunoeo yuisepcumemy "XIII". Cep.: Mamemamuune
Mooentoganns 6 mexuiyi ma mexuonoeiax. Xapkis : HTY "XIII", 2019. Ne 8 (1333). C. 144-149.
Krutchenko D.V., Strelnikova E.A., Shuvalova Y.S. Discrete Singularities Method in Problems of
Seismic and Impulse Impacts on Reservoirs. Bulletin of V. Karazin Kharkiv National University
Series «Mathematical Modelling. Information Technology. Automated Control Systems». 2017. T.
35.Ne 1. C. 31-37.

Strelnikova E., Kriutchenko D., Gnitko V. Liquid Vibrations in Cylindrical Quarter Tank Subjected
to Harmonic, Impulse and Seismic Lateral Excitations. Journal of Mathematics and Statistical
Science. 2019. V. 5. pp.31-41.

O60py,I[OBaHI/Ie ATOMHBIX DSHEPIreTUYCCKUX YCTAaHOBOK. Pacuer Ha MMPOYHOCTH IIpH celiCMUYEeCKOM
Bosnericteuu. PTM 108.020.37-81.


http://scholar.google.com/scholar?cluster=3505237068319589087&hl=en&oi=scholarr
http://scholar.google.com/scholar?cluster=3505237068319589087&hl=en&oi=scholarr
http://scholar.google.com/scholar?cluster=3505237068319589087&hl=en&oi=scholarr
https://scholar.google.com/scholar?oi=bibs&cluster=9100315064905039083&btnI=1&hl=ru
https://scholar.google.com/scholar?oi=bibs&cluster=9100315064905039083&btnI=1&hl=ru

28

Cepis tMaTemaTiyHe MoaentoBaHHs. IHhopmaLjiiHi TexHonorii. ABTOMaT30BaHi CUCTEMU YNPaBIiHHSY, BUNYCK 43

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

REFERENCES

Eseleva E.V, Gnitko V.I., Strelnikova E.A., “Sobstvennyie kolebaniya sosudov vyisokogo
davleniya pri vzaimodeystvii s zhidkostyu”. Problemyi mashinostroeniya, N 1, S.105-118,
2006. [in Russian]

Gnitko, V., Naumemko, Y., Strelnikova E. “Low frequency sloshing analysis of cylindrical
containers with flat and conical baffles”. International Journal of Applied Mechanics and
Engineering, 22 (4), pp.867-881, 2017.

Ganchin E.V., Rzhevskaya I|.E., Strelnikova E.A. “Issledovanie dinamicheskih harakteristik
lopastej rabochih koles povorotno-lopastnyh gidroturbin pri vzaimodejstvii s zhidkostyu”.
Visnik Harkivskogo nacionalnogo universitetu, Ne 847, S. 79-86, 2009. [in Russian]

T. Medvedovskaya, E. Strelnikova, K. Medvedyeva, “ Free Hydroelastic Vibrations of
Hydroturbine Head Covers ” . J. Eng. and Advanced Research Technology (IJEART),Vol. 1,
No 1, P. 45-50, 2015. DOI 10.13140/RG.2.1.3527.4961.

Gnitko V., Naumenko V., Rozova L., Strelnikova E. “Multi-domain boundary element method
for liquid sloshing analysis of tanks with baffles”. Journal of Basic and Applied Research
International, 17(1), pp. 75-87, 2016.

Liang, C. C., Liao, C. C., Tai, Y. S. and Lai, W. H., 2001, The Free Vibration Analysis of
Submerged Cantilever Plates, Ocean Engineering, Vol. 28, pp. 1225-1245.

Rezvani, S. S., Fazeli, H., Kiasat, M. S., and Haji-Hashemi, G., “Effects of Added Mass
Parameter on Fluid-Structure Natural Frequencies by using Analytical, Numerical and
Experimental Methods”. Amirkabir Journal of Science and Research in Mechanical
Engineering (ASJR-ME), Vol. 47, No. 2, pp. 61-70, (2015).

Abdulkareem Abdulrazzag Alhumdany, Muhannad Al-Waily, Mohammed Hussein Kadhim,
“Theoretical analysis of fundamental natural frequency with different boundary conditions of
isotropic hyper composite plate”. International Journal of Energy and Environment (IJEE),
Volume 7, Issue 3, pp.229-240, 2016.

Yadykin, Y., Tenetov, V. and Levin, D., “ The Added Mass of a Flexible Plate Oscillating in a
Fluid”. Journal of Fluids and Structures, Vol. 17, pp. 115-123,2003.

Rezvani, S. S., Fazeli, H., Kiasat, M. S., and Haji-Hashemi, G., “Effects of Added Mass
Parameter on Fluid-Structure Natural Frequencies by using Analytical, Numerical and
Experimental Methods™. Journal of Science and Research in Mechanical Engineering (ASJR-
ME), Vol. 47, No. 2, pp. 61-70, (2015).

Khorshidi K., “Effect of Hydrostatic Pressure on Vibrating Rectangular Plates Coupled with
Fluid . Scientica Iranica Transaction of Civil Engineering, Vol. 17, No. 6, pp. 415-429,
(2010).

Kerboua Y, Lakis A A, Thomas M, Marcouiller L., “Vibration analysis of rectangular plates
coupled with fluid ”. Applied Mathematical Modelling, 32(12) pp 2570-2586, 2008.

Kerboua, Y., and Lakis, A. A., “Dynamic Belavior of Plate Subjected to Flowing Fluid.”
WSEAS, Transaction of Fluid Mechanics, Vol. 3, No. 2, pp. 101-115, (2008).

Chang, T. P., and Liu, M. F., “On the Natural Frequency of a Rectangular Isotropic Plate in
Contact with Fluid.” Journal of Sound and Vibration, Vol. 236, No. 1, pp. 547-553, (2000).
Mogilevich L I, Popov V S and Popova A. A., “Interaction dynamics of pulsating viscous liquid
with the walls of the conduit on an elastic foundation.” Journal of Machinery Manufacture and
Reliability, 46(1) pp 12-19, 2017.

Chapman C J, Sorokin S. V., ”The forced vibration of an elastic plate under significant fluid
loading”. Journal of Sound and Vibration, 281(3), pp 719-741, 2005.

O.V. Kendzera, “Sejsmichna nebezpeka i sejsmichnij zahist v Ukrayini”. Ukrayinskij
geografichnij zhurnal, No 3, S. 9-15, 2015. [in Ukrainian]

Strelnikova E.A., Gipersingulyarnye integralnye uravneniya v dvumernyh kraevyh zadachah
dlya uravneniya Laplasa i uravnenij Lame. Dop. NAN Ukrayini, Ne3. S. 27-31, 2001.
[in Russian]

Birger I.A., Shor B.F., losilevich G.B. Raschet na prochnost detalej mashin. M.:
Mashinostroenie, 1993, 640 s. [in Russian]

R. P. Moskalenko, R. G. Palchikov, O. O. Strelnikova, “Metod gipersingulyarnih integralnih
rivnyan v zadachah vilnih ta vimushenih kolivan lopatej gidroturbin pri vzayemodiyi z


https://scholar.google.com/scholar?oi=bibs&cluster=9100315064905039083&btnI=1&hl=ru
https://scholar.google.com/scholar?oi=bibs&cluster=9100315064905039083&btnI=1&hl=ru

BicHuk XapkiBcbkoro HawioHanbHoro yHisepcuteTy imeHi B. H. Kapasita, 2 0 1 9 29

ridinoyu.” Visnik Nacionalnogo tehnichnogo universitetu "HPI". Ser.: Matematichne
modelyuvannya v tehnici ta tehnologiyah, Harkiv : NTU "HPI", Ne 8 (1333). S. 144-149, 2019.
[in Ukrainian]

21. Krutchenko D.V., Strelnikova E.A., Shuvalova Y.S. Discrete Singularities Method in Problems
of Seismic and Impulse Impacts on Reservoirs. Bulletin of V. Karazin Kharkiv National
University Series «Mathematical Modelling. Information Technology. Automated Control
Systemsy», T. 35, Ne 1, C. 31-37, 2017.

22. Strelnikova E., Kriutchenko D., Gnitko V., “Liquid Vibrations in Cylindrical Quarter Tank
Subjected to Harmonic, Impulse and Seismic Lateral Excitations”. Journal of Mathematics and
Statistical Science, V. 5, pp.31-41, 2019.

23. Oborudovanie atomnyh energeticheskih ustanovok. Raschet na prochnost pri sejsmicheskom
vozdejstvii. RTM 108.020.37-81. [in Russian]

Jeemapvoe Kupuno I'eopziiioeuu — npogionuil indwcenep Incmumymy npodiem Mauuno6y0yeanHs
imeni A.M. ITiocopnozo HAH Yxpainu; e-mail: kdegt89@gmail.com; orcid: 0000-0002-4486-2468.

Kpromuenko /lenuc Bonooumupoeuu — acnipanm Incmumymy npobiem mawuuHoOyo0y8aHHs
imeni A.M. ITiocopnoco HAH Ykpainu, menegon.: +380932886753; e-mail: wollydenis@gmail.com;
orcid 0000-0002-6804-6991.

Mockanenko Poman Ilagnoeuu — acnipaum Xapxiecko20 HAYIOHANbLHO2O YHIgepcumemy iMmeHi

B. H. Kapaszina,  ¢axyiemem  komn’'tomepuux  nayk. menegon: 050598  7682; e-mail:
rmphd2016@gmail.com; orcid: 0000-0002-5167-2793.

IHanvuikoe Poman I'eopcitosuu — acnipanm Incmumymy npobrem mawuno0yoyeanns HAH
Vkpainu imeni A.M. ITiocopnozo; e-mail: 19palchikovroman@gmail.com; orcid: 0000-0003-38-06-
8708.

Jezmapee Kupunn I'eopeuesuu — sedywuii unoicenep Mucmumyma npooiem MauuHoCmpoenus
umenu A.H. I[Toocopnoco HAH Ykpaunwei; e-mail: kdegt89@gmail.com; orcid: 0000-0002-4486-2468.

Kpiomuenxo /lenuc Bnaoumuposuu — acnupanm Uncmumyma npooiem mMauuHoCmpoeHus
umenu A.H. ITooeopnoco HAH Ykpaunwt, menegon: +380932886753; e-mail: wollydenis@gmail.com;
orcid 0000-0002-6804-6991.

Mockanenko Poman Ilasnosuu — acnupanm Xapoko6cko20 HAYUOHAILHO20 YHUSEPCUMemd
umenu B. H. Kapaszuna, paxyremem komnviomepnvlx Hayk, menepon: 050598 7682; e-mail:
rmphd2016@gmail.com. orcid: 0000-0002-5167-2793.

Hanvuuxosé Poman I'eopeuesuu — acnupanm Hucmumyma npooiem MAuUHOCMPOEHUs. UMEHU
A.H. ITooeopnoco HAH Vxpaunsr; e-mail: 19palchikovroman@gmail.com; orcid: 0000-0003-38-06-
8708.

Degtyarev Kirill — Senior Engineer of A. Podgorny Institute of Mechanical Engineering Problems;
e-mail: kdegt89@gmail.com, orcid: 0000-0002-4486-2468.

Kriutchenko Denys — Post-graduate of A. Podgorny Institute of Mechanical Engineering Problems,
phone: +380932886753; e-mail: wollydenis@gmail.com; orcid: 0000-0002-6804-6991.

Moskalenko Reman — Post-graduate of Karazin National University, Scholl of Computer Sciences,
phone: 050 598 7682; e-mail: rmphd2016@gmail.com; orcid: 0000-0002-5167-2793.

Palchikov Roman — Post-graduate, A. Podgorny Institute of Mechanical Engineering Problems,
e-mail: 19palchikovroman@gmail.com; orcid: 0000-0003-38-06-8708.

Haginwna - 02.10.2019.


mailto:kdegt89@gmail.com
mailto:wollydenis@gmail.com
mailto:rmphd2016@gmail.com
mailto:19palchikovroman@gmail.com
mailto:rmphd2016@gmail.com
mailto:wollydenis@gmail.com
mailto:rmphd2016@gmail.com
mailto:19palchikovroman@gmail.com

30 BicHuk XapkiBcbkoro HauioHanbHoro yHisepeuteTy iMeHi B.H. KapasiHa, 2019

DOI: 10.26565/2304-6201-2019-43-04

YK 532.5+51-7

MareMatrnyeckoe MOIEIMPOBaHUE U MPOTHO3UPOBAHUE TUHAMUKHI PEYHOTO
pycia yuactka pexu Ceepckuit Jlonen

H.H. Ku3unosa, H.JI. Priuak, A.A. Xaaua

Xapvkosckuii nayuonanvusiii ynueepcumem umenu B.H. Kapaszuna, Ykpauna
e-mail: n.kizilova@gmail.com

HUccnenyercs Tedenme Ha ydactke pekn Ceepckuii [loHer Ha TeppHUTOpHH XapbKOBCKOH 0OJIACTH HAa OCHOBE JAHHBIX
MHOTOJIETHUX nM3MepeHui npodwst pycna ¢ marom 10 cM. 'eomeTpus ygacTka pyciia Ha MOBEPXHOCTH 3€MIIH OIpeelsiach
1O THAPOJOTHYECKUM KapTaM, a MPO(UIM BOCCTAHABIMBAJIMCH CIUIAHHAMHU IO JaHHBIM M3MEpeHHMil. VI3MepeHus mnokasain
BapHabeIbHOCTh MPOQUIIS B COOTBETCTBUM ¢ M3MEHEHHEM NMPO(QMIA THA U yPOBHEM OcCajKoB. Pa3paboTaHa MaTeMaTHyecKas
MOJZENb, KOTOpasi MO3BOJISIET PACCUUTBHIBATH CKOPOCTH IMOTOKA, AUHAMHUYECKHE JIAaBJICHHE H BSI3KO€ TPEHME, MpEICKa3bIBaTh
SBOMIONMIO OEPEeroBBIX JTMHHUK pycla, HaIWIWe 3aCTOMHBIX 30H C MEAJICHHOW LUPKYIAIHEH, NMPOTHO3UPOBATh JUHAMHUKY
JIOHHBIX 3aHOCOB M 3apacTaHhe pycia. MoJenb Takke MO3BOJSET IUIAHUPOBATh MHKEHEPHO-THUIPOTE0JOINIECKUE MEPHI MO
IPeAOTBPAILCHUIO Pa3MbIBA U 3apPAaCTaHUs PEK, yIy4IICHUS HUPKYISLUY U TOBBIIIECHHS Ka4eCTBa PEYHBIX BOJ.

Knwoueswvie cnosa: mamemamuyeckue Modeﬂupoeaﬁue, 2u0p02€0ﬂ02uﬂ, peUHbvle pycia, 3KON02UA.

Hocnimpkyerbest Tewiss Ha aurtHOi piuku CiBepcekuit Jlomenp Ha TepuTopii XapkiBChbKoi 00JacTi Ha OCHOBI JaHUX
0araTopiuHUX BUMIpIOBaHb Mpodimo pycna 3 kpokoM 10 cm. ['eoMeTpis mocmikyBaHOT TUISHKA pyciia Ha TOBEPXHI 3eMii
BU3HAYAJIACS TI0 TiAPOJIOTIYHUM KapTKaMH, a Mpodiil momepeyHux nepepiziB BiAHOBIIOBAIUCS CIUIAIfHAMH 3a pe3yiibTaTaMu
BUMIpIOBaHb. AHaJI3 pPe3yNbTaTiB MMOKa3aB BapiaOeNnbHICTh Mpodiaro mepepi3iB BiAMOBIAHO 10 3MiHU Mpodiaro AHA i piBHIO
OIafiB TIOTOYHOTO POKy. P0o3po0ieHO MareMaTWdHy MOJAENb, IO OMKCYE MapaMeTpH MOTOKY B 3al€KHOCTI BiJ yXWIy 1
npodimo piukoBoro pycma. Moaenb OO3BOJISIE PO3PAXOBYBATH IIBUAKOCTI TOTOKY, IWHAMIYHHN THCK 1 B'I3KE TepTH,
nepenbadaTé €BOJIOLII0 OeperoBUX JiHIM pycia, HasBHICTh 3aCTIHHHX 30H 3 IOBUIBHOIO LUPKYILIIEI0, NMPOTHO3YBaTH
JIMHAMIKy JOHHHX 3aMeTiB i 3apocTaHHs pycna. Ha ocHOBI TpuBHMipHOI MoJemi Tedii BOAM B PyCi i3 3alaHOI0 T€OMETPIEr0
MPOBENICHI YHCENbHI PO3PAaXyHKH METOJIOM CKIHYCHHHX €JIeMEHTiB. Po3paxoBaHi MIBHIKOCTI Tewil 1 MOKa3aHO HAasBHICTh
BIIPMBHHX 3aCTIHHHUX 30H 3 MOBUTEHOIO IIMPKYILIIEIO, B SKUX MPUCKOPIOETHCS 3aPOCTAHHS PyClia i MOTIPIIEHHS SIKOCTI BOJIH.
Po3paxyHkn AWHAMIYHOTO THCKY 1 B'3KOTO TEpTS MOKa3ald HASBHICTH OUISHOK 3 IMIIBHIICHUM THCKOM, SK€ MOXE IpH
TPHUBAJIOMY BIUIMBI PYHHYBaTH OEperoBy JIiHiIO, COPUATH YTBOPEHHIO TOHHUX HAHOCIB, 30UTBIICHHIO TUIONI 3aCTiHUX 30H 3
MOBUTBHOIO IUPKYJIsMiero. OCKUIPKM B TAKUX BHUMAIKaX Yy PIYKOBIM CHCTeMi NMPHCYTHS CHCTEMa IMO3WUTHBHHX 3BOPOTHHX
3B'SI3KiB, SKi BUKIMKAIOTH TOTIPIICHHS LOUPKYJAMIl 1 SKOCTI BOOM Ta HE MOXYTh OyTH 3yNWHEHI MPUPOIHUM IUIIXOM, a
BUMAraroTh CIEI[ialbHUX 1H)XEHEePHO-TiPOTreoIoriuHuX 3axoaiB. Po3pobieHa Moenb 103BOJIsIE€ TUIAHYBATH Pi3HI KOHKPETHI
3aXO0/IH II0/10 3aro0iraHHs Po3MHUBY 1 3apOCTaHHS PiYOK, HOJIIISHHS IUPKYJISILIT 1 MiIBUIEHHS SIKOCTI PIYKOBUX BOJ IIUIIXOM
X BHECEHHs y BUXiJIHY T€OMETPUYHY MOJENb i KUIBKICHY OLIHKY BUKJIMKAHHX HUMH 3MIH TiIpOJMHAMIYHUX (aKTOpiB, IO
BILUIMBAIOTh HA EBOJIIOIII0 PIYKOBOTO pycia.

Knrwwuoei cnosa: mamemamuune MoOenoO8anHs, 2i0PO2eoiois, PIUKosL pycid, eKoN02is.

The flow in the section of the Seversky Donets river in Kharkiv region is studied based on long-term measurements of the
channel profile in a 10 cm increments. The geometry of the studied channel section on the Earth's surface has been determined
by hydrological maps, and the cross-section profiles have been reconstructed by splines from the measurement results. The
analysis of the results has revealed the profile variability in accordance with the change in the bottom sediments and the
current year rainfall. A mathematical model describing the flow parameters in dependence on the slope and profile of the river
channel has been developed. The model allows calculating flow velocities, dynamic pressure and viscous friction, predicting
the evolution of coastal channel lines, the presence of stagnant zones with slow circulation, and predicting the dynamics of
bottom drifts and channel overgrowing. Based on the three-dimensional flow of water in the channel with given geometry,
numerical calculations by the finite element method are carried out. The flow rates are calculated and the presence of separated
stagnant zones with slow circulation in which the channel overgrowth and water quality deterioration could be amplified is
shown. Calculations of dynamic pressure and viscous friction shows the presence of areas with increased pressure which, in
time, can ruin the riverbanks, contribute to the formation of bottom sediments, and increase the area of stagnant zones with
slow circulation. Since there is a system of positive feedbacks in the river ecosystem, the resulting deterioration in circulation
and water quality cannot be stopped naturally and require special engineering and hydrogeological measures. The developed
model allows planning various specific measures to prevent river erosion and overgrowth, to improve circulation and water
quality by introducing the changes into the original geometric model as well as quantifying the changes caused by
hydrodynamic factors that affect the evolution of the river system.

Key words: mathematical modeling, hydrogeology, river channels, ecology.

1. BBenenne

JlMcKpeTHble, KOHTUHYAJIbHBIE U CUHTETHMYECKHE MOJENIM PEUYHBIX PyCesl C y4eTOM HUX TeOMEeTpuH,
COCTaBa JOHHBIX OTJOXEHWH, CKOPOCTH TEYEHHsS BOJABI, HAJIUYHA IMOBEPXHOCTHOTO CTOKAa M Jp.
MapaMeTpoB LMIMPOKO HMCITOJB3YIOTCS U pacueTa CHOCa IMPHUIOHHBIX OTJIOKEHUH M MHUTpalliH pycia,
KadyecTBa BOABI WU IIEPEHOCA 3arpsi3HCHUMN, SKOJOTHUYECKOW 3KCIEPTU3bl HKOCHUCTEMBI M JPYTUX
NpakTHYeCKuX 3anady [1-4].

© Kusunosa H.H., Pbiyak H.J1., Xanud A.A., 2019
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Marematndeckoe MOICIHPOBAHHUE W YHCICHHBIC pacdeThl IOl CKOPOCTEH, 3aBUXPEHHOCTH,
HaIpPsHKEHUN TPEHUS U APYTUX THIPOJMHAMUYECKUX MAapaMeTPOB MO3BOJSIOT OLEHUTh PUCKU SPO3UU
OceperoBoil JIMHUM, Pa3MbBIBOB JHA, BBIIBUTH YYaCTKH C 3aMEUICHHBIMH TEYCHUSMH, B KOTOPBIX
BCJIEICTBME HEIOCTATOYHOW MHUPKYISALWU BOABI OyAET NMPOUCXOIWTH 3apacTaHHWe THA W yXy/IIICHHE
KayecTBa BOJBI.

B nanHoii paboTe mpuBEACHBI Pe3yJIbTaThl MATEMATHUECKOTO MOJICTMPOBAHUS U PaCYCTOB CKOPOCTH
IBKCHHUST BOJBI, PACIIPENENCHUN NaBICHWH, TPEHUS W APYTUX THAPOIWHAMHYECKHX MapaMeTpOB,
CMOCOOCTBYIOIIMX MHUTPAIIMU PyCIia, €T0 3aPAaCTaHMIO U YXYAIIEHUIO Ka4ecTBa BOJbI.

2. MaTepuaJjbl M1 METOAbI

I'eomeTpus yuacTka pycia pexu CeBepckwuii JloHeI, pacoiIoKeHHOTO Ha TEPPUTOPHH XapbKOBCKOM
obmactu (Puc.l1a,0), ompemensigack MO THAPOreOJOrHMYecKHM Kaptam u jgadabiM  Shuttle Radar
Topography Mission (SRTM) ¢ paspemrenuem 3.

[Ipodwin peyHoro nHa ONpPENENsUIMCh MYTEM OCPETHEHUS NAaHHBIX B XOZE IMOJEBBIX M3MEPEHUH
BJIONIb YeThIpeX TorepeuHbix cedeHuit (Puc.1a,0). M3mepeHus mMpoBOAMINCH B MEPBON JEKaae HIOHS.
[Tpu aTOM moTIEpEK pycia OT JEBOTO JI0 MPaBoOro Oepera MpOTATUBAJICS KaHAT ¢ HAHECCHHBIMH C IIaroM
10 cm merkamu. Jloaka MOCTENEHHO NEpeMeIlalach BIOJb KaHaTa, M IIyOWHAa PeKd Ompenessuiach
OKOJIO KaXI0M METKHU € IMOMOILBIO Ipy3uiia. DBOIOLMA NPpoduiIeil JHa B COOTBETCTBYIOILUX CEUCHUAX
nokasaHa Ha Puc.2a-T.

W3mepsiiuch Takke YKIOH BIOJbL pycllia U CKOPOCTH TEUCHHS PEKH BIOJb CEpEAWHHON JHHUH,
BOJIM3W JIEBOTO ¥ TIpaBoro OeperoB. beura 3admkcrpoBaHa qUHAMHKA W3MEHEHUH TITyOWHBI ¥ ITUPUHBI
PCKHU, CBsA3aHHAsA C 3aCYHUIMBBIM WA OOXKIJIMBBIM JICTOM COOTBETCTBEHHO, a TAKIKC CBA3AaHHLIC C
MEPEHOCOM HaHOCOB M 3apacTaHUEM PyCJia M3MEHEHUsI TPOuIIeH qHa.

5333 Bianounixy @
"ManuHioKa®

basza BigNoYnHKY
4 "ManuHieka"

Puc.1. Ceamenm pexu Cegepcruil [loney Ha cnymHuK080M CHUMKe (@) u
eeoepauueckou xapme (6).

! https://www2.jpl.nasa.gov/srtm/
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Puc.2. [Ipogpunu uccnedyemoeo yuacmra pycna, usmepernuie ¢ 2015-2018 ee. na yuacmrax

1(@), 2 (6), 3 (&), 4 (2).

Ha Bcex mpoduisix 3aduKcHpoBaHO, 4TO TpaBblid Oeper sBisercs Ooliee KPYThIM, YeM JICBBIH, B
cooTBeTCTBUM C neictBueM cuiibl Kopuonuca B CeBEpHOM MONYIIAPUU, OJHAKO CTENEHb KPYTU3HBI
MPABOTO U MOJIOTOCTH JIEBOTO OEPETOB MU3MEHSETCS B CBSI3U C SPO3MOHHBIMH MPOIECCAMU H IIEPEHOCOM
JOHHBIX OTJIOKEHHI. PyCHO PE€KM Ha HUCCICAOBAHHOM YYaCTKEC HW3BHUIIUCTOC, PCEKa JIBaXK/bl
IOBOPAYMBAET B JIEBYKO CTOPOHY M OAWH pa3 — B IIPAaBYK CTOPOHY IOA yriiamu 124.8°,116.7°,144.3°

cooTBeTcTBeHHO. ClieIoBaTeIbHO, 32 CUET MHEPIIUHU TIOTOKA BOJIHAS Macca OyleT CHOCHTHCS B CTOPOHY
MpaBoro, IMpaBOro M JIEBOro Oepera TMpPH TpPeX COOTBETCTBYIOIIMX IIOBOPOTAaX, BbI3bIBAS
JIOTIOTHUTEHHBIA Pa3MBIB COOTBETCTBYIOIIMX OEPETOB M MEPEHOC JIOHHBIX OTIOXKCHHH. [leTanpHbBIN
OTBET Ha BOMPOC O MJallbHEUIIEH 53BOJIOLMU pyclia U 3aBUCHUMOCTH 3TOrO Ipoliecca OT YPOBHS
BBHITIABIIMX OCAJKOB W TEMIIEPATyphl BO3JyXa, MOXET OBITh JIaH C TOMOIIBI0 MaTeMaTHYECKOrO
MOJEIIMPOBAHUS TEUCHHUS PEUHBIX BOJ B KaHAJIE CO CIOXKHOU reOMETPUEH.

3. MaremaTu4yeckasi MOJeJib PyCJIOBBIX TOTOKOB
Haunbonee pacrpocTpaHeHHBIME MOJEISIMH PEUYHBIX pycel SIBILSIIOTCS OJHOMEpHblE Mojenu [5],
OCHOBAHHbBIE Ha YPaBHEHUU
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2 divi@) =a, W

2
v N
rne h=z+H +2— - TMHAMHUYECKUI HATIOP, V - CKOPOCTh, § - YCKOPEHHE CBOOOIHOTO majaeHus, H(X) -
g

rIyOuHa pycna, z U X - BEpTUKaJbHAs U IPOJOJIbHAS KOOPAUHATHI, (, - PACHPEAEICHHbIE HCTOUHUKHI
Maccel BIOIbL pycna (mpuroku), §=-KKVh - mortox, k=H®® - mpoBOAMMOCTH ceueHHs KaHala,

K=+/S/m - TpeHHe Ha CMOYCHHOH MOBEPXHOCTH pycha, S=(ch/ox)?+(ch/éz)? - ykmoH, m -

kod(purmenT ManHUHTA.

VYpaBuenne (1) JOCTaTOYHO XOPOIIO OMNKCHIBAET M3MEHEHHME CKOPOCTH TOTOKa s
C1a0OM3BUIIMCTHIX PEK, OJHAKO B pacCMaTpUBAEMOM Cllyyae HaJlUuue HECKOJIBKHX IMOCIEeI0BATENBHBIX
pa3sHOHANpPaBJICHHBIX IOBOPOTOB NMPUBOAUT K TOMY, YTO MHEPLUS IIOTOKA U €r0 CHOC B IIONEPEIHOM K
TCUYCHUIO HAIIPpABJICHHUUN CYHICCTBCHHO BJIMAIOT HA THAPOAMHAMUYCCKUC MapaMETPbl TCUCHUA. Takum
00pa3oM, HEOOXOJMMBI pacyeThl Ha TPEXMEPHOI MOJIEIN C yYETOM peaibHOM (HhOpMBI KaHama.

PaccmoTpuM TeuyeHne BS3KOM HEC)KMMaeMOM >KMAKOCTH (BOIBI) B OTKPHITOM KaHaie, (opma
KOTOPOTO COOTBETCTBYET oulu(ppoBaHHBIM Oeperam wuccienyemoro ydactka Cesepckoro [lonma, a
CMOYEHHasl MOBEPXHOCTh BOCCTaHABIMBAIACH MPOLETYPOH peHIEPHUHTa IO U3BECTHBIM NPOGUIISIM B 4-X
ceueHnsx (Puc.1,2). Pesynprat BoccTaHOBIeHMs ToKa3aH [utst poduieit 2015 r. Ha Puc.3a.

CKOpOCTh U 1aBJICHUE B ITOTOKE OMUCHIBAIUCH ypaBHeHUsIMU HaBbe-CTokca

div(v) =0,
v 2
Pl = ~Vp-+hAT+pg, @

TZI€ p U QU - IJIOTHOCTh U BSI3KOCTH JKUAKOCTH, P - TUAPOCTATHUECKOE JIaBIICHHE.
I'pannunsie ycnmoBus Tt ypaBHEHUH (2) UMEIOT BUJT

Vlr1 =0, plrZ = Patm » (3)
e Pum - aTMOC(bepHOG OaBJICHUC, 1"1 nu 1"2 - CMOYCHHAasA 1 CBOGO}IH&H MMOBEPXHOCTU PEYHOI'O pycClia

COOTBETCTBEHHO.
s mpou3BOJIBHOM MOBepXHOCTH KaHaja [, cucrtema (2)-(3) mMoxkeT OBITH pelIeHa YUCIECHHO

METOI0M KOHEUHBIX 35ieMeHTOB (MKDJ).

4. YUncJjieHHbIE pacyeThbl U AHAJIN3 Pe3yJabTATOB
ITo pe3ynbraTam orudpoBKH rpaHul obgacty I', Al pacCMaTpUBaeMoro y4yacTtka pekn CeBepckuit

JloHelr ObuTa MOCTpOEHA TpeXxMepHas reomerpuueckas mojenb (Puc.3a) m omHopomHas cetka. Ha
Puc.26 mokazaHa ceTka B OJTHOM W3 IONIEPEYHBIX CEUSHHI pycia, a Ha Puc.3B — Ha yyacTke cBOOOIHOI
noBepxHocTH. OOIIee 4YHCIO y3/I0B M KOHEUHBIX 3JEMEHTOB cocTtaBuio 3287240 um 2112328
COOTBETCTBCHHO. BhIOpaHHbIe 3HAUCHHS OMNpPEACSUTUCH IKCIIEPHUMEHTAIBHO MyTeM MOoiy4eHHus mesh-
HE3aBUCHMOTO YHCICHHOro pemeHus. ['eomerpus u cetka Obuin moctpoeHsl B nmakere AnSys 15.0 —
Bepcuu nomysipaoro MK3-codra, kotopas sBisiercs OECIIaTHOM AJ1s1 BHICIIUX YUEOHBIX 3aBEACHUI.

XapakTepHble 3HaUCHHs 4ncia PeifHombaca 1st paccMarpuBaemoro ciydas Re=10°-10% mosromy
OBUTH WCIIOJIb30BaHA MOJCIM KaK JaMHHApHOTO, Tak M TypOyieHTHOro tedenuit (Spalart-Allmaras
model) ¢ uncCIEHHOI CXeMOil BTOPOro MOPSIKA H TOYHOCTBIO pacueToB 107,

Pe3ynmbTaThl pacdeToB TOJS CKOPOCTEHW TmpencTaBiieHbl Ha Puc.4a,6 B Buae JWHWA TOKa Ha
CBOOOJHON TMOBEPXHOCTH, OKPAIIEHHBIX B COOTBETCTBHU C BEIMYWHOM CKOPOCTH. XOPOIIO BHIHBI
YYaCTKH YCKOPEHHOI'O TEUEHHS B HaWOOJee Y3KHX IMOINEPEUHBIX CEUCHHUSIX pycia, a TaKkKe YyYacTKH
OTpBIBA JIMHUM TOKa M OOJIACTeH ¢ 3aCTOWHOW BUXPEBON LMPKYJSIMEH BOJIU3M PACHIMPEHHBIX 30H
pycia. B cuiy HU3KHX 3HAUEHWH CKOPOCTH MTOTOKA TH 00JACTH SBIISIOTCS HAMOOJIee BEPOSITHBIMA JIJIST
YCKOPEHHOT'O 3apacTaHMs pa3jIMYHOW BOAHOM DPACTUTENBHOCTBIO M YXyAUIEHHWs KadecTBa BOAbL. B
COOTBETCTBHM C TeO(QU3UUYECKUMH JaHHBIMH [2-4], Ha ydYacTKaX C YCKOPSIOIIMMCS TEUCHUEM
IPOMCXOAUT Pa3MbIB JHA U MEPEHOC JOHHBIX OTJIOKEHHUH Ha yYacTKU € 3aMEIJIIIOIIUMCS TEUCHUEM,
yTO ele Ooiblle yXyAllaeT LUPKYJSLHUI0 U CIOCOOCTBYET 3apacTaHMIO Bcero nHa. Ha moBoportax
pycna HabOmiomaeTcs CHOC siApa TEYCHUS K OJHOMY U3 OeperoB, YTO HPUBOIUT K Pa3MbIBaHHIO
OeperoBoil JIMHKUH, YTO 3aMETHO Kak Ha BHJE cBepxy (Puc.4), Tak ¥ B MOCIEI0BATEILHBIX ITOIIEPEUYHBIX
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CEUYEHHAX IMociie TMOBOpoTOB pycia (Puc.5). PaccuntanHple 3HaUeHUS CKOPOCTH COOTBETCTBYIOT
JaHHBIM u3Mepenuit (Tabm.1).

a o B

Puc.3. Tpexmepnas modenv paccmampugaemo2o peyHo2o pycia (8uo cHusy) — a,
cemka 8 nonepeyHom cedeHuu (8uo cooky) — o,
cemKka Ha yuacmke c60000HOU NO8epXHOCMU (8U0 c8epxy) — 8.

40501
38%-01
364e-01
344401
3.24e-01
304401
283e-01
263a-01
243601
2 =01
202601
1.826-01
162601
14201
1. He=01
101601
8 10e-02
B0T#-02
405602
202e-02
000400

i

Puc.4. Jlunuu moka na c60600HOU NOBEPXHOCIU PACCMAPUBAEMO20 YUACMKA PYCAA (@) U MexcOy cedeHuAMU 3 U

4 (6).

ANSYS

R15.0
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oo 1 ANSYS

B r
Puc.5. Konmypnvie epaguxu eenuyunvl cKkopocmu 6 NONEPeuHbIX Ce4eHUusIx

1 (a), 2(6), 3 (8), 4 (2).

Ha Puc.6 npencraBineHsl pe3yabTaThl pacyeTOB HANPSHKCHUH TPEHUS HA CMOYCHHOW MOBEPXHOCTH
pycna. Ha yqacTkax ¢ pe3KMMH H3MEpPEHMSMH IIUPHUHBI PyClla, & TAKXKE MOCIE TOBOPOTOB OTMEYAIOTCA
MOBBINICHHBIE 3HAYEHHS TPEHHS BIUIOTH 10 o = 2.73[]a, criocoOHbIe BHI3BIBATH KaK 3PO3HI0 OEperoBoi
JIMHUY, TaK ¥ IepeMeIleHIe JOHHBIX 0TI0KeHUH. [loaydyeHHble YNCIeHHbBIE PE3YIbTaThl UMEIOT OANH U
TOT K€ TOPSJIOK 3HAaYeHMH NMpH pacyeTax Kak Ha MOJENM JaMHUHAPHOTO TE€YEHHs B KaHale, Tak U
monenu Spalart-Allmaras TypOysieHTHOrO TeueHus [5].

Water.Wall Shear
Contour 1

2.729e+001
2.456e+001
2.183e+001
- 1.910e+001
1.637e+001
1.364e+001
1.091e+001
8.186e+000
5.457e+000
2.72%9e+000

4.828e-018
[Pa]

0 100.00 200.00 (m) | 4
L.  E— ) X
50.00

150.00
Puc.6. Konmypnwiil epagux nanpsidiceHuil mpenusi Ha OOHHOU NOSEPXHOCMU (8UO CEEPXY).

Bamupammsa moxmenu (2)-(3) mpoBoamiach MyTeM CpaBHEHHUS BEIMYMH CKOPOCTH TEYEHHS B TpeX
TOYKax (CepeauHHas JHWHUSA, Ha paccTosHud 20 CM OT JeBOro M mpaBoro Oepera) 4-X CEUYCHHU C
npodunsamu, coorBercTByrommmu 2015-2018 rr., m maaHelx u3aMepenudd (Tabn.1).  Xopomee
COOTBETCTBHE pPACUYCTHBIX M W3MEPEHHBIX BEIMYHH IOJATBEPXKIACT JOCTOBEPHOCTh MOJCITH |
BO3MOXXHOCTh ~ MPOBOJMTH KOJNHYECTBEHHYIO OICHKY pE3YJIbTaTOB pas3iINuYHBbIX  WHKECHEPHBIX
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ruAPOMOU3NUSCKUX COOPY)KECHHI MO 3aIlUTe OCperoBOW JIMHUU W THHAMHKH 3BOJIIOIMHU Pycia U €ro
MPOIYCKHOM criocoOHOCTH MeToaaMu system dynamics approach.

Tabn.1. Beruyunsl ckopocmu medenus v(M/c) y NOBEPXHOCMU 800bl HA PA3HBIX YYACMKAX
ceuenuti 1-4; 3Hauenus cneea u cnpasa om Kocoil 4epmsl COOMEemcmeyom
PACCHUMAHHBIM U U3MEPEHHBIM SHAYEHUSM.

2015 . 2016 . 2017 r. 2018 r.

Ceuenue 1
y sieBoro Oepera 0.085/0.09 0.096/0.11 0.098/0.10 0.090/0.09
cepenunnas nuaus | 0.382/0.40 0.454/0.42 0.334/0.35 0.431/0.38
y npaBoro 6epera | 0.126/0.14 0.141/0.13 0.139/0.15 0.133/0.12
Ceuenue 2
y JieBoro Oepera 0.283/0.30 0.322/0.35 0.397/0.40 0.303/0.35
cepenunnast suaust | 0.554/0.50 0.584/0.55 0.612/0.55 0.488/0.45
y npaBoro 6epera | 0.332/0.35 0.478/0.45 0.528/0.50 0.384/0.40
Ceuenue 3
y JeBoro bepera 0.078/0.10 0.088/0.12 0.092/0.12 0.075/0.08
cepenunnas aunus | 0.354/0.30 0.403/0.45 0.392/0.40 0.498/0.45
y mpaBoro Gepera | 0.142/0.15 0.128/0.14 0.155/0.14 0.125/0.13
Ceuenue 4
y JeBoro 6epera 0.075/0.08 0.082/0.10 0.089/0.11 0.084/0.09
cepenunnast uaust | 0.332/0.35 0.396/0.40 0.427/0.45 0.406/0.45
y npaBoro oepera | 0.136/0.12 0.139/0.15 0.122/0.14 0.120/0.13

5. BeIBOabI
B pabote noctpoeHa MareMaTHYeCKas MOJICNb TUHAMHKH PEYHOTO PYClia Ha IPUMEPE Y4acTKa PEKU

CeBepckuii JloHel, KOTOpasi MO3BOJISIET ONPEEIATh 30HBI, MOJBEPKEHHBIC IPO3UU WM 3apacTaHUIO
BCJIC/ICTBHE  TOBBIIICHHBIX WM TOHWKEHHBIX CKOPOCTEH TEYEHHs, a TaKKe NEepeHOCy IOHHBIX
OTJIOKEHUH 3a CYET KacaTeJbHBIX HANpsHKEHWH B NMPHIOHHBIX 30HaX. B nmampHeimem monens Oyaer
UCTIOJIb30BaHa JJIsl PacueToB HBOJIONHMU pycia W 3(P(HEKTUBHOCTH WHKEHEPHBIX THAPODUINUESCKUX
MEPONPUATHI MO YITyYIICHUIO IUPKYJISINY U Ka4eCTBa BOJIBI.
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Liquid oscillation in a cylindrical-conical shell under the action of vertical and
horizontal excitation

V.Y Kylynnyk, ?D.V.Kriutchenko, >Y.V.Naumenko

V. N. Karazin Kharkiv National University, 4 Svobody Sq., Kharkiv, 61022, Ukraine
2A. Pidgorny Institute of Mechanical Engineering Problems of the National Academy of Sciences,
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Vibrations of an ideal incompressible fluid in shells of revolution have been considered. The shells of revolution under
consideration include cylindrical and conical parts. It is assumed that the shell is subjected to vertical and horizontal
excitations. The liquid in the shells is supposed to be an ideal and incompressible one. The fluid flow is the irrotational.
Therefore the velocity potential that satisfies the Laplace equation exists. The non-penetration conditions are applied to the
wetted surfaces of the shell and the kinematic and dynamic conditions on the free surface have been considered. The liquid
pressure as the function of the velocity potential is defined using the Bernoulli equation. The problem of determining the fluid
pressure is reduced to solving a singular integral equation. The numerical solution of the equation has been obtained by the
method of discrete singularities. The method of simulating the free and forced oscillations of the fluid in the shells of
revolution has been developed.

Key words: compound shells of revolution, ideal incompressible fluid, methods of boundary elements and discrete
singularities, frequencies and modes of vibrations.

Po3rnsaaroThesl KOMMBAHHS 1/jealbHOT HECTHCIMBOI PiITUHN B 000JIOHKaX oOepTaHHs. Pyx piguHM sBIsSEThCS OE3BUXPOBUM, i
PO3IIISIIAlOThCS JIMIIE HEBEJIMKI KOJIMBAHHS 1€l piguHH(iHiHHA Teopis). OGONIOHKH BKIIOYAIOTH LMIIHAPHYHY Ta KOHIYHY
gactuHH. [lepenbadaeTscs, MmO 0OOOJNOHKA MiANAETHCS BEPTUKANBHUM Ta TOPH3OHTAIBHUM 30ymkeHHAM. CdopMynpoBaHi
TpaHMYHI YMOBH [Uii pPO3B’si3aHHA piBHAHHA Jlammaca. Ha 3modeHit moBepxHi OOONOHKH 3aCTOCOBYIOTHCSI YMOBHU
HETIPOTiKaHHsA, a Ha BUIbHINA MOBEPXHI PO3TIAJAOTHCS KiIHEMAaTHYHI Ta JUHAMIYHI YMOBH. . ICHy€e MOTeHIian MBUIKOCTI, KU
3an0BoNIbHIE  piBHAHHIO Jlammaca. Tuck piguHM K (QYHKIS MOTEHHIANy IIBHAKOCTI BHU3HAYAETHCS 3a JOMOMOTOIO
JliHeapu30BaHOTO piBHAHHA bepHymn i moTeHuiiHOro moTtoky. [IpoOnema BU3HAYEHHS THCKY PIIVMHH 3BOIUTHCS JO
PO3B’sI3aHHSI CHHTYJISIPHOTO IHTErpaJbHOTO PIiBHSAHHA. UMCIOBE pilIeHHS LOTO PIBHSHHS OTPHMAHO 3a JOIOMOTOI0 METOoZa
JMCKPETHUX OCOONMBOCTEH. Slnpa iHTerpaJbHUX PIBHSHBb MICTATH IIOBHI €MINTHYHI IHTETpajd MEpLIOro Ta APYroro BHIY.
EninTuyHuii iHTErpanm Apyroro BHIY OOYHCIIOETBCSA 3a JIOMIOMOTOK CTaHIAapTHOI KBaapaTwyHoi ¢Gopmymu [aycca. Jlis
SJINTUYHOTO IHTErpaja IEpHIoro BHIY 3aCTOCOBYETHCS IiIXiJHa OCHOBAa HAa XapaKTepHI BIACTHBOCTI CEpEIHBOTO
apu(METHIHOTO TeOMETpUYHOro 3HaueHHA AGM. 30BHIIIHI IHTErpand MAaroTh SKi MarOTh JIOTapUPMIYHY OCOOIHBICTH
O00YHCITIOIOTECS 32 JONOMOTOI0  CHeliaNbHOi  KBagpaTypHoi ¢opmymn [aycca. OTpumaHO HE3B'S3aHYy CHCTEMY
IuQepeHIiaTbHUX PiBHAH MaThe Ipyroro mopsaky. Po3poOieHo MeTon NOCHiIKeHHS BIIbHUX 1 BUMYIICHHX KOJHBaHB
piauHE B 006010HKaX 00epTy. PO3p0o0iieHO MeTo | OI[iHKM BUMYIIEHUX KOJMBAHb PiJMHU B 000JOHKAaX 00epTaHHsI, 3aCHOBAaHUH
Ha BUKOPHUCTaHHI METOJy I'DaHWYHMX IHTErpaJbHUX PIBHSIHB Ta poskiany psagy Dyp'e. AHanmi3 pe3ynbTaTiB HOKas3aB, L0
CIIOCTEpIraeThesl SIBUIIE MapaMETPUYHOTO pEe30HAHCY. PO3MNISIHYTO CyMapHUWH BIUIMB BEPTHKAIBHHUX 1 TOPH30HTAIBHUX
30y/1>KEHb.

Knrouogi cnosa: cxnadeni obononku obepmy, ideanvha HeCMUCIUBA PiOUHA, Memoou SPAHUYHUX eleMeHmie ma OUCKpemHi
ocobnusocmi, yacmomu ma Gopmu KOIUEAHD.

PaccmarpuBatoTcst KoneGaHUsT MCTBHOM HEC)KMMAEeMOW JKHUAKOCTH B O0OJIOYKAX BpamieHHs. JTH OOOJIOYKH COCTOST M3
UJIMHIPUYECKOH 1 KoHWYeckoil yactei. [Ipenmnonaraercs, uTo 000J0YKa MOABEpPraeTCs BEPTUKAIBHBIM M TOPH30HTAIBHBIM
Bo30OyxneHneM. JKuakocTs B 00070YKax paccMaTpHBaeTCs HeanbHas W HecknmMaemas. Ee mBmkeHne B 000i0uke
npesmnonaraeTcs 0e3BUXPEBBIM. B 3THX yCIOBHSX CyIIECTBYeT MOTEHIHAI CKOPOCTEH, KOTOPHIi yIOBIETBOPSET YPaBHEHHIO
Jlammaca. Ha cMoueHHOW TOBEPXHOCTH OOOJOYKHM 33/laeTCs YCIOBHE HEMPOTEKaHWs, a Ha CBOOOJHON MOBEPXHOCTH
paccMaTpHUBarOTCSI KMHEMAaTHUeCKHUe M JUHAMHUYecKue ycinoBus. JlaBieHne *XHUAKOCTH Kak (DyHKIHS MOTEHIMaga CKOPOCTH
omnpezensieTcsl ¢ MmoMoulblo ypaBHeHHsi bepHymmu. IlpoGiema ompeneneHusl NaBie€HHs >KUAKOCTH CBOJAUTCS K PEIICHUIO
CHHTYJSIDHOTO HMHTErPAJIbHOTO ypaBHEHHs. UMCICHHOE pEIIeHHE 3TOr0 YPaBHEHHs OCYLIECTBISETCS C MOMOIIBI0 METoAaa
JIMCKPETHBIX ocoOeHHOcTell. Pa3paboTan meTon pacuera cBOOOAHBIX M BBIHYXJCHHBIX KOJIeOaHMIl )KHUIKOCTH B 00O0JIOYKaxX
BpallleHUsL.

Knrouesvie cnosa: cocmagnvle 060104k 8pawenus, UOEaIbHAsL HECHCUMAEMASL JICUOKOCTb, MEMOObl 2PDAHUYHBIX DNEMEHMO8 U
OuCKkpemuvix 0cobeHHoCmel, Yacmomsl U (PopMbl KOIeOAHUIL.

1. Introduction

Shell structures for storage and transportation of fluid are the subject of numerous scientific
researches. These shell structures are important for power plants, pumps, columns of oil evaporators,
and other industrial constructions. There are a large number of various strength and vibration problems
for shell structures that have been examined in recent decades.

© Kylynnyk V.Y., Kriutchenko D.V., Naumenko Y.V., 2019
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The overview of scientific works has shown that many articles are focused on the problem of intense
liquid sloshing in containers and fuel tanks. The overview on the problem of fluid splashing in
cylindrical, conical and spherical reservoirs is presented in the works of R. A. Ibrahim [1, 2]. On the
other hand, shells consisting of cylindrical and conical parts have received less attention in the scientific
literature although such thin-walled structures are widely used in various installations. A review of
researches on this topic [2, 3] shows that the dynamic characteristics of the reservoirs are significantly
influenced by fluid sloshing and oscillations of the elastic walls. Free and forced oscillations of
cylindrical reservoirs with a liquid are examined in [4-7]. It should be noted that the majority of studies
do not take into account the impact of the force of gravity causing sloshing.

2. Formulation of the problem.

The problem of oscillation of a fluid in a compound rotation shell having cylindrical and conical
parts has been considered. The moistened part of the surface of the shell is denoted as S; and the free
surface as Sy. Furthermore, it is suggested that the Cartesian coordinate system Oxyz is bound to the
shell, the free surface coincided with the plane z = H = H; + H; at state of rest (Fig. 1).

We assume that H; is the length of the cylindrical part, and H, is the height of the conical part, R,
and R, are the radii of the lower and upper parts of the shell, Fig. 2.1.

The mathematical model for the fluid-occupied region is based on the following hypotheses: fluid is
incompressible and non-dissipative, fluid motion is non-vortex, and only small fluctuations are
considered (linear theory). Therefore, we could enter the scalar potential of velocities @ (x, y, z, t)
which satisfy the Laplace equation. The fluid pressure p = p (X, Y, z, t) which acts on the wetted surface
is obtained from the linearized Bernoulli equation for the potential flux

D

p—po= il + xax(t) +2(g + a,(0))], (2.1)
where g is gravitational acceleration, z is vertical coordinate of the point in the fluid, p; is a density of
fluid, po is an atmospheric pressure, a, (t) = agcoswt is a vertical acceleration of the excitatory force,
a, (t) = a;coswt is a horizontal acceleration of the excitatory force, a, is an amplitude of the forced
influence.

J_}

Figure2.1. Shell rotation with fluid and the forms of oscillations of free surface
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It should be noted that the assumption of flow potential is quite natural since, according to Kelvin's
theorem, if the motion of an ideal incompressible fluid is potential at an initial moment, it will remain
potential throughout the next period of motion.

First of all let us consider the problem of the shell free oscillations. We have formulated the
boundary conditions for solving the Laplace equation. On the wetted surfaces of the shell, the boundary
impermeability condition have been set [8]. The following boundary conditions have to be satisfied on
the free surface of the liquid:

PN T R T4
p pOISO_O'an SO - at’

where n is a unit outer normal to the surface® . Function { describes the shape and position of the free
surface. The first of these conditions is dynamic one and states that the pressure on the liquid surface
equals atmospheric pressure. The second condition is kinematic and means that points on the free
surface at the initial moment of motion remain on it thereafter.

Having made the transformations at the specified boundary conditions, similar to [8] to find the
velocity potential in the problem of free oscillations of a liquid, we have the following boundary value
problem:

od
ans o

0P

AdJ—O 'Esl

at2

+

=0. 2.2)

Here n is an outer unit normal to the surface under consideration.
In order to fulfill the conditions of solvability of the boundary-value problem, the Neumann
condition must be satisfied [8]:
oo
fSO a_ndSO —_ 0 .
Thus, a mixed boundary value problem for the Laplace equation is formulated.

3. The main research material
Consider the potential @ in representation of the series.

d= YM dp (Do . (3.1)

The modes @y are solutions of boundary-value problem (2.2) which, according to [3, 8], becomes the
problem of eigenvalues. To define functions ¢, We use the direct formulation of the boundary element
method. The main integral relation is presented in the form [9]

2n0(Py) = ff, =

where S = S;USy; points P and Py belong to the surface S. |P — Py| denote the Cartesian distance
between points P i Py. Functions ®, which is defined on the surface S;, is the pressure on the wetted

surface, and the function = ‘;—: , that is defined on Sy, is a flow . Using boundary conditions

as— ff, o

dS,S= S, U S,

6n|PP| 6|PP|

0%d

200
— —
ot 56

0 B0
"On

=0
S1

and assuming that ®(x,y,z,t) = exp(ixt) ¢(x,y,zt) , we obtain a system of singular integral
equations in the form [7,10]

1
{'2”"”[[ "’a PPyl Po ff "’°|P Pol d”ﬂ “’Oa P Po|)d5_0

1
2 —_
\ ﬂ (pan P — P0|>d5 tPo ﬂ PP —p,| P0|dS 0.
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where @p is value of the potential at the surface Sy, ¢ is value of the potential at the surface S;. The
numerical solution of the obtained system of singular integral equations is carried out by the method of
discrete singularities. In [6] it is shown that the kernels of integral equations contain complete elliptic
integrals of the 1st and 2nd kinds. Since the 2nd-order elliptic integral is a regular function, the standard
Gaussian quadratic formula is used for the calculation. An approach base on the characteristic
properties of the mean arithmetic geometric value of AGM (a, b), [11] is applied to the elliptic integral
of the first kind. External integrals have a logarithmic feature. For their calculating the special Gaussian
quadrature formulas [9] are used. The developed method of discrete singularities [12] is applied for the
analysis of free and forced vibrations of shell structures.

For solving the forced oscillation problem we consider the Bernoulli equation (2.1) on a free surface.
We represent the velocity potential in form (3.1), and write the function describing the position of the
free surface as follows:

¢ = Tiidi(t) 2k, (3:2)

The functions ¢y are modes of free fluid oscillation in a rigid tank. They are obtained by solving
boundary-value problem (2.2). We substitute expressions (3.1) and (3.2) into the Bernoulli integral
(2.1), taking into account that

a 2
o = Fels, (33)
and receive the relation
7 z(t)
Yh—1di O + Xi-1 XF dePr (1 + ag ) + xa,(t) =0 (3.4)

The values |k are the frequencies of free oscillation of the fluid in the rigid tank. It should be noted
that according to [7, 10], the frequencies and modes of oscillations of the fluid are considered to
correspond to certain harmonics, it is also assumed that the velocity potential and the function
describing the level of lifting of the free surface. The formulas are presented below

d = 21&]:0 cosab Zf\cd=1 d('xk B Par(r,z), = ng.Y:o cosat ZkM=1X02rk dak (D) Par (1, 0) (3.5)

In equality (3.5) the wave number ¢ characterizes the harmonic number, or the number of nodal
diameters [7, 10].

Of especial importance is a value a = 0, which determines the axisymmetric fluctuations of the fluid
in the rigid reservoir, as well as « = 1 which corresponds to antisymmetric oscillations.

Let us find the scalar product of equality (3.4) on the function ¢,(I = 1, M) using orthogonality of
eigenmodes. We obtain a non-coupled system of 2nd order Mathieu differential equations:

di+ 28 (14 =2 ) d = —ax (O 90) (36)
To obtain a solution to the system (3.6), the initial conditions must be set. We use hereinafter

d;(0) = 0.05,d,(0) = 0.0,k = 2,M,d,(0) =0,k =1,M .

4. Numerical results

The liquid vibrations in the cylindrical- conical shell are considered. Suppose that R;=H; =H,=1m
and R,=1m. Let horizontal and vertical accelerations be a, = a,cosw,t, a, = a,cosw,t. Time-
histories of free surface elevation at different loadings are shown in Fig. 4.1-4.4. Hereinafter the dot
points correspond to horizontal excitations (a; =0.1, a,=0 ), dash lines correspond to vertical
excitations (a; =0, a, = 1.8), solid lines in Fig. 4.1 and 4.3 correspond to the free surface elevation due
to simultaneous action of vertical and horizontal excitations.
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Figure 4.1. Time- histories of free surface elevation at different loadings, @ = 6.13Hz, w, = 1.0Hz, w, = 0.012Hz.
0,000%
10,0006

R .

-0,0006

-0,000% +

Figure 4.2. Time- history of free surface elevation at vertical loading, « = 6.13Hz, w, = 1.0Hz, a, = 1.8.
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Figure 4.3. Time- histories of free surface elevation at different loadings, « = 6.13Hz, @, = 6.13Hz,
wy=0.012Hz,a; =0.1; a,=1.8.
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Figure 4.4. Time- history of free surface elevation at vertical loading, « = 6.13Hz, @, = 6.13Hz, a, = 1.8.

The results depicted in Fig. 4.3, 4.4 demonstrate that the parameters of sloshing process correspond to
the region of instability.

5. Conclusions

The method of estimation of forced vibrations of liquid in the shells of rotation based on the use of
the method of boundary integral equations and the Fourier series decomposition has been developed.
The integral equations have been solved using the method of discrete singularities. The analysis of the
results has shown that the phenomenon of parametric resonance takes place. The joint effect of vertical
and horizontal excitations has been considered.
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3actocyBaHHA rpadoBux 0a3 JaHUX JIJIs1 MOJEIIOBAHHS COIlaIbHUX IrpadiB

B.M. Jlazypuk, €.C. TumonieHko
Xapxiscokuil HayionanvHu yHisepcumem imeni B. H. Kapasina, matioan Ceob6oou 4, m. Xapxis, 61022, YVrpaina
e-mail: lazurik@hotmail.com

CrarTs npucBsUeHa rpaoBUM CHCTEMaM KepyBaHHS 0a3aMu JaHHUX. PO3TIISHYTI OCHOBHI XapaKTEPUCTUKH Ta MOKJIMBOCTI IINX
cucteM. Cepen yciei MHOXKMHH 3aBIaHb, sIKi HaWKpaIliM YWHOM BUPIMIYIOTHCS 3 BHKOPHCTAHHAM IpadoBoi MoJeli AaHHX,
0o0OpaHi 3aBJaHHs, IO BUHHUKAIOTH MPU PO3poOIIi corianbHuX Mepex. 1{ono BHIIIEHOTO KiIacy 3aBiaHb, JUISL AOCIIIKCHHS
obpani cucTeMH KepyBaHHS TpadoBHMH 0a3aMul JaHUX, II0 HaWmomymsipHimn Ha TenepimHiit gac — Neo4lJ, OrientDB Ta
ArangoDB. IlpunineHo yBary TakuM XapakTepHCTHKaM oOpaHHX 0a3 JaHMX, SK MPOIPUETApHE 1€ IporpaMHe 3a0e3leueHHs
Yl BUIbHE, Y MAa€ BOHO CyYacHY JAOKYMEHTAIl0, Y MiATPHUMYETHCS PO3POOHHUKAMH, YH € CIIJIBHOTA, A€ MOXHA OJEpKATH
BIIMOBIZI Ha MUTaHHs, 4d Oarato vacy Tpeba BUTPATHUTH, MIOO OCBOITH L0 CHCTEMy. 3 BHUKOpucTaHHAM MoB Cypher,
OrientDB SQL ta AQL, mo € moBamu 3amutiB y Neo4J, OrientDB Ta ArangoDB BiamosizHO, chopMOBaHi 3amuTH,
XapakTepHi MIOA0 COLIAJIBHUX MepeX, KOJIM Tpeda MIBUAKO OAEPXKYBATH PE3YNbTATH 3 BEIUKOI TIIMOHHOIO ITOLIYKY.
PeanizoBane MOpIBHSHHSA MIBHIKOCTI BUKOHAHHsA 3amuTiB. s 1mboro 3 BuUKOpUCTaHHAM Mojeni bapaGamii-AnbbepTra
3reHepoBaHo rpa¢, skuil Mae 5000 By3miB Ta 24900 3aB’s3kiB. ChopMOBaHi TECTOBI 3aBHaHHS VI MOIIYKY APY3iB TPHOX
KOPUCTYBaYiB 3 TJMOMHOIO, siKa IOpiBHIOE 5. [IpoBeneHe OLIHIOBaHHS CEPEIHBOTO Yacy Ul KOXKHOTO 3alUTy 3a NEeKUIbKa
BUKOHaHb. 3p00IieHI BUCHOBKH Ta c()OPMOBaHI peKOMEH/aMii 00 HalKpamoro Bubopy rpadoBoi 6a3u JaHUX MpU Po3pooi
MPOTPaMHOT0 3a0e3MEUYCHHS, IO peali3ye COMialbHy MEPEKY.

Knrouosi cnosa: NoSQL, zpagh, mynemimodensui 6asu oanux, 2pagosi b6aszu oanux, NeodJ, OrientDB, ArangoDB, mosu
sanumis, Cypher, OrientDB SQL, AQL, uac suxonanns 3anumy.

CraTbsi mocBsilieHa TpadoBBIM CHCTEMaM yYIpaBieHHs 0a3aMH JaHHBIX. PacCMOTPEHBI MX OCHOBHBIC XapaKTEPUCTHKU U
BO3MOKHOCTH. Cpeanm Bcero MHOXKECTBA 3a]iad, KOTOPBIC HAWJIYYIIUM 00pa3oM DELIAlTCS ¢ HCIOJIb30BaHHEM TIpadoBoi
MOJIENY JIaHHBIX, BBHIOPAHBI T€, YTO KOTOpPBIE MOTYT BO3HHKHYTH IPH Pa3pabOTKe COIMANBHBIX ceTei. /sl BBIIEICHHOTO
KJacca 3agad B HCCICJOBAaHWHM BBIOPAaHBI CHCTEMBI YIpaBieHUs IpadoBEIMH 0a3zaMu [aHHBIX, HawOoyiee IOIyJSIpHEBIC
ceromust — Neo4J, OrientDB un ArangoDB. YzaeneHo BHMMaHHME TakMM XapaKTEPUCTHKAaM BBHIOpDAaHHBIX 0a3 JaHHBIX Kak
HpOIIpUEeTapHOe 3TO MpOrpaMMHOE oOecredeHHe WM CBOOOJHO paclpocTpaHseMoe, HMEeT JH OHO COBPEMEHHYIO
JOKYMEHTAIMIO, TOJUIEP)KMBACTCA JIM pa3pabdOTYMKaMHU, CYLIECTBYET JIM COOOIIECTBO, IZie MOYKHO IIOJIYYHTh OTBETHI Ha
BO3HMKILIKE BOIPOCHI, W MHOTO JH BPEMEHH HEOOXOIMMO 3aTPaTHTh Ui TOTO, YTOOBI OCBOMTH 3Ty cHcTeMy. C
ucmosp30BaHueM s136ikoB 3ampocoB Cypher, OrientDB SQL u AQL, koTopsie HCHONB3YIOTCS cOOTBeTCTBEHHO B Neo4d),
OrientDB u ArangoDB, cbhopmupoBanbl 3ampockl, XapakTepHbIE AJsi COLMAIBHBIX CETed, Korga HeoOXOAMMO OBICTPO
MOJTy4aTh Pe3yNbTaThl ¢ OONBIION TTyOHHOHU NoKCcKa. Peann3oBaHo cpaBHEHHE CKOPOCTH BBIIIOJIHEHHS 3alPOCOB B 9THX 0a3zax
JMaHHBIX. J[71s 3TOTO ¢ MCMoNb30BaHWEM Mojenu bapabamm-Ansbepra crenepupoBan rpad, xkoropsiii umeer 5000 y310B 1
24900 ceszeii. ChopMHUpOBaHBI TECTOBBIC 3aJaHUs Ul TOHCKA JApYy3edl TpexX Moib30oBaTeieil ¢ TIyOWHOK paBHOM 5.
IlpoBeseHa OLEHKAa CPEAHETO BPEMEHH I KaXJIOro 3alpoca 3a HECKOJIIBKO BbIMoJHeHMH. ClenaHbl BBIBOABI H
c(OpPMHPOBAHBI PEKOMEHIAIINK OTHOCUTEIHHO HAWIYUIIEro BIOOpa rpadoBoii 6a3sl JAHHBIX MPH pa3padoTKe MPOrpaMMHOTO
obecrneyeHus JUIs pealn3aliy COLMaabHOM CeTH.

Knrouesvie crosa: NoSQL, epagh, mynomumooenvuvle 6azvl dannbvlx, epagossie 6aswl dannvix, NeodJ, OrientDB, ArangoDB,
azwiku 3anpocog, Cypher, OrientDB SQL, AQL, epems svinoanenus zanpoca.

This article is devoted to graph database management systems. The main characteristics and capabilities of those systems have
been contemplated. The problems that may occur during the social network development have been selected to be solved using
a graph data model. The most popular database management systems nowadays, namely, Neo4J, OrientDB and ArangoDB
have been chosen for the study. Such characteristics of the selected databases as whether the software is proprietary or freely
distributed, whether databases have up-to-date documentation or not, whether they are supported by developers, whether there
is a community where you can get answers to your questions, and how much time is needed to master the database have been
elaborated. The typical social network queries, when you need to receive results with a large depth of search quickly, have
been developed using the query languages Cypher, OrientDB SQL and AQL used in Neo4J, OrientDB and ArangoDB
respectively. The comparison of query execution speed has been performed for the selected databases. For this purpose, a
graph that has 5000 nodes and 24900 connections has been built by implementing the Barabashi-Albert model for generating
random-scale networks. The test tasks for finding friends of three users with the depth of 5 have been generated. The average
time for each request has been estimated for several executions. The conclusions have been drawn and the recommendations
regarding the selection of the best graph database for social network implementation have been made. The results presented in
the article can be useful for teachers in preparing lectures, as well as for students in studying databases.

Keywords: NoSQL, graph, multimodel databases, graph databases, Neo4J, OrientDB, ArangoDB, query languages, Cypher,
OrientDB SQL, AQL, query execution time.

1 Beryn

V Hamr yac KiIbKiCTh €IEKTPOHHUX JaHMX 3pOcTae moceKyHau. Taki nudposi riranty, sk Facebook
gy Instagram moaHs MaroTh On3bK0 500 MiBHOHIB aKTUBHUX KOPUCTYBAYiB, SIKi TOJIAIOTh Y MEPEKY
TUCSYI TirabaiT nanux. [{uBiizoBaHEe JIOACTBO BXKE HE YABISE KYMIBJIIO TOBApiB 0€3 MOMEPEIHHOTO
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BUBYEHHSI PEKOMEH[AIliil YM BIATYKIB iHIMINX KopucTyBadiB [HTepHeTy. Pemsmiiini 0asm mammx [1]
MOHA/ JBAALSATH POKiB OyJIM YCIIIIHOT TEXHOJIOTIE0, IO 3a0e3medyBaia NepCUCTEHTHICTD, YIPaBIiHHS
napaneibHICTIO 1 MexaHi3M iHTerpauii. HeoOXignicTe 00poOmaTH Oinbini 00CSATH JaHWUX Yy BEIUKUX
cucremax obymoBmna mosisy NOSQL  6a3 pammx (BJ[) [2], mo 3abesneuyroTh mepexia Bij
BEPTUKAIBHOIO MAacIITa0yBaHHS 1O TI'OPU30HTAIBHOIO MacluTaOyBaHHS Ha kinactepax. OCHOBHUMH
xapaktepuctukamu NOSQL B/l € BimMoBa Bix BUKOPHCTaHHS PeNALIAHOT MOAEN, eeKThBHA poboTa
Ha KJjlacTepax, BIJKPUTHH BUXITHWN KOJA, BpaXxyBaHHS MOXUIIMBOCTEW Mepexi [HTepHET, BiACYTHICTBH
CTPYKTYypH naHux [3].

Cepen ycix NoSQL-mozeneit HalOUIbIINE iHTEpeC CHOTOIHI MpeacTaBisie rpadoBa MOACTb TaHHX.
Ile moB's3aHo 3 TuM, 10 TpadoBa MOAETL cama MO COOI € HAaWOULIBII TPUPOAHHMM ITiXOJO0M 0
MOJICTFOBAHHSI, & TAKOX 31 3pOCTaHHAM 3B'A3HOCTI maHuX [4]. SIKmo miaHyeTbes po3poOKa MPOEKTy 3
TUX HaIpSMKiB, € 3acTocyBaHHsS rpadoBux cucteM kepyBaHHs 0asamu nanux (CKB/I) € HaiiGinbimn
epeKTUBHUM, Ha NepIIMH IUIaH BHUXOAWTH 3aBIAaHHS NPABHUILHOTO BHOOpPY cepel iCHYHUMX
nomyssspHuX npenactaBHUKIB ux CKBJl. CtarTs mpucBsdeHa po3risay Ta MOPIBHSAHHIO HA TIPUKIIAIL
coriagpHOrO rpada nomyspHux npeacraBHukiB rpadosux BJ] — NeodJ, OrientDB ta ArangoDB.

2 I'pa¢oBi 6a3u nannx

Amnanitnune arentctBo Gartner B 2018 pori B cBoemy «Hype Cycle for Emerging Technologies»
Bkazano Ha «Knowledge Graphsy, sik Ha Bucximnuit Tpenn, i B 2019 poui B «Technology Trends for
2019» [5] ui TenaeHuii Takox 30epiratoTh cBoe Micue. ['padosi 6a3u ganux (I'BM) [6] cToaTs TpomKH
okpemo Bix Oinmpmocti NoSQL 6a3 manux. Jleski 3 HEX 3a0e3MeUyr0Th BHKOPHCTAHHS TPaH3aKINi —
niarpumyrots ACID, Ha BiaMiHy Bix iHmux npenctaBHukiB NoSQL TexHomorii. ['padosi 6a3zu nanux
(I'bA) no3BossitoThk 30epiraT cyTi i BitHOCHHHM MiX HEUMH. CyTi MOJENIOIOTHCS BY3J1aMH, SIKi MarOTh
BIACTHBOCTI. By301 iHTEpIpeTyeThes K eK3eMIUIIp 00'€eKTa B JOMATKy. BiTHOCHMHHM MOJEmor0ThCS
pebpamu, sSKi MOXYTh MaTH BIACTUBOCTI. PeOpa MaroTh HampsMOK; BY3JIM OpPTaHi30BaHi BiAIOBITHO JI0
BimHocuH. lle 703BOJIsIE 3HAXOAUTH HEOOXimHI MmadsoHM cepen By3diB. Taka opraizaiis rpada
JIO3BOJISIE OJMH Pa3 3allKMCcaTd JaHi, a MOTIM IHTEPIPETyBaTH iX PI3HUMHU METOJAaMH BIJIOBIJIHO JI0
BimHocuH. ['padori BJl Haiikpamie migxomsTh Iuis peatizariii MpOeKTiB, SKi MepeadavaroTh MPUPOTHY
rpagoBy CTPYKTYypy JAaHUX, B TMEpIIy UYEpry COIllalbHUX MepeX, a TaK caMo JJisi CTBOPEHHS
CEMaHTHYHOTO MABYTHHHS. Y MOMIOHMX 3aBJaHHSIX BOHH CHIIBHO BHUIIEpPEKAIOTh peiisiiiini B mo
MPOAYKTUBHOCTI, TPOCTOTI BHECEHHS 3MiH 1 HAOYHOCTI IMOAaHHS iHpOopMaIlii.

3apa3 Oarato cucTteM KepyBaHHS Oa3aMH JaHMX B JIOTIOBHEHHS 10 OCHOBHOI Mozeni 30epiraHHs
JAaHUX 3a0e3MeUyI0Th CBOIX KOPHUCTYBAaYiB TaKOX IHIIUMH MOJENsMH. Taki CHUCTEMH Ha3WBaIOTh
mynbTiMonenbHuMU.  Hampukian, Oracle kpim pensiiiiHoi Mozesi Jae MOXIIHBICTh MpAIfOBATH 3
JIOKyMeHTaMH, 3acTocoByBatu rpadu ta RDF 30epexxenns nanmx. MS SQL cepsep, 1o Ha movaTky
TeX MiATPUMYBAB TUTBKHU PENALIIHHY MOJIENb, 3apa3 3a0e3redye CBOiX KOPUCTYBAviB TAKOXK IpadOBUMH
Ta JTOKYMEHTHUMH MoOxuBocTsmu. MariaDB takox migrpumye rpadoBi 6a3u qaHuXx. 3a pedTHHIOM
DB-Engines [7], sixuit nmpoBoauts Solid IT momicsiis, Ha Bepecers 2019 p. HAWOIIBII MOMYISPHUMH 3
mynbTiMonenbaux CKBJl  (mepima Ta Tperst cxoaumHku) BBaxkaeThcss Oracle Ta MS SQL cepsep,
MariaDB 3aiimae 14 wicue, ane il momyasipHicTh 3pocrtae. SIKimo mnependadaeThbes 3aCTOCYBAHHS
rpa¢oBoi bl nns peanizauii npoexTy, To HaBenaeHi MyabTiMoaenbHi CKBJ] MoxyTh OyTH BUKOpUCTaHI.
Ane icayrore CKBJl, mo maioTh miaTpumky rpadoBoi Mozenmi, SK OCHOBHOi, a HE JONOMDKHOI.
Haii6inbm Bioma 3 HuX 11e Neodj, mo peanizye TiIbKH MOJIeIb OpPiEHTOBaHOTO rpady, BoHa 3aiimae 22
micue. OrientDB Tta ArangoDB BBaxarotbcs rpadoBumu CKBJl, ane no3Boisitors 30epiratu
JTOKYMEHTH, Ta PO3pPO0JIATH KITFOU-3HAYCHHS CXOBUIIA. BoHM 3aiiMatoTh 51 Ta 61 MicIs BiAMOBIIHO.

3 IlocTaHoBKa 3aBIaHHS

Buxogsuu 3 toro, mo icaye gocutb O6arato CKB/l, mo minTtpumyioTs rpadoBy Moaenb, MOXXKHA
BB2)XaTH BaXXJIMBUM Ta aKTyaJlbHUM 3aBJaHHs aHami3y Ta mopiBHsAHHs aeskux obOpanux CKBI. V
BOMY BHIIAJKy MOXKHA 3a3HA4YUTH JOCHTH BaroMHMH Taki KpUTepil MOPIBHSHHS SK Yac BUKOHAHHS
OJTHAKOBHX 3alUTIB B Pi3HUX CEPEJOBHUIAX; HASBHICTH NOKYMEHTALl Ta MIATPHUMKHA pO3pOOHUKAMH,
BapTicTh, un Open Source mineHsis; vac, kWi Tpeda 3aTpaTH MpaliBHUKaM, 00 ONaHyBaTH LIO
CcHCTEeMy KepyBaHHS JaHHUMH Ta MOBY po3poOku 3amuTiB. B po6oti Oymu obpani Neo4J, OrientDB Ta
ArangoDB, sk Taki, 110 KOPUCTYIOTHCS HAWOIIBIIOI MOMYJSpHICTIO cepen po3podnukiB I'BJI. Jlms
NePEeBiPKH Yacy BUKOHAHHS 3alUTiB OyJi0 00OpaHO TeX HalOUIbII MOMyNISIpHE 3aBIAHHS, a caMe MOLIYK
JIAaHUX y coIliabHOMY rpadi.



48 Cepis iMaTemaTiuHe MoaentoBaHHs. [HhopMaLiiHi TexHonorii. ABTOMAaTI30BaHi CUCTEMM YNpaBniHHsY, BUNYCK 43

4 Neo4J

Neo4J [8] e CKB/ i3 BigkpuTUM KOAoM Ha MoBi mporpamyBanas JAVA. BoHa BUKOpUCTOBYETHCS
mpu  po3poOIll  CEpBICIB PEKOMEHJAIlH, COI[lAJIbBHUX MEpEeX, CHUCTEMH MEHEKMEHTY. Neodj
ONTHMI30BaHa IS MIBUAKOTO 00Xoxy rpada, 3MEHIIYIOYH KiTbKICTh BY3JiB, IO OepyTh y4acTh B
00xo0/1i, 1 3Har04M BY3011, Ie TOYNHAEThCA 00Xin. Y Neodj 3acToCOBY€eThCS iIHASKCYBAaHHS ISl TOTO, 1100
TaKOX JIETKO 3HAWTH By30J1 a00 BiJAHONIEHHS 3a MEBHUMH BIIACTHBOCTSAMH, a00 1100 BHU3HAYUTH
CTapTOBHUH By301 At o0xoxy rpada. Neodj mosHicTio minTpumye ACID BracTtuBoCTi 6a3 JaHWX 1 €
TpaH3akIifHOW. Po3poOHMKK 3a0e3meuyloTh CBOIX KOPHCTYBadiB I1HCTPYMEHTOM [UISI BUKOHAHHS
3anuTiB Ta Bi3yanizaimii rpaga. Lle Neodj Browser, mo mae rpadiunuii iHTepdeiic Ha OCHOBI BeO-
Opaysepa.

CremianpHo s poboTH i3 rpadom po3poOHHMKH CrpoekTyBaaum MoBy 3anutiB Cypher, ska
BHKOPUCTOBYE 3ICTaBJICHHSA 3a MIA0JOHOM SIK TOJIOBHHH MexaHi3M Bimbopy manux. Cypher —
JeKnapaTuBHa MoBa 3amuTiB. Neodj takox miarpumye Gremlin. Ll mMoBa imMmepaTuBHa, KOpHCTyBad
OTIHCYE IK 00XOUTH Tpad.

Hocmimkenns Neo4) Ha mpuximami po3poOKH peKOMeHAAiiHOI cHCTeMH Oylo po3risHyTe B [9].
SAxumio B cepenosuiti Neodj po3pobiieHa 6a3a mannx «Poxudiy», ska sBisie co00ro rpad reHeanoriyHoro
nepeBa, To 3anut Ha Cypher, sikuii 103BOJIsIE 3HAUTH TBOIOPITHUX OpatiB Ta cectep TeTsSHM BUTISIIAE,
SK HaBeAeHO B JicTuHTY 1. [Ipm mpoMy criodyaTky 3MiHCHIOETHCS TOMIYK 0aThKiB TeTsHH, MOTIM MOIIyK
0alych 1 IimyciB, HACTYITHUM KPOK — I1€ MOIIYK 3B'SI3aHUX BY3JIiB Ta MOBTOPEHHS [[LOTO KPOKY AJISI HUX.

Jlictinr 1.

MATCH (Tanya:Woman {name:'"Taresina"})<-[r:PARENT]- (parent)

<-[:PARENT] - (grandparent) - [ : PARENT] ->
(grandparentChild) - [ : PARENT] -> (cousin)
RETURN cousin

3anut Ha MoBi Cypher, sikuii BUpaxoBye Ipy3iB KOpHCTyBaya y TJIMOHHI MOLIYKY, IO TOPIiBHIOE 3,
HaBeJICHUH Yy JICTUHTY 2.

JlicTinr 2.

MATCH

(me:User {user id:10}-[:FOLLOWS*3]->(myFriend:User)
RETURN myFriends

CKBJl Neo4j serko BCTaHOBIIOETBHCS, MIATPHUMYETHCS 1 CYMPOBOMKYETHCS PO3POOHHKAMH, Mae
0E3KOILTOBHY BEPCII0 Ta 3a MepearuiaTor, B criBToBaprcTBi Ne04j MoxkHa OTpUMaTH BIiANOBIAI Ha
nuTaHHsA, o BUHUKIKM. MoBa Cypher mpocra B ocBo€HHi, Mae crporuii Ta witkuii cuaTakcuc. CKB]]
Ma€ Taki MpUBa0IMBI XapaKTEPUCTHKH, K BiZICYTHICTh cXxeMH B/Jl, BEMUKY KiJIbKICTh ApaiBepiB I MOB
NpOrpaMyBaHHs, JIETKICTh y BUBUCHHI 3aBJISIKH BEJIMKIH KITBKOCTI PecypciB Ta JIOKYMEHTAI1.

5 OrientDB

Ha punky npeacrasiena OrientDB [10], sixka mosumionye cebe sk myasTiMoaensua CKB/I, mo e
Ma€e Hisfgkol ycraakoBanoi ocHoBHOI mMojeni. OrientDB — ne NoSQL CKBJ/I 3 BiIKpUTHM KOJOM, IO
PO3MOBCIOJDKY€EThCsl 3a JiiieH3iero Apache 2 Open Source License, nanmcana Ha JAVA, i Moxe
npaioBaTH Ha Oyap-skii miardopmi 6e3 Hactpoiiku i ycranoBku [11]. OrientDB migrpumye
30epekeHHsT Ta OOpOOKY JaHMX B JIOKYMEHTax, rpadax Ta sIK 00 €KTH «KIIOo4Y-3HAYeHHsS». lle
tpanzakuiiHa CKB/l, 11 ocobnmBicTio € 30epexkeHHs (i3UUHUX BY3JIIiB y SKOCTI JOKyMeHTiB. Ha
BiMIHY Bix Ounbinocti npoayktiB NoSQL, 1o e ¥ J0Ci BUKOPHUCTOBYIOTHCS 11100 3a0e3meuuTH
MacmITaboBaHICTh JOAATKIB, Mo mpaioioTs Ha pemsmiiaunx CKBJI, OrientDB MOXe OyTu
BUKOpHUCTaHa, K equHa MmynbTiMonenbHa CKBJl 3 BiakpuTuM Komom, mo o0'eqHye B cobi Milb
rpa¢ikiB 1 THYYKICTh JOKYMEHTIB B OJIHIii BHCOKONPOAYKTHBHIM omnepauiiHiii 0a3i maHUX, IO
MacmTadyeTbes. BoHa minTpuMye AHCTpUOYTHBHICTD Ha Pi3HUX By3JaX CEpBepY.

V 3B'S13Ky 3 THM, 1110 OUIBIIICTE Po3po0OHUKiB BJ] MarOTh T0OCBI 3 BUKOPUCTaHHS MOBH 3anuTiB SQL,
aBtop OrientDB Luca Garulli Tex 3pobuB SQL sik MoBy 3anutiB. B mianext OrientDB SQL nopani
JIesIKi pO3IIMPEHHsT Ta 3MiHA. PO3MIMPEeHHS CTOCYIOThCS MIATPUMKUA (YHKIIOHATBHOCTI Tpada, Iuis
1ILOTO BBEICHI KOMaHIM CTBOPEHHS Ta MoAudikaliii By3mis Ta pedep. s epexTrBHOrO 00x0ay rpada
B nianekTi 3actocoByeTbess komanaa MATCH, mio miarpumye momyk 3a miabimoHoM sk 'y Neodj.
Benukoro mepeBaroio BBa)KAa€TbCA BEJIMKA IIBUAKICTE 00XOJy OKPEMHX YacTHH, Yd YChOro Tpady B
IiJIoMy, 1 BiZICYTHICTH Join 00'eqHaHbB, — 3aMiCTh HUX BHKOPHCTOBYIOTHCS (i3WUHI TOCHIIaHHA. B
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OrientDB SQL miarpumytotscs 30epexeni mpoueaypu. B mictunry 3 HaBeneHU# mpukiag 00'e THAaHHS
TpbOX KJaciB 3a ymMmoBoro B SQL ta OrientDB SQL.

JlicTinr 3.
SQL OrientDB SQL
SELECT EmployeeName SELECT EmployeeName
FROM Employee A, City B, Country C, FROM Employee
WHERE WHERE
A.city = B.id AND B.country = C.id city.country.name =
AND C.name = 'Ukraine'; 'Ukraine’;

[puknax 3amuTy, SKAH BUPAXOBYE JAPY3iB KOPUCTYyBaya y TJIMOWHI MOIIYKY, IO JOPIBHIOE 3,
HaBEJCHHUN y JICTHHTY 4.
Jlicrinr 4.
MATCH {class: User, as: me,
where:
(user_id='10'") }.out('Follows') {as:one}.out('Follows')
{as: second}.out('Follows') {as:third}
RETURN third

HesBaxkaroun Ha npuBadimsi ocoonmuBocTi OrientDB, s CKB/] Mae Hemoutik, Takuii sIK BiICYTHICTh
IHCTPYMEHTIB IMIIOPTYBaHHS JaHUX. ICHYIOTh MPOOJEMH 3 OHOBJICHHAM JOKYMEHTAIii, HaBiTh TaKH,
100 BUKOPUCTATH SIKUHCH MeTo], Tpeba BiakpuaTth ko OrientDB, nuBuTHCS Ta mykatu B HboMy. Lle
pobuts Bukopucranus CKB/] He3pydHUM Ta IpU3BOIUTH 0 MapHOI BUTPATH Yacy.

6 ArangoDB

ArangoDB — 6ararouinboBa Bigkputa CKB/I, 1m0 Hajgae rHy4ki Mojeini 30epiraHHs JOKYMEHTIB,
rpadiB i manux y dopmari kiarou-3HadeHss [12]. Binbinicts koay peanizoBana Ha JavaScript. Po6ora 3
Oazoro 3milicHrOeThes uepe3 SQL-nmonioHy MoBy 3amutiB AQL, abo depe3 crerianbHi pO3MIMPEHHS
MoBot JavaScript. 3acobu s 30epiranHs gaHux BignosimaioTe Bumoram ACID (aTomapHicTb,
Y3TOJKEHICTh,  130JIbOBAHICTh,  HAJIMHICTB), MATPUMYIOTHh TPaH3aKIii H  3a0e3meuyloTh  SIK
TOPU30HTAJbHY, TaKk 1 BepTHKaIbHy MacmuTtaboBaHicTb. Ympasninaa CKBJl moxe mnpoBogutucs
yepe3 BeO-iHTepdelic abo koHconpHUH KiieHT ArangoSH. IMouarkoBuit kox ArangoDB mommproersest
i minensiero Apache 2.

B ArangoDB Bincythst cxema 36epiranus ganux (Schema-free. 1o CKB/l Mo)xHa BUKOPHCTOBYBATH
SIK cepBep st BeO J0AaTKiB MOBOKO JavaScript, BoHa Mae THYYKY MOJENb 30epiraHHs JaHHX, B AKid
MOXYTh OyTH KOMOiHOBaHi pi3Hi Qopmu 30epiraHns aanux. Mosa 3anurtiB AQL 3abe3meuye
KOPUCTYBaua MOJJIMBICTIO TOEJHYBATH THITH CXOBHWI y OJHOMY 3alMTi. Mapu KIHOY—3HA4YeHHS,
JOKYMEHTH 1 mapaMeTpH, LI0 BHU3HAYAIOTh 3B'A3KM MK 3amucaMu (HaJaroTbesl 3aco0M AJsl 00Xoxmy
BepiinH rpada). Bysnu rpada B ArangoDB — 1i¢ 3BHYaiiHi AOKyMEHTH, a pedpa — IOKYMEHTH
CIEMiaTbHOTO BHJIY, 1[0 MAIOTh MOPS/ 31 3BUMaHIMU CUCTEMHHMH TIOJISIMU 1II¢ CHCTEMHI rmoJist _from i
_to. lokymenTtu o0'enHyroTbest B Kosekuii. Konekmii JokyMeHTiB — 1e pedpa, siIki MOXXyTh BHCTYIATH
TaKOX 1 By3/1aMu.

B micruary 5 naBenaeno npukian 3amuty Ha MoBi AQL [13], skuii 03BOJSIE TOBEPHYTH
MiZIMHOXXUHY AKTUBHHMX KOPHCTYBauiB (BH3HAa4aeTbcs aTpuOyTOM 3 iM'sM status), BigcopTOBaHE MO
iMeHI B MOPSIIKY 3pOCTaHHS.

JlicTinr 5.

FOR doc IN users

FILTER doc.status == "active"
SORT doc.name
LIMIT 10

B mictunry 6 naBegeno mpukian AQL 3amuTy, SIKMii BUpaxoBYe APY3iB KOpHUCTyBaya y TIHOWHI
MOIIYKY, 1110 TOPIBHIOE 3.

Jlicrinr 6.

FOR vertex IN 3..3 OUTBOUND "users/100" follows

RETURN vertex
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ArangoDB minrpuMye poOoTy i3 HaHHOMyISPHIIIAMH MOBaMH{ MPOTpaMyBaHHA, Ma€ T00py AKICTbH
JOKYMEHTAIIIi Ta 3arajgbHOi iHpopMaLii Ui MOYaTKiBILiB, aje He KOPUCTYETHCS TAKOIO MOMYJISIPHICTIO,
K MEpIIi Ba MPEJCTABHUKH.

7 ITopiBHAHHSA MIBUAKOCTI BUKOHAHHSI 3aNIUTIB

Jns mopiBHsHHA 1BUAKOCTI BuKoHaHHs 3amuTiB NeodJ, OrientDB ta ArangoDB Bukopucranmii
MIPHUKIIA]] comiadbHOI Mepexi. it mporo OyB 3reHepoBaHuil Tpad 3 BUKOPUCTaHHSM Mozeni bapabarri-
Aunpbepra [14]. TIpuHIMI MOJETI MOJSraE B TOMY, IO YUM ObIlIe 3B'SI3KiB Ma€ By30J1, TUM OibIie
HMOBIpHICTh YTBOPEHHsI HOBUX 3B's3KiB. J{iiCHO, MpUHIMIT POOOTH MOJEIi Haraaye Cy4dacHi colliaibHi
Mepexi. 3renepoBanuii rpad mae 5000 By3mi ta 24900 3B’s3kiB. Sk MoXKHA MOOAYUTH HA PUCYHKY 1
JIesIKi BY3JIH € OibIIMMH HIX 1HIII, OTXKE, i BY3JIM MAIOTh OUTBIIIE 3B’ A3KIB.

Pucl. Bisyanizayis epagy coyianvhoi mepeorci

i TopiBHSAHHS Yacy BUKOHAHHS 3aIMTiB HA OTPUMAaHHS 3B’ S3KiB MiXK KOPUCTYBadaMu Oyiu oOpaHi
Taki cradineHi Bepcii cepsepiB CKB/:
e Neod) 357
e OrientDB 2.2.36
e ArangoDB 3.4.2
TecTyBaHHS MPOBOIMIIOCH HA KOMIT IOTEP] 3 XapaKTEpPUCTUKAMHU:
Omnepariiina cucrema Linux 16.04 64-bit
OmnepatusHa am’sth 4 ['b
[pomecop Intel Core 15-4210U
CPU 1.70GHz
Bumip dYacy BHKOHAaHHS 3allUTIB IPOBOJMBCSA BHUKIIOYHO 13 BHKOPHUCTAaHHAM iHTepdericy
kopuctyBauiB CKB]I, siki mocTaBistoThCs i3 KOKHOIO 0a3or0, a came, Neo4J Browser, ArangoDB Web
Interface Ta OrientDB Studio. [{nst tectyBannst Oynmu o6pani ID Tprox kopuctysauis (10, 100, 555).
MakcuManbHa rirOuHa oYKy ckiaagana 5. st nopiBHSHHS pe3ynbTatiB OyB oOpaHHii cepelHii Jac
OJTHOTO 3amuTy 3a 6 BHKOHaHb. Ha pucyHKy 2 BioOpaskeHO Yac y MUTICEKyHJaX, y Jy)KKaxX BKa3aHa
KUTBKICTh BY3J1iB Ha JaHii riubuHi. ToOTo KopuctyBau «555» Mae 9 npysiB, sKi, y CBOIO 4epry MaloTh
29 npy3iB i T.4.
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User_id 555
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Puc 2. I'paghix uacy suxonanus 3anumy Ha NOULYK Opy3ie OJisk KOPUCMysaia i3 Homepom 555
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Puc 3. I'paghix uacy uxonanus sanumy Ha noutyk Opysie 0 Kopucmyeaya iz Homepom 10
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Puc 4. I'paghix yacy suxonanus sanumy Ha NOuLyk opysis 0 kopucmysaia iz Homepom 100
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8 BUCHOBKH

3a OTpUMaHMMH pE3yJIbTaTaMH TECTYBaHHS MO)KHa 3poOutu HactynHi BucHoBkH. OrientDB e
HalMmoBiNEHIIOW 3 TphOX po3rysiHyTUX CKB/I. [IprnunHoio Moxe OyTH BUKOPUCTaHHS HEONTHMAIBHUX
3aMuTiB, aje B 3B'I3Ky 3 OpakoM JOKyMEHTallii ONMTUMI3yBaTH iX Baxko. OTKe, BUKOPHCTaHHS IIi€l
CKB/ nns moOynoBu corfianbHOTo rpady, Ha OCHOBI TAHOTO JOCTiKEHHS, He pekoMeHayeThes. [llono
ArangoDB Ta Neo04J, BoHU KOHKYPYIOTh MixK 0000 Y JCSIKMX BUMIagKax. A came, 3 pUCYHKY 2 MOXHa
mo6aunTty, mo Neod) Mae mpuOIM3HO OMHAKOBHH Yac BHKOHAHHS IS BCIX 5-TH BHIAAKIB, HABITH,
BpPaxOBYIOUM pi3HY KINBKICTh BY3TiB Ha KokHOMY 3 HHX. Yac ArangoDB 3poctae i3 KOXKHOIO
rmOuHOI. MoXKHa 3pOOMTH BHCHOBOK, HIO I OTPUMAaHHS Majioi KUIBKOCTI BY3JiB, IPUOIU3HO IO
1000, ArangoDB Bumepemxae Neod). Ane, BUXOISYM 3 aHaJi3y pe3yibTarTiB, BiJOOpakeHHX Ha
pucynkax 3 i 4, moxHa crBepmKyBatu, mo Neo4J) 3mauno Bumepemkae ArangoDB nHa Bemmknx
00’emax. BukopucranHs 000X 3 HHMX MiAXOAWTH IS COLUAIBHUX MEPeX, 1 3aBISKMA IIBUAKOCTI
BUKOHAHHS 3aIlUTIB, 1 38 MPOCTOTOIO HANMCAHHs CaMHX 3alUTiB. Alle, TpeOa 3aBaXKUTH, 3aBISKH TOMY
mo Neo4J mpekpacHO crpaBiseTbes 3 BenuKUMu 00’ emamu ganux, 151 CKBJl Mmoxxe Oyt BUKOpHCTaHa
s Big Data.

BucHoBKkH, 3po0iieHI Ha TiJICTaBi NPOBEJCHUX JOCHIIKEHb, MiATBEPIKYIOTHCS pe3yIbTaTaMH
pamXyBaHHsS CHCTEM YTPaBIiHHA 0a3aMU JaHUX BIAMOBIAHO J0 iX TOMYJSPHOCTI, IO MPOBOISTHCS
Solid IT momicsiano [7]. e crocyerses momyssipHocti Neo4J, ane tpedba BusHaumny, mo ArangoDB,
3riJTHO HAIIOMY JIOCTIiDKEHHIO, Tpoxu Bunepemkae OrientDB, xoua 1o Neo4J im 06om nasnexo.
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KonmBaHb. [IpumynieHo, mo piAnHA € HECTHCIIMBOIO Ta HEB’S3KOIO, a ii pyx € 6e3BuxpoBuM. Po3pobieHo MeTo po3B’s3aHHs
KpaloBOi 3amadi Il BH3HAUCHHS KOJHBAaHb PIJWHHU B pe3epByapi Ta MOOYIOBaHO iHTerpajbHE 300paKeHHS HEBiZIOMOTO
HoTeHMiany mBuakocTedl. OTpIMaHO CHCTEMY CHHTYJISIPHUX IHTETpAILHHUX PIBHSIHD BITHOCHO HEBIOMHX 3HA4YEeHb ITOTCHIIAITY
Ta MOTOKYy. Jis 4YMCIOBOrO pO3B’A3aHHA CHCTEMH BHKOPHUCTOBYBAaBCS METOJ TI'PAaHUYHHUX €JIEMEHTIB 3 IIOCTiIHHOIO
anpOKCHMAII€I0 HEBIAOMOI IIUIFHOCTI Ha eleMeHTaxX. BecTaHoBIeHO, 0 BiIXuiIeHHS pOpMHU BUTbHOI MTOBEPXHIi Bif MJIackoi Ta
HaBiTh HE3HAYHHH MiAHOM BUTPHOT OBEPXHI MPHU3BOAATH IO MOMITHUX 3MiH 4acTOT KOJMUBaHb. DOpMH KOJIHBaHb, OTPUMAHI y
JOCHIKEHH]I, MPaKTHYHO 30iraroThes 3 (opmMaMu KOMMBAaHB JJS IUIACKOI BUTBHOI MOBEPXHI Ta CIYTyBaTHUMYTh 0a3HUCHOIO
cucTeMOI0 (DYHKIH B JOCIHIDKEHHSAX BJIACHUX Ta BUMYIICHHX KOJHMBAaHb PIIMHM B pe3epByapax 3a YMOBH BpaxyBaHHS
MOBEPXHEBOTO HATATY.

Knrouosi cnosa: 8inbHa nosepxua piouHu, CUHZYIAPHI iHMe2palbHi PIBHAHHS, YACTNOMA KOIUBAHD, i0edlbHa HeCMUCIUBA PIOUHA,
6azucui Qynryii

IIpun onpenenennn kKoxebaHM KUIKOCTH B pe3epByape YUTEHO BIMSHUE KPUBU3HBI CBOOOIHOM MTOBEPXHOCTH 3aMOIHUTEIIS HA
4acToThl Kojebanwmil. [Ipenmornaraercsi, 4To >KHIKOCTh HECXKMMaeMasi M HeBs3Kas, a ee IBI)KCHHE SIBISETCS OE3BUXPEBBIM.
Paspaboran MeTos pelleHHs KpaeBOi 3ajaud Ui OlpeneleHHs KoyueOaHWM >KHIKOCTH B pe3epByape M HOCTPOCHO
UHTETPAIbHOE TPECTaBICHIE HEU3BECTHOTO MOTEHIHANA CKOpocTe. OTHOCUTENPHO HEeM3BECTHBIX 3HAYEHHH MOTEHIMANa U
MOTOKa MONy4YeHa CHCTeMa CHHIYISIPHBIX WHTETPANbHBIX ypaBHEHHWI. I UHCIEHHOTO pEUIeHHs CHCTEMbI HCIIOIb30BaCs
METOJ] TPAaHUYHBIX 3JIEMEHTOB C MOCTOSHHON aNMpOKCHManuel HEeW3BECTHOH IJIOTHOCTH Ha 3JIEMEHTaX. Y CTaHOBJIEHO, YTO
OTKJIOHEHHE (OPMBI CBOOOTHOH MOBEPXHOCTH OT IUIOCKOW M JAaKe HE3HAYHTENbHBIH MOABEM CBOOOTHOH IOBEPXHOCTH
HPUBOAT K 3aMETHBIM U3MEHEHHSIM 4acToT Konedanuit. @opMbl KosebaHuii, OJTy4eHHbIe B paboTe, IPaKTHYECKH COBIAIAIOT
¢ dopmamu KkoneGaHWI U1 MJIOCKOH CBOOOIHOI IMOBEPXHOCTH M OYAyT CIY)XUTh Oa3UCHOW CHCTeMOH (YHKIMH B
HCCIIEIOBaHMAX CBOOOJHBIX U BBIHY)K/ICHHBIX KOJE€0aHMH >KUJIKOCTH B pe3epByapax IpH YCIOBHM ydeTa IOBEPXHOCTHOTO
HaTSDKSHUSL.

Kniouegvie cnosa: c60000HAs NOBEPXHOCMb JHCUOKOCHMIU, CUHZYIAPHbIC UHMESPANbHbEe VPAGHEHUs, 4acmoma Konebauuil,
UOCANbHASL HECIICUMAEMASL ICUOKOCMb, DA3UCHBLE DYHKKYUU

Considerable number of studies and publications is devoted to issues of dynamic behavior of liquids, the impact on the surface
tension of a liquid in partially filled tanks in particular. The study of liquid vibrations in partially fluid-filled cylindrical
containers with the presence of a free surface is an important technical task. The influence of the free surface curvature of the
tank filler on the oscillation frequency is taken into account. It is assumed that the liquid is incompressible and inviscid, and its
motion is irrotational. The method to solve a boundary value problem for determining fluid oscillations in a reservoir has been
developed, and an integral presentation of an unknown velocity potential is proposed. The geometrical characteristics of the
free liquid surface have been determined. It is taken into account that the free liquid surface deviates from the equilibrium
position and assumes a spherical shape. A system of singular integral equations has been obtained for unknown values of the
potential and flow. The method of boundary elements with constant approximation of an unknown density on the elements has
been used to solve the system numerically. The oscillation frequencies for the zero harmonic are determined in accordance
with the level of the free-surface elevation. It has been determined that the deviation of the free surface shape from the flat and
even a slight rise in the free surface level leads to noticeable changes in the vibration frequencies. The vibrational modes
obtained in the study mostly coincide with the modes for a flat free surface and can serve as the basic system of functions in
the studies of free and forced fluid vibrations in tanks, as well as, in the study of the intrinsic and forced sloshing in the
reservoirs provided surface tension is taken into account.

Key words: free liquid surface, singular integral equations, oscillation frequency, ideal incompressible liquid, basic functions.

1 Beryn

PesepByapu, 4acTKOBO HANOBHEHI PIJMHOIO, sSIka Ma€ BUIbHY IMOBEPXHIO, MAlOTh IHPOKY cdepy
MIPOMUCIIOBOTO BUKOPUCTAHHS (HANPHKIIAJ, TTAIUBHI 0OaKU PaKeTOHOCIiB a0 aBTOMOOLIIB, 3alli3HUYHI
a00 aBTOMOOITBHI LMCTEpHU AJsl TPAHCIOPTYBaHHS BaHTaXIB y PIAKOMY CTaHi, BaHTaKHI TaHKEpH
Tomo). BuUBUYEHHS JWHAMIKM €MHOCTEH JAHOTO THIY, IO MPHBOJAUTH JIO KOJHMBAaHHS PIIWHU Y
pe3epByapi, Mae NMpakTU4HE 3Ha4YeHHs. JKOpCTKi pe3epByapH, 4aCTKOBO 3allOBHEHI PiTUHOIO0, 3a3HAIOThH
HaMOIbII IHTEHCUBHOTO BIUIMBY BiJ KOJMBAHb PiAMHH, IO MOXE HMPU3BECTH 10 BTPATH CTIHKOCTI abo
HaBiTh O PYHHYBaHHS KOHCTpPYKIii. ToMy MOCTIIKEHHS KOJIMBAaHb PITUHA Y €MHOCTAX ITOBUIBLHOI
¢bopMH TNpPH YACTKOBOMY 3allOBHEHHI Ta HASABHOCTI BIJBHOI IIOBEPXHI € BaXXIIMBUM TEXHIYHUM
3aBJIaHHSAM.
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2 AHaJii3 oCTaHHIX JOCTiKeHb Ta myoaiKkanii

BuBYeHHs1 JaHOTO MHUTAHHS MPOBOJUTHCS OUIBIIE M ATH ACCATHPIY MPOBIAHUMH BiTUU3HSHUMH Ta
3aKOpJOHHMMH BYeHMMH. Jlo umMcna HaWOINIbII BaXJIMBUX TMpalb MOXKHA JIOMYYUTH POOOTH
Jlykoepkoro 1.O.[1], Mikimesa I'. M. Tta PabinoBuua b. 1.[2], MoiiceeBa M. M. ta Pymsannesa B.B.
[3]. Hani MmoHOTpadii mprucBsUeHI aHATITHIHAM Ta YHCJIOBHM METOAAM PO3B’SI3aHHS 3a/ad MPo BITbHI
MaJli KOJIMBaHHS PIAMHU y pe3epByapax. ICHYIOTh cTaTTi, MpHUCBSYeHi AaHid Tematumi [4, 5]. 3MiHu
(dhopMu BUTBHOT TTOBEPXHI B JaHUX poOOTaX MaiKe HE pO3TIISIIAI0ThHCS.

[IneckaHHs BUIBPHOI IOBEPXHI PIOKOTO NajuBa y BEIMKUX PAKETHUX MPUCKOPIOBAYax €
3arajJbHOBIIOMOIO TEXHOJOTIYHOIO MpPOOJIEMOI0, OCOOJMBO Yy BHUMAJKaX HE3HAYHOTO OCHOBOTO
NPUCKOPEHHS, KOJNHM OKPIM B3a€EMOJIl pPIAMHU 3 MPYKHUMH CTiHKaMH OakKiB BPaxOBYIOTHCS CHIIH
MDKMOJIEKYJISIPHOT B3aeMolii (ITOBEPXHEBOTO HATATY) DPiIWHU Ta TpapiTamiifHi cumu. BigOyBaerbes
TUIECKAaHHS TajlMiBa B YyMOBaxX HH3bKOi rpaBiTamii. ExcnepumenTtansHO-TeopeTHyHa poboTa 3
JOCTI[DKeHHS 1BOr0 siBHINa Tovaimack me B 60-x pokax [6]. Bymo Bu3HaueHo, 0o B
EKCIIePIMEHTATPHIX YMOBaX MOMIPHO HHU3BKOI rpaBiTamii BiIbHA MOBEPXHS PIAMHU BiIXHISETHCS Bij
PIBHOBa)KHOTO ITUIACKOTO TIOJIOXKEHHSI Ta HA0yBa€ KPUBU3HU.

Huzka po0Oit P. k. XyHra Ta iHIIUX yYE€HUX MPHUCBSIYCHA JOCIIDKCHHSIM TOBEIIHKU PIAUHU B
yMOBax MiKpOTpaBiTallii, a TakoX IOB'SI3aHa 3 HAYKOBOI MiSUTHHICTIO OCTIAHWKA B YHIBEPCHUTETI
Anabamn B XadTtcBim. /luHamiduHy TMOBENIHKY pIOMHH, 30KpeMa BIUIMB MOBEPXHEBOTO HATATY Ha
YaCTKOBO 3allOBHEHI PIAMHOI0 pe3epByapd B MIKpOrpaBiTallifHOMY CepeloBHILI pPO3TISIHYTO y [7].
PesynbraTi mokasyroTh, 0 MiJl i€ CHJIOBOTO IOJISI CHIIM TSHKIHHS 1 BIALICHTPOBUX CUJI BUHUKAE PSJI
XBWJIb Y MONEPEYHOMY Ta MO3JOBXHBOMY HAIlPSAMKax 3 Pi3HMMH aMIUIITyJaMy Ta AoBxuHamu. [Ipote
HU3bKOYACTOTHE TUIECKAHHS PIIMHU € PEKUMOM OiIbIIl BUCOKOI €HEpril XBIIII Y TIOPIBHAHHI 3 XBHJISIMH
Oinpm  Bucokux uacToT. llle omHa poOoTa mpHCBsIUEHA IWHAMII IUIECKAHHSI, OOYMOBJICHOIO
TpagieHTOM OpOITaTbHOI CHIIM TSOKIHHS Ta KBa3iCTAI[lOHAPHUM 3aJUIIKOBHM MPHUCKOPEHHAM, 30KpeMa
BIUIMBOM IIOBEPXHEBOIO HATATY PIAMHM HPU YaCTKOBO 3allOBHEHOMY MNaJMBHOMY 0aky B yMOBax
MIKpOTpaBiTallii CTOCOBHO MTOBHOMACIIITAOHOT'O JIITAIBHOTO amapaty [8]. B 3aiexHOCTI Big pi3HUX YMOB
opOiTaNbHUX MPUCKOPEHB YiTKO Bi3yalli3yroThes Aedopmartii GopMu KOJIIMBaHb B30BXK IPAHHUIII TOALTY
piavHa-nap. MaremaTM4Ha IOCTaHOBKA 3a/adi JUHAMIKM IUIECKAHHS PIAKOTO MajuBa y YacTKOBO
3allOBHEHNX KOHTEHepax, 00yMOBIEHOIO MPUCKOPEHHSM CHJIM TSDKIHHSA, TIOJaHa y JOCHTiKeHHi [9].
[MuranHs m070 BUMIipIOBaHHS (JOpPMH PIBHOBATM PiJIMHH, IO 00EPTAETHCS, B YMOBAaX MiKpOTrpaBiTailii
BUTBHOTO TMaAiHHS JiTaka po3risayto @. Jlecni 3 cniBaBTopamu [10]. BusHadaeTses 3anexHIicTh hopmu
BIJIbHOT TMOBEPXHI BiJl KyTa 3MOUYYBaHHs], paliycy KOHTEHHEpa, a TakoX Iapamerpa, SKUH € Mipoio
BITHOCHOTO 3HAUEHHS BIALICHTPOBOI CHJIM JUIsS ITOBEPXHEBOIO HATAry. BiubIn paHHi mociimkeHHs P.
k. XyHra posriisaaiTh BIUIMB OBEPXHEBOI'O HATATY HAa JAWHAMIYHY HMOBEAIHKY PIIMHHM y YAaCTKOBO
3aMOBHEHUX OalloHaxX KOCMIYHOTO Kopabims [11], a Takoxk 4acoBi 3MiHHM (OpPMH BUIBHOI IMOBEpPXHI
piAMHM Yy UWIIHAPUYHIN, 4YacTKOBO 3allOBHEHIH €MHOCTI B YMOBaX HHU3bKOI TrpaBiTamii Ta
MIKpOTpaBiTaliiHOro cepenoruina [12].

OrnsimoBa poboTa AECATHPIUHMX EKCHEPUMEHTAIBHUX JAOCHIIKEHb KHUTAHCHKMX BYEHHX Ta IX
JIOCSTHEHb CTOCYETHCSl TIOBOJDKCHHSI PIIMHH Yy MiKporpasitaiiiinomy cepemoBumii [13]. PosrisiHyTo
NpOBEJIEHI TEOPEeTHYHI Ta eKCIepUMEHTANbHI JOCHi/DKeHHs Yy o0macTi Mikporpasitaiii, sk
NEPCHEKTUBHOI I'ajly3i PO3BUTKY Ta 3aCTOCYBAaHHS BUCOKHMX TEXHOJIOTIH.

MopenoBaHHs BUIBHOI MOBEpXHi PiAMHU y YacTKOBO HAllOBHEHOMY MaJMBHOMY Oalli B yMOBax
MIiKpOrpaBiTallii MOXKJIMBO 3/IMCHIOBATH Y CIIEIiali30BaHUX MPOrpaMHHX cepenoBuiiax. Lle nmuraHHs
Oyzo posrisHyTO i Yac koHdpepeHii AIAA Modeling and Simulation Technologies Conference [14],
[15], [16]. MonemtoBaHHS TIIECKaHHS MTaTUBa JIO3BOJISIE MMPOTHO3YBATH JUHAMIYHUI BIUTUB Ha 3aJI€KHI
CHUCTEMH, a OTKe, OOpOTHCS 3 HEeCcTalOIIbHICTIO JIiTANBHOTrO amapary. [lependaunTi pi3HI BHIIAIKH
B3a€EMOJII1 PIJKOi CKJIJ0BOi MaIMBHOTO 0aKy Ta CHCTEMH YIPAaBIiHHS PAaKETH-HOCIS, BKIIOYAIOUYH B
aHaJi3 pi3HI TUHAMIYHI CepeIOBHMIIA, TO3BOJISIE MOJETb Ha OCHOBI cepenosuia Mathworks MATLAB
[14], [15]. Xoua 1sg MoOjeab HE MIAXOAWUTH JUIS CEPEAOBHMINA 3 HU3bKOIO TIpaBiTalli€lo, ManOyTHI
JOCIIDKEHHST Iepe10ayaroTh OTPUMAHHs IIBHIKUX OIIHOK 1HEPIIHHOrO CTaHy CHCTeMH Ta il
BHYTPIIHBOTO 00’eMy. lle Hamae MOXKIMBICTD TECTYBaHHS BIUIMBY PAaKETHOT'O MAJILHOIO HA CUCTEMY
KEepYyBaHHS PaKETOHOCIEM Y MIKpOrpaBiiTaliifiHOMY cepeOBHILi, KOJIHM PiAnHA MOBOANUTH ce0e iHaKIIe B
3JICKHOCTI Bif [Iii CHUT 3YCTIICHHS, IO TOMIHYIOTh 3a paxyHOK MOBEpXHEBOro HATATY [16]. Ock YoMy
BUBYEHHSI LIbOTO ITUTAHHI € BayKIMBUM Ta IIEPCIIEKTUBHUM.
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3 IlocTaHoBKa 3anaui

PosrnsiHemMo 00070HKY, YaCTKOBO 3allOBHEHY PiAWHOI0. 3MOYEHY MOBEPXHIO OOOJOHKH MO3HAYHMO
AK S1, a BUTbHY MIOBEPXHIO AK So B maHiit po0oTi Mu OyeMo BUBYATH HEIUIACKY MOBEPXHIO Sp. 3MOUeHa
MIOBEPXHsS OOOJIOHKM IIO3HAYeHa SK S;, a BUIbHA IMOBEpXHI — Sy Hexall muiiHApHYHA YaCTHHA
000JIOHKK pajiycoM R Mae 3MoueHy MOBepxHIO BHCOTOO H . 3a3Haummo, 1o BiJibHA MOBEPXHS So
pO3MONiIsiE ABa CepeOBUINA: PiTUHA-Ta3 Ta PO3TISAAETHCS K TOHKa MEeMOpaHa, BPaXxOBYIOUYH BILJIMB
MOBEPXHEBOT'O HATATY.

[MpunycTuMo, 10 pigMHA HECTHCIMBA Ta Py = const; B OE3BHXPOBOMY IOTOLI PiAWHHU iCHYE
MOTEHIiad MBUAKOCTI V = V@; piIyHa 3HaAXOJUTHCS MiJ] BIUIMBOM TPaBITallifHOTO MO, @ HA CUCTEMY
Ilie cuna TsoKiHHS F =pg. — eauHa 30BHINTHS cuia. BennurHa rpaBiTaiiiitHoil cTamoi § MoXke 3a3HaBaTH
3MiH mig gac micii. OcKinbKM 000JOHKA Ma€ MKOPCTKi CTIHKH, a MIBHAKICTh V — JIMIIIE TAaHTEHI[IAIbHY
CKJIQJIOBY, TOJIi:

a0
onls,
J€ N — 30BHILIHS OAMHUYHA HOPMaJb O IOBEPXHI.

Hexait o — noBepxHeBuii Hatsr. 3a popmyoro Jlammaca-lOnra [10] maemo
Ps = oK (31)

Jle K« — KpWUBWHA MOBepXHi. Bupas g « moxaa giHeapusysartu [10]:
K=-A
G| (3.2)
ne A, — moepxHeBui omepatop Jlarumaca. Takum 4MHOM, IWHAMiyHa TpaHMYHA YMOBa Ha BUTBHIN

TIOBEPXHI MpHUiMae BUTIISIL

%‘Hgg—EAsg 0. (3.3)
Pi So
IIpunycrumo, mo
o(r,t) = y(r)e™ (34)

OTtpumyeMo Taky KpaioBy 3agauy aias QyHKLIIT v :

2
ap=0, | o

v, X
onlg, g %' on

oy
=0, [[ 5,450 =0. (35)
S1 SO
B mux piBHSHHSX Sy HE € IUIACKOIO TOBEPXHEI0, a Mae HEHyJIbOBY KpHBHHY. Hamami HaBememo
OCHOBHI CHiBBiIHOIIICHHS, [0 XapaKTEPU3YIOTh IOBEPXHIO.

4 I'eoMeTPUYHI XapaKTEePUCTUKH BiJIbHOI OBEPXHI

PosrisiHeMo pyx iJieanbHOI piAMHU, 10 HAMOBHIOE pe3epByap IMIIHAPUYHOI GOpPMH 3 pajiycoM
ocHoBd R Ha BucoTy H. BBaxkaemo, 110 pifuvHa, sKa 3allOBHIOE pe3epByap, € 1ICalbHOI Ta
HECTHCIUBO. B cTaHi piBHOBaru 00’eM piivHU, O 3aMIOBHIOE pe3epByap Oy/ie piBHUM:

V, = TR*H (4.1)

Bupimyroun 3amauy, OepeMo A0 yBarw, L0 BUIbHA IOBEPXHSA pPIAMHU Ma€ BiOXWIEHHS BiA
MOJIO’KEHHS PIBHOBArd, a 00J1acTh, 3aliHATa PIAMHOI0, puiiMae chepuuny Gopmy (puc. 4.1 a).

Y upoMmy Bunaaky o00’€M pIAUHM, SKHHA [O3HAYUMO V,, CKJIamaTUMEThCs 3 CyMH 00 €MiB
c(epuvHOro CerMeHTa 3 BHCOTOI h Ta paliycoM OCHOBH C(EpUYHOTO CETMEHTa 7 Ta WIHIDY,
Brcotoro Hy. O0’eM chepraHOro cermMenTa BU3Ha4YaeMo 3a (popMyIioro:

Vepcer. = Th*(3Ry — h) /3, (4.2)
ne h - Bucora cepuyHOrO CETMEHTAa,

Ry - paniyc chepu.

Vz = Vl
2 2
R, =1 (4.3)
.2 (R?*+h? 1.\ _ 3mwhR%*+mh3
Vepeer, = h? (55— S h) = ZHEEE (44)
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3whR?+mh3
6

nR2H = nR2H, + (4.5)

Y
ﬁ
Y
-ﬁ

Puc. 4.1 Cxema pesepsyapy, 3an068HeH020 piouHow

Bucota pinunu H,, sika 3alI0BHIOE pe3epByap, CTAHOBUTUME:

H1=H—§h—6‘% (4.6)
PosriasgHeMo BUIIaoK, KOJaud h = 7, TOAI:

Vepcer. = 2TR?, 4.7)

mR?H = TRZH, + TR, (4.8)

H; = H — = Rupua = 0. (4.9)

BinbHa moBepxHsl piaumHU, MO Mae chepuuHy Qopmy, y cuctemi koopauHat zOr siBise co0oro
YaCTHHY JYTH, IO OMHMPAETHCS HA NEHTPaIbHUI KyT @) (£ AO{B) xona 3 1ienTpoM B T. 01 3 paiycom

R;. PosrnanyBmn 404, CB, BU3HaYMMO 3HAY€HHS KOCHHYCA KyTa (1!

oS @ = — (4.10)
1
[incraBusimm y (4.10) opmymy (4.3) orpumaemo:
— coc-1 2h?
@1 =cos (11— R2+h2) (4.11)

[onoxenns Oynap-sxkoi Touku N (puc. 4.1 6) Ha BuIbHIN MOBEPXHI PIIMHH Y CUCTEMI KOOPAMHAT
z0,r BU3HAYa€THCS NOIIpHUMH KoopanHatamu N(rq, z1):
r; = Ry x cos @y (4.12)
Z, = Ry * sin @y (4.13)
Bpaxosytoun (4.11) BU3HaYMMO, 110 3HAYCHHS TApAMETPa @; 3MIHIOBATUMETHCS y Jiara3oHi:

TC 3
S @1 S QST+ @y,

T _ 2h? 3 _ 2h?
2= 005 (1-——=) S @< mtcosTH(1———) (4.14)

Buznaunmo koopauaaty Toukd N y cucreMi koopauHat zOr, BpaxoByrouH, mo Touku O ta O0; 1o
oci zposramoBaHi Ha BiactaHi H — R, Ta mpuitHaBmm 1o yBaru dopmymu (4.3), (4.12) ta (4.13)
OTPUMAEMO:

2 2
r=2= ;lh * COS Pk (4.15)
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RZ+h? | RZ+h?  R?+h? , .
o Fsineg+H———=—- (singpy—1)+H (4.16)

BusnaunMo piBHSHHS HOpMali A0 Tpadiky (yHKII, M0 OMUCYye BUTbHY MOBEpXHIO pimuHU. s
BOT0 BUBEAEMO PIiBHSHHS OKDPYXKHOCTI, IO Mae€ IEHTp y Touli O; Ta paaiycom R, y cucremi
koopauHat zOr:

(z—201)* +1* =R} (4.17)
z =179 ++(R3 —r2) (4.18)
PiBusHHS HOpMai y Oynb-skiid Toulli N (zg; 1) Ha BiJIbHIN MOBEPXHI MaTUME BHUTJIS
1
Z= 2y = TS (r—m) (4.19)

Busnauusim noxigny f' (1), mactaBumo 3HadeHHs y (4.19) Ta OTpUMAEMO HACTYITHE PiBHSHHSL:

f'(r) =—

To

vV (Rf —192)

Z—2Zy= — (r—m) (4.20)
\ (Rf-192)
Bekrop HOpMai y 3araqpHOMY BUIIIAL 71(n, N, ) MaTHME KOOPAHHATH:
To
n, =1 n, = —— (4.22)
T e
[TincraBumo y n, (4.21) snauenns Ry (4.3) Tary (4.14):
R2+h?
T COS Pk
np = 2+h2 - 21h2 (4.22)
J(ESe - Eecos2 gy
OTprMaeMo B pe3yJibTaTi TPUTOHOMETPUYHHX [IEPETBOPEHB T CIIPOIICHHSL:
n, = cot @y (4.23)

Bekrop HOpMmaii Matume Burisn 71(1, cot ¢y ). BusHaunmo opt €sexropatt 3a GopMyInoro:

e = E — Nz . Ny
¢ T <¢n22+nrz)' (anz+nrz> (4.24)

— . o —
Jie T — BEKTOP Ha IUIOIMHI, 33/1aHuii KoopauHatamMu N(N,, n,.);
— —
|71| — noBxuna BexTOpa M.
JloBxuHa BeKkTopa |71

2 2 _
7| = \Jcot2 @ + 1= pr— (4.25)
Otxe, opT € BekTopa|7|:
é = ( LS ) — (sin gy ; cos @) (4.26)
/singok /singok

5 MeToa CUHTYJSIPHUX iHTerpaJIbHUX PiBHAHb

CuiBBigHolieHHs (3.5) NpuUBOIATH 10 3ajadi HA BJIACHI 3HA4YCHHs. BiacHi 3HaYeHHs € 4acTOTaMu
BillbHUX KOJMBAHb Y , 4 BIACHi BEKTOpH ¢ (r)— (hopMaMu BibHUX KomuBaHb. KoXeH 3 IUX BIAaCHHX
BEKTOPIB € po3B'sI3koM cuctemu (3.5), a TMOTEHIia)l MBUAKOCTI, MO omucye 3amady (3.5), npuiimae
BUTJISA]
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o(r,t) = ch (t)(Pk (r,b). (5.1)
k=1
Bupas nnsa ¢yskuii (p,t) 3Haxoaumo 3 piBHsAHHSA (5.1) Ha BUTBHINM MOBEpXHi, TOOTO MaeMO
a ]
(-3 e a0 52)

KpaiioBa 3amaua (3.5) 3BOOWTBCA OO CHUCTEMH CHHTYJSPHUX IHTErpajibHUX pIBHSHDb 3
BUKOPHUCTAHHSIM METOJY I'PaHUYHUX €JIEMEHTIB y HOro npsiMoMy (opmy.roBanHi [18].
3ajiaua BU3HAYEHHS QYHKIIH @, (r)i 9acTOT y PO3B’A3yeThCS 3a JOMOMOTOK METOJIIB, ONMCAHUX Y

[19,20], ne He BpaxoByBanucs epeKTH MOBEPXHEBOrO HATATY. BiAMiHHICT 3alIPOITOHOBAHOTO IiIXOLY
MOJIATAE B TOMY, IO Sp Ma€ HEHYJILOBY KPUBU3HY.
300pa3uMo HEBIIOMHIA MOTEHITiaN MBMnKOCTeﬁ Y BUTJISI:

2mp(Ry) = nq L

|P Po| —J.Sj.(p%—|P_PO|dS, (5.3)

_0¢
Ileq_c’ﬁn

Buacnigox 300paxenns (5.1) HeoOxigHo 3HalTH vactuHHi noteiiama @ (r,t). i Gyskuii
3HAXOATHCSI 3 PO3B’sI3aHHs KpaeBoi 3a1adi (3.5). Ha moBepxHi S| MaeMo HACTyIHE PiBHSIHHSL:

2

1 1 0(1 K 0l 00(1

21K +£J(Pk %(F)dsl _Eg Pk Fdso + y Pk %(Fjdso =0, Rhe$, (5.4)
1 0 0

Ie r= |P — Po| — JlekapToBa BijicTaHb Mixk Toukamu P Ta Py,
[HTerpasibHe PIBHSHHS HA MMOBEPXHI SoMae BUIIIS:

2
om0k + 1ﬁ(1jds X red Las, + Oﬁ(ljds -0 55
Ok g(pkan 177 £<PkIr 0 gq)kan - /950 (5.5)

r

1 0(1 0 00(1
- — | = |dS, -2 + —| = 1dSn =0 5.6
g(Pk an[rj 1 — 21y i{(Pk an(rj 0 (5.6)

11106 Bu3HaunTH TIOTeHIian @ (r), HeoOXiaHO MOGYayBaTH (GYHKII (f — 3HAYCHHS () HA 3MOYEHiit
TIOBEpXHi S; M () — 3HAYEHHA () HA BiNMbHiH MoBepxHi So. s po3s'szaHHs Kpaiooi 3amaui (3.5)
BUKOPHUCTOBYEMO NpsiMe (YOPMYITIOBaHHS METOLY IPaHUYHHX €JIEMEHTIB. 3aluIIeMO HACTYIIHY CUCTEMY
CUHTYJISIDHUX IHTETpaJIbHUX PiBHSHB:

(1 2 1 o(1
2moi +£I(Plk %[_jdsl —%H o) S0+ H 9% %(F]dso =0
1

r

(5.7)
1 0
o —(—jdsl 200+ [[ o} Lis, -
S, ‘3 95
0
IIpunyckarouu, 1o
¢o=0o(r,z)cosab,
OTPpUMYEMO IJId KOXKHO1 FapMOHiKI/I CHiBBi}:[HO]_HeHH}I BULY
0 1
— ds, = 2)0(z,20) 7 (2)dTy ; 5.8
if%n[r<p,po)] 1= [ 000 2) )N (5:8)
1 1

R
ff w[r(Plpo)jdso = [o()D(P, Ry)pdp - (5.9)
So ’ 0
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-U(p%[r(PlPO)JdSO = [ ¢(2)0(2,20)r(2)dIy (5.10)
So ’ Iy

Tyt I'yil} € TBipHIME IOBEPXOHB 0GepTanHs SoiS; Binsmpa O(z,2)i @ (P,Ry) i marots BursAL:

Qz,2,)= {1{rZ_rOZJF(ZO_Z)ZEa(k)—Fa(k)}nr+%Ea(k)nz};(5.11)

Ja+b a-b

®(P1P0)=ﬁ|:a( ) E E,(k)=( (1 4a, )J' cosZaw\/mwy, (5.12)

Tt/2

_00520Wdy 5 524 02 1 (22, b=2ppy; K? =22 (5.13)

B e 0 1-kZsin’y ’ a+b

3 ypaxysamasam O =0y Bupasi (5.12) oTpuMyeMo CTaHIApTHi eNiNTHYHI iHTErpamM MepHoro i
JIpyroro poay. Bupasu ajis KOMIIOHEHT HOpMaJTi OTPUMaHI BHIIE 1 MalOTh BUTJIS;

n= (1 ! ;1C°t(p" ) = (sin @y ; cos@y), (5.14)
/sin(pk /sin(pk

ac Q. 5

Y

S P1S PSS @y (5.15)
2h?
R2+h2)'

E—cos‘l(l—i) <o <3 m+cos7i(1-
2 R2+r2) = Wk =3
Takum unHOM, @) (7)3210BONBHSIOTH KpaiioBii 3axadi (3.5).

Jnst 9ucmoBOoro po3B’s3aHHS CHCTEM, OINMCAaHUX PIBHAHHAMHU (5.3), BHKOPHUCTOBYBABCS METOI
IPaHUYHUX €JIEMEHTIB 3 MOCTIHHOIO aITPOKCUMAIIIEF0 HEBIIOMOI IIITBHOCTI Ha efeMenTax [19-21].

6 BuzHaveHHS YACTOT KOJMBAaHb PiINHHU B pe3epByapi
[Mincrapmsroun psam (5.1), (5.2) 3 N cxiagoBuMu UIsl TIOTEHINIANY @ 1 PiBHS MiAHOMYy BHUCOTH
BiJIbHOT MoBepXxHi { B rpaHuHy YMOBY (3.5), MOKHa OTpUMaTu

N N
36 0oy 1)+ )22 € ) (2200 (6.1
k=1 k=1

Pr =1

[punyctumo, ¢ (t)=ae'™ 1 oTpumaemo ckanspHuii mo6yTok Bupasy (6.1) 1 QyHkmii
@i(r) i=12..N.
BHac1i10k opTOroHanbHOCTI (HOPM KOJIMBaHb MAEMO

—o’a; +yla - Zaka BsPr: $') =0. (6.2)
ono)
He IIPUBOAUTH 10 3a11a11i BJIACHUX 3HAYCHb Y TAKOMY BI/IFII?IJIi:
N
2 .
Ga:(Da’ a:(allaZN-aN)Tl Gc: XE|:6ik_i(AS(Pk’(PI):| . (63)

Jns miTiHAPUYHUX 1 cKiajieHux oOOJIOHOK oOepTaHHs MOBepXHEBWil omeparop Jlammaca A, B
. 10
MUNHAPUYHUX KOOpAUHATAX IJId OCCCUMETPUYHUX 3aJa4 Ma€ BUTTIAL AS —— | P . Taknm YHUHOM,
p

BUKOPHCTOBYIOUM iHTETpallil0 4aCTMHAMH B CKAIAPHOMY H0OYTKY (A.@y,@;) i BpaxoBylouw, Mo

’

((pi ) p
p=R

SIKIIO PO3IIANAIOTHCS BUMYLIEH] KOMMBAHHS PiIMHU B pe3epByapi, T0 3 (5.1) OTpUMyeMO piBHAHHS:
G + wjzcj(t) - %Z’,Ll CrWi 2 fS(Asq)J-)dS =0, (6.4)

=0, orpumaemo (Aqpy, ;)= _(((Pk ),Pa((l)i ),pj-

ne Q — cuna, 110 30YKYE.
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7 AHaJii3 YUCJI0BUX Pe3yJbTATIB

PosrnsiHyTO KOJIMBaHHS PiIUHY B )KOPCTKil 000J0HIII 00epTanHs (puc. 7.1).

IIppy R=Im Ta H =2M, Kopucrtyrouuck pesyapTatamu [19, 20], 3actocoBano 180 rpaHMUHUX
€JIEMEHTIB B3JIOBXX MepHaiaHy 000JOHKH Ta 60 TpaHWYHHX EJNEeMEHTIB B3MIOBXK paliycy BiIbHOI
TMOBEPXHI, IpH LBOMY H0CAraeThcs Tounicts € = 10° y mopiBHsHHI 3 aHaniTHUHEM po3s’a3kom [17].
Tomy came Take YHCIIO €IeMEHTIB OyJI0 BUKOPUCTAHO IPH YHCIOBOMY MOEIIOBaHHI KOJIMBAHD PiIMHA

B IIWIIHAPUYHIN 0000HI (puc. 7.1).

Az

Puc. 7.1 Obononka obepmanHs, 4acmrko8o 3an08HEHA PIOUHOIO

YacToTH KOJIMBaHb JJIsi HYyJbOBOI TAPMOHIKM B 3aJIXKHOCTI Bijl PIiBHS MiIHOMY BUTBHOI TOBEpXHI
HaBeJleHO B Tabmumi 7.1.

Tabnuys 7.1 — Yacmomu xoausans 0Jist HYIbOBOI 2APMOHIKU

ITapameTpu n
R, H H, a,° 1 2 3 4 5 6
1 2.0 0.0 0.0 3.84 7.03 10.2 13.3 16.5 19.7
10.0 1.9975 0.0 7.12 3.82 7.00 10.1 13.3 16.4 19.6
5.05 1.990 0.1 184 3.71 6.86 9.99 131 16.2 194

bauumo, 1110 HaBITh HE3HAYHUI TTIAHOM BIIBHOT MOBEPXHI MPU3BOAUTH JIO 3MIHU YaCTOT KOJIUBAHb
piauHY y pe3epByapi.

N
"

Puc.7.2 @opmu konusans 8inbHOI NOGEPXHI
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Ha pucynky 7.2 300paxkeHi (OpMH KOIWBAHb BUTBHOI MOBEPXHI IS IHIIHIPUYIHOT OOOJOHKH.
3ayBakumo, 1o (HopMH KOJNMBaHb, OTPHMaHi B JAaHOMY AOCIHiIKEHHi, MPAaKTHYHO CHIBIAJar0Th 3
¢opMaMu KONMBaHb PIIMHH 32 YMOBH IUTackoi BibHOI moBepxHi. OTpumMaHni GopmMu ciyryBaTUMyTh
OasucHIMH (YHKIISIMHU TS PO3B’S3aHHA 3ajadi 3HAXOKEHHS 9acToT Ta ()OpM KOIMBAHb OOOJIOHKH 3
piArMHOIO 32 YMOB HU3BKOI IpaBiTarii.

8 IlepcnekTUBH MOAAJBIINX T0CTiIKEHD
IlepenbadaeTpcsi TpPOBECTH MOCTIMKEHHS BHUMYIICHHX KOJIWBaHb pIIWHU 3a yMOB HHU3BKOI
rpasiTarii.

9 BucHoBku

Po3pobneno meton po3B’s3aHHs KpaloBoi 3a1adi [J1s1 BU3HAYCHHS KOJTUBAHb PIAUHH B pe3epByapi
3a YMOBH, IO BUJIbHA MMOBEPXHS PiIUHH MOKE MaTH HEIJIOCKY (GopMy. Y MpUMYIIEHHI, 0 piAnHA €
HECTHICITUBOIO Ta HEB’S3KOI0, a I pyX € 0e3BUXpOBHM, NOOYMOBaHO IHTErpajdbHE 300paKeHHS
HEBIJIOMOTO TOTEHIIaNy MIBHAKOCTEH. 3a JONOMOIrOK I[BOT0 TOAaHHS OTPUMAHO CUCTEMY
CHUHTYJSIDHUX IHTErpajibHUX pPiBHSHb BITHOCHO HEBIIOMHUX 3Ha4YeHb MOTEHIIany Ta TOTOKy. Lo
CHCTEMY PO3B’S3aHO METOJIOM I'DAaHWYHUX €JEMEHTIB. BCcTaHOBIICHO, 1110 HABITH HE3HAUHE BiAXHMICHHSI
(opMu BiITbHOT TTOBEPXHI BiJ] IJIACKOI MIPHU3BOJUTH A0 IMOMITHHUX 3MiH 4acTOT KOJHMBaHb, IPOTE (GOPMHU
KOJINBaHb TPAKTHYHO 30iraroThcsi 3 (GopMaMy KOJMBaHb JUIsl TIACKOI BiBHOI MoBepxHi. OTpumani
¢dbopMu crnyryBaTUMyTh SIK Oa3WcHa cucTteMa (YHKIIH B JOCTIDKEHHSX BIIACHUX Ta BUMYIIEHUX
KOJIMBaHb PITMHU B Pe3epByapax 3a YMOBH BpaXyBaHHS MOBEPXHEBOTO HATATY.
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CraTucTUYEeCKHE CBOMCTBA CETU TGJIC(bOHHI)IX aOOHEHTOB

B.B. flHoBckuii 1’2, M.B. /laauneBckuii 1
! Xapvrosckuil nayuonanbHulll yHusepcumem umenu B. H. Kapasuna, ni. Ceoboow, 4, 61000, Xapvkos, Yxkpauna
2 Hucmumym monoxpucmannos, HAHY, np. Hayku 60, 61001 Xapkos, Ykpauna
e-mail: yanovsky@isc.kharkov.ua

PaccmoTpena  HampaBieHHas — ceTb  TeneOHHBIX  aOOHEHTOB. OTo  cBoeoOpasHas  JAWHAMHYecKas CeTh C
BepIIMHAMA(a0OHEHTaMH) ¥ BO3HUKAIOIIMMHU HaNpaBICHHBIMH cBs3sMH(peOpamu). CBsi3b (MM HampaBlIeHHOE pedpo) U ee
HaIlpaBJICHUE OIpeesieTcss BXOAAIMMM M HCXOASIIMM 3BOHKOM M3 COOTBETCTBYIOIIMX BepIIMH. B paboTe mn3ydarorcs
cBoiicTBa cBsizeil abOHEHTOB TeneoHHOW ceTn. Takuwe CBA3M HOCAT NUHAMHYECKHI XapakTep, MOSABILLICH M Hcuesas. B
KayeCTBE OCHOBHOM XapaKTEPHCTUKHM MCIIONB3YETCS YHMCIO HCXOIILIMX(BXOISIIMX) CBs3ei, BOSHHUKUIMX 32 OAUH JCHb Y
HEKOTOPOil BHIOpaHHON BepLIMHBL. VICIOMb3ys SKCIEPUMEHTAIBHbIC JaHHbIE, aHAIM3UPYEM IUIOTHOCTb PAaclpeAeICH s YUCia
UCXOAIIUX(BXOJSIINX) CBI3€H(3BOHKOB) Takoi ceTr. OOHApYKEHO, YTO TaKas INIOTHOCTh paclpeeeHus 10 YHCITy 3BOHKOB
HOMYUHACTCS JIOTHOPMAJIBHOW IUIOTHOCTH pacmpezenceHusi. B pabore 00CyHaloTcs NPUYMHBI  BOSHHKHOBEHHMS
JIOTHOPMAJIbHOW IUTOTHOCTH PACIpEAENeHUs M0 YHUCITy BXOSIIMX(MIM MCXOJIIINX) CBsI3eld. PaccMOTpeHBI cTaTHCTHYECKHE
CBOIfCTBa M JPYTHX IpynI aboHeHToB. [lokazaHo, YTO M ISl ATUX TPYII, HAIIPUMEp, ClIaMEepOB, XapaKTepHa JIOTHOpMasbHast
IUIOTHOCTH PACIIPEIEIeH s 110 YHUCITY 3BOHKOB, HO C IPYTHMH CPETHHMH 3HAYCHUSMH U JHCIIePCHEH.

Knrwueesvie cnoea: cnoocnas cemo, 2pagul, eepuiunsl, pebpa, NIOMHOCMb QYHKYUU pacnpeoeneHus, OUcnepcus, cpeoHee
3HAYeHUe, T0HOPMATIbHAS RAIOMHOCMb PACHPEOeeHUs.

PosrnsHyTO OpieHTOBaHY Mepexky TenehoHHHX aboHEeHTIB. lle cBoepinHa AMHAMIYHA Mepeka 3 By3JaMH, SIKi BiIMOBiTAOTh
aboHeHTaM Tene(OHHOI Mepexi Ta BUHHKAIOUAMH CIIPSIMOBAaHMMH peOpaMu, sIKi BiIIOBINAIOTH 3B'SI3KaM MK BiJIOBIIHHMH
aboneHTamu. [lonoxxeHHs pedpa Ta HOro HaMPsSMOK BH3HAYAETHCA BXITHUM Ta BHXiJHUM I3BIHKOM 3 BiANOBITHHX BY31iB. B
pOOOTI BHBUAIOTHCS CTATUCTUYHI BIACTHBOCTI 3B'SI3KIB AEAKOT MiAMHOXHHU aOOHEHTIB TesleOHHOI Mepexi. Taki 3B'SI3Kku
HOCATh AWHAMIYHHMN XapakTep, BOHHU 3'ABISAIOTHCS Ta 3HUKAIOTH 3 4acoM. B SKOCTI TOJIOBHOI XapaKTEPHCTHKH y poOOTi
BUKOPHUCTOBYETHCSI KUIBKICTh BHXIAHUX (a00 BXiZHMX) 3B'I3KiB, IO BHHUKIHM 3a OAWH JACHb Yy AEAKiH 0OpaHOi BEpIIMHU.
BuKOpHCTOBYIOUH eKCIIepUMEHTANIbHI JaHi, aHai3yeMO LIIIBHICTh PO3MOALTY 4YHcNa BUXITHHMX (200 BXigHHX) 3B'I3KIB (200
II3BIHKIB) Takoi Mepexi. JloBemeHO, IO Taka MIIBHICTh PO3MOJINY 3a KiNBKICTIO A3BIHKIB BiJAMOBiJa€ JIOTHOPMATBHOT
HIUTBHOCTI po3noiny. Taka MmigbHICTh PO3MOIITY 3aJSKUTh BiJl IBOX MapaMeTpiB. BCcTaHOBICH] 3HAUCHHS IMX MapaMeTpiB 11e
CepeHE 3HAYCHHS Ta JUCIIePCis, SKi BU3HAYalOTh JIOTHOPMAJIBHY IIUIBHICTD PO3MOJiLY. Y poOOTi 0OrOBOPIOIOTHCS MPUUNHA
BUHHUKHEHHS JIOTHOPMAJIBHOI HIITFHOCTI PO3MOLTY IO KiNBKOCTI BXiZHHX (200 BUXiZHMX) 3B'A3KiB. PO3IIsIHYTO CTaTHCTHYHI
BJIACTHBOCTI ¥ iHIIMX Tpym a0OHEHTIB. B sKOCTI OmHIET 3 TakWX TPYN PO3IIHYTO TPYILY, SKa 3IIHCHIOE BENUKY KiTBbKICTH
BUXIJTHUX I3BiHKIB Pi3HHM aOOHEHTaM Telle(OHHOI Mepeki. Takux aOOHEHTIB fKi CTBOPIOIOTH Ta MOMIMPIOIOTH CIIAM MOXHA
Ha3BaTu cnaMmepamu. JloBeIeHo, o 1 s UX TPYI, HapPUKJIaJ, CllaMepiB, XapaKTepHa JIOTHOPMaIbHA MITBHICTh PO3NOILTY
3a KUIBKICTIO 3BIHKIB, aje 3 iHIIMMH CepeJHIMH 3HAYSHHSIMH Ta JHUCIEPCIelo.

Knwwuosei cnosa: cknaona mepedsica, epau, eepuiunu, pebpa, witbHicms QyHKYii po3nodiny, oucnepcis, cepeoHe 3HaAYeHHs,
JIOCHOPMATIbHA WiTbHICb PO3NOOLTY.

The directed network of telephone subscribers is considered in the article. It can be described as a dynamic network with
vertices that correspond to the subscribers of the telephone network and emerging directional edges that correspond to the
connections between the respective subscribers. The position of the edge and its direction is determined by the incoming and
outgoing calls from the corresponding vertices. The subject of the article is the statistical properties of the connections of a
certain subset of telephone network subscribers. Such connections are dynamic in nature due to their appearance and
disappearance. The number of outgoing (or incoming) connections occurred during a day at a selected vertex is used as the
main characteristic. The distribution density of the number of outgoing (or incoming) connections (or calls) of such a network
has been analyzed using the experimental data. It has been shown that such a distribution density over the number of calls
obeys the lognormal distribution density, which depends on the two parameters. The values of two parameters, namely the
mean value and the variance, determining the lognormal distribution density are established. The reasons for the appearance of
a lognormal distribution density over the number of incoming (or outgoing) connections have been discussed. The statistical
properties of other groups of subscribers have been considered as well. In particular, the group that makes a large number of
outgoing calls to various subscribers of the telephone network has been selected for a separate study. The members of this
group, who create and distribute spam can be called spammers. It has been shown that these groups, spammers for example,
also obeys the lognormal distribution density over the number of calls but they are characterized by the different mean value
and variance.

Keywords: complex network, directed network, graphs, vertices, edges, probability density function, variance, mean value,
lognormal distribution density, degree distribution.

1 Beryn

HccnenoBanue CIOXKHBIX CeTel MU MX CBONCTB B MOCJEIHEEC BpPeMs HHTCHCHBHO DPa3BHUBACTCS.
Havamock mx ucciefoBaHue emie DWaepoM, PEeIIUBIIUM HPOOJIEMYy CEMH MOCTOB W JIaBIIUM HAdallo
Teopun TpadoB. OTHUM U3 U3BECTHBIX JIOCTHKEHUH TeOopHU TpadoB MOKHO CUHTATH JIOKA3ATEIHCTBO
TEOpPEMBl O UYETHIpEX Kpackax, JokazaHHoW Armenem u XaxeHoM [1]. Crnenyrommm maromM K TEOpUU
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CIIOXKHBIX CETeH IIOCIYKWJIO TMOSBICHHWE CIy4YaiHbIX TrpadoB B paborax Opnema u Penpu [2].
YBenuuuBIIeecs YUCIO MPUMEPOB HETPAAWIMOHHBIX CIOXKHBIX CETEH MPHUBEIO K MX MHTCHCUBHOMY
uccnenoBannio. CylIeCTBEHHbIE PE3yNbTaThl OBbUIM TOJYYEHBl B CTaTUCTHYECKOW (u3uke, 0030p
KOTOPBIX MOXKHO HaiiTh B pabotax [3, 4, 5, 6]. O61acTh CIIOKHBIX CeTeH MPOHHUKIA B OmoJoruto [7, §,
9], sxoHOMHKY ¥ connaibHble cuctemsl [10, 11, 12, 13], sxonoruro [14, 15, 16] u MHOKECTBO APYTUX
o0macTei.

B pabotax [17, 18], u3y4as cBOICTBa MHTEPHET-CETH YCTAHOBWIIA pPaCHpEeAeNICHHs CTETIeHEeH ceTH
0JM3KOe K CTETeHHOMY. AHAJIOTHYHOE MOBelIeHHe ObLI0 oOHapykeHo W B paborax [21, 22]. Ilo-
BUAMMOMY pacripefesieHue, OIM3Koe K CTENeHHOMY, IIMPOKO PAcTpOCTPAHEHO B Pa3iIHYHBIX ceTsx. B
paborax [19, 20] mnpeanokeHa JByXmapaMeTpUUecKass MOJENb CIydalHbIX TrpadoB, KOTOpas
JIEMOHCTPHUPYET TaKOe pacrpeiesieHre cTerneHed BepmmH. B pabote [23] mokaszamu, 9YTO MHOXKECTBO
CTeTeHeH TaK Ha3bIBaeMOTO rpad)a BHI30BOB XOPOILO AIIPOKCUMUPYETCSI CTENICHHBIM PAaCIpeeTICHUEM.
I'padsr BBI30BOB - 3T0 Tpadbl BHI30BOB, 00pabaThIBAEMBIX HEKOTOPHIMH MOATPYIIIAMH OINEPaTOPOB
TeneOHHON CBSI3M 3a ONpeAeNieHHbIN neprona BpemeHn. B pabore [20] Takke 3aMedeHBl HEOOINBIITHE
OTIIUYHSA OT CTETICHHOTO TTOBE/ICHUSI.

B aroii paboTe MBI paccMaTpuUBaeM CBOWCTBa TeleOHHOW ceTH, ONMM3KoW K rpadaM BBI30OBOB.
BepmmaaM Tpada COOTBETCTBYIOT ONpeNeleHHbIE aOOHEHTH Tene(OHHOW CeTH, T.e. HEKOTOpOoe
MMOIMHOKECTBO Tene(oHHBIX a0oHEeHTOB. Kakias BepIInHA OCYIIECTBISET HEKOTOPOE KOIHYECTBO
3BOHKOB W MPHHUMAET JIPyTroe YHCIIO 3BOHKOB 32 HEKOTOPHIH WHTEepBal BpeMeHH. Kak 00bdHO Oynem
pa3indyaTtbh BXOAAIINC U UCXOOAIINE 3BOHKH. Torna BO3HHUKACT I[I/IHEIMI/I‘ICCKI/II‘/'I rpa(b C OIIpPCACICHHBIM
YUCIIOM BXOSIIUX ¥ BBIXOAAIUX pedep. PeOpa To mosBisroTcs, To wucuezaroT. Ero MoxxHO
paccMaTpuBaTh KaK CIOKHYIO TUHAMUYECKYIO CETh 3BOHKOB. OCHOBHOM BOIIPOC CBOJUTCS K IUNTIOTHOCTH
pacnpesneneHusl KOJWYeCTBa HCXOJAIIMX(MIM BXOJSIIMX) 3BOHKOB 3a OIpENeJeHHbI HHTepBal
BpeMeHH. J{pyrumu ciioBamMu, KakoBa BEPOSTHOCTH OCYIIECTBICHUS 1 3BOHKOB HEKOTOPHIM a0OHEHTOM
3a OMpelesIeHHBI HMHTEpBaI BpeMEHHW (Hampumep, 3a JeHb). Jlns BBHIOpaHHOW BEpIIUHBI YHWCIIO
BXOJISIIINX 3BOHKOB 32 OJIMH JIEHb COOTBETCTBET YHCIY BXOJIIMX B Hee pedep WM WHTEeTrpallbHOU
CTETICHH BEPIIMHBI 332 3TOT MPOMEXKYTOK BpEMEHH. DTO COOTBETCTBYET PACIPEEIIEHUI0 KOJINYeCTBa
BEpUIMH OT BEJIMYMH HX cTeneHed. B paboTe mocTpoeHa Takas IJIOTHOCTH paclpeiesieHus I10
OKCIICPUMCHTAJIIBHBIM  JTAHHBIM. HOKaSaHO, YTO OHa ABJISICTCA JIOFHOpMaJ'IBHOﬁ IIJIOTHOCTBIO
pacnpeneneHus. OOCYXTAIOTCS CBOMCTBa TaKOW IUIOTHOCTH pacHpeielieHUs] MO Pa3HBIM TpyMIaM
abOHEHTOB, BKIIOYas cramepoB. Kpome 3TOro MmpHBOAMTCS BO3MOXKHAS NMPUYUHA TIOSIBICHHUS TaKOH
TUIOTHOCTH pacrpe/ieIICHHs.
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Puc.1 Cnesa ¢ynxyuu pacnpedenenus F ucxoosuux 360nxo6 X 3a ooun dens no ux xonuuecmsy. X -uucno

UCXOOAWUX 360HKOG 30 0OUH OeHb, (X) -yucno aboHeHmos, coenasuiux X 360HKO8 KAMNCObIU 6 MeYeHUU OHA.

Yepeonenue nposedeno no 9 ousm. Cnpasa smu oanmvle 8 102apU@PMUUECKUX KOOPOUHAMAx

2 dyHKUMs pacnpeneaeHnsi 3BOHKOB
Bribepem HexoTopoe mMOAMHOXKECTBO aboHeHToB Tenedonnoi cetu CIIA. Mx xkonmyectBo

N, = 4200 . PaccMOTpHM KX aKTUBHOCTH [0 BXOMSILIUM H HCXOISIIMM 3BOHKaM 3a 1 neHs. Haunewm c
00CYXIEHUsS DKCIIEPMMEHTANBHBIX JAaHHBIX 00 MCXOIAIIMX 3BOHKax TenepoHHOM cetd. s storo,

HCIIOJIB3Ys AJAaHHBIE O 3BOHKaX 3a JACHBb, IIOCTPOUM THCTOrpaMMy PaCHpECACICHUA UCXOAANIUX 3BOHKOB
3a 3TOT ACHB. Taxas ruCTorpamMma MOXKET OBITH CT JIAKCHA, UCTIOJIb3Yys YCPCAHCHUC TAKHUX T'HCTOrpaAMM,
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MOJTyYeHHBIX 110 JAHHBIM 32 pa3Hble THU. B pabote ncnons3yroTcs mannsie 3a 9 aueii (¢ 2017-11-01 mo
2017-11-9 prmountensHo). Ha Puc.l moka3zana ructorpamMmma 1€ pPOMOMKAMH H300paxeHO
JKCIICPUMEHTAIBHBIC KOJIMYECTBO a0OHEHTOB, TTO3BOHMBIINX 34 OJMH JICHb OMPE/CIICHHOE KOJIUYECTBO
pa3 (ropu3oHTaJIbHAS KOOpAUHATA). [ MCTOrpaMMa ToTydeHa IMyTeM YCPEeTHEHHUS 110 JaHHBIM 3a 9 qHel.
OOmiee KOMMYECTBO HCXOJSINIUX 3BOHKOB J3TOTO IMOJMHOXKECTBA, COTJACHO SKCIICPUMEHTATBHBIM

naHHBIM ructorpammsl coorBerctByeT N, =2110. dpyrumu cioBamu, 3a IeHb MO3BOHMIIO MEHbBILE

MOJIOBMHBI a0OHEHTOB BBIOPAHHOTO TMOAMHOXECTBA. [ yCTaHOBIIGHUS 3aBUCUMOCTH ITUIOTHOCTH
(GYHKIIMM ~ pacmpeneNieHHss TOCTPOUM 3Ty THCTOrpaMMy B JorapudmMuveckux  Maciradax.
CootBercTByromuii rpadhuk mnpuBeaeH Ha Puc.l cmpaBa. Jlerko 3amMeTuTh XapakTepHOE UIA
napaboJMYeCKOH  KpUBOM  pacloNOXKEHHE  JKCICPUMEHTANBHBIX  3HaueHWi. KBajgparuynas
anmpoKCUMAIlMsl ATHUX 3HAYCHUH METOJAOM HAWMEHBIIMX KBAJpPaTOB NPUBOAUT K (YHKIHU

In(y) =6.24+0.62-In(x) —0.50-In(X)*. Takas 3aBHCHMOCTh XapaKTEpHA /s JOTHOPMATBLHOTO
pacrnpeieyieHus.
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Puc.2 Hopmuposannas niomnocme pacnpeoenenus ucxooauux 360HK08 nokazana kpysickamu. Henpepuvienas
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Puc.3 Cresa pacnpedenenue 6x00auux 360HK08 3 0eHb NO UX Koauvecmay. 30ecb X 4ucio GXo0sauux 360HK08
abonenmy. Omo ycpeonennvie oannvie 3a 9 oueu. Cnpasa me dce OanHble 8 102APUPMULECKUX KOOPOUHAMAX

Takum 00pa3oM, HCIONB3Yysl SKCIIEPUMEHTAIbHbIE TaHHBIE, IMOJYYUM BHJI JKCIEPUMEHTAIHLHOU
TUIOTHOCTH PAaclpe/eNieHns] MCXOMSAIIMX 3BOHKOB, HOPMHPYS 3HA4YeHUS THCTOTpaMMBI Ha oOfliee
KOJIMYECTBO 3BOHKOB. COOTBETCTBYIOIIAsA 3aBUCUMOCTb ITpHUBEeHa Ha Puc.2

JlorHOopMaibHas TNIOTHOCTH pactpeaeneHne nmeeT Bu [24],[25]

~(Inx=p)
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I'me 0 m u nBa mapameTpa, ONpEAEISIIOLINE JOTHOPMAJIbHYIO IJIOTHOCTh pacmpeneneHus. Tax

2

sl
2

MaTeMaTHYeCKOe  OXHAaHWE [ =€ W JUCTIepPCHs JIOTHOPMANBHOTO  pacIpeleeHus

2 2
2 — A2
o =e" (e —1) BbIpaxkaloTcs uepe3 3TU MapaMeTpbl. Eciu 00603HauMTh KO()(HIMEHTSI,

—_ 2
BXOJdIMe B anmpokcumupyromyo ¢ynkmuo kak  In(y)=c+b-In(x)—a-In(x)°, to wmoxno
YCTAHOBHUTB MAPAMETPHI JIOTHOPMATBHOM MIIOTHOCTH pacipeneaeHus. JleHCTBUTENBHO JIETKO MONYUYHTh,

b+1 1
—_ 2
4T0 U =—— U 0" = —. Hcnomns3ys SKCIepUMEHTAlbHbIC 3HaueHust &, D, momyunm g ~1.1 u

2a
o’ =1.0. Crexyer MOI4EpPKHYTh, YTO MOTyYCHHbIC 3HAUCHHS MAPAMETPOB GIH3KH K exuHuIe. Torma
MaTeMaTHIECKOE OKHIAHHE JIOTHOPMATBHOTO pacnpenenerns 4 ~8, a nucnepcus o ~ 40.
CrnemoBaresbHO, MIOTHOCTh PACHPEACICHUS 110 KOJIMYECTBY HMCXOJSIIMX 3BOHKOB COBIANACT C
JOTHOPMaTTBHBIM pacrpeencnnem. Ilapamerpsr storo pacnpenenenns 4 ~1.1 u o ~1.0 cormacuo

9KCHEPHUMEHTAIBHBIM JaHHBIM.

Ilepeiinem Teneps K 00CYXAEHHUIO IUIOTHOCTH PacIpeesiCHUs BXOAALINX 3BOHKOB Ha MPOTSDKEHUH
onHOro JHsI. DUKCHPYIOTCS BXOISIIME 3BOHKH TOMY K€ IMOJMHOXECTBA aOOHEHTOB 3a IPEKHHH
MEepuoa BpPEMEHHU. OKCIepUMEHTaJbHbIE MaHHBIE B BHUJAE THUCTOTpaMMbl NpuBefeHsl Ha Puc.3.
YcpeaHeHue rucTorpaMMbl TAKKe BBITOJIHEHO 10 9 nHsaM. OOIee 4nuciio BXOIAIINX 3BOHKOB COTJIACHO

rucrorpammbr N;, = 3706 .

KBajipatiunas anmpoKcMMalys JaHHBIX, MPUBEIECHHBIX Ha Puc.3 crpaBa, METOJOM HAWMEHBIIUX
KBagpatoB mpmBoguT K s3asucuMoctd  IN(y) =7.24—0.41In(x)—0.442In(X)?. Kak u Bbue,
W3BECTHBIE 3HAUCHUS KOO(DPHUIMEHTOB MMO3BOJIAIOT YCTAHOBUThH 3HAUCHHS [IAPAMETPOB JIOTHOPMAJIbHOM
IUIOTHOCTH pacmpenenenuii. Jius Bxomsmmx 38oukoB 4~ 0.67, a o ~1.13. Ha Puc.4 npuseieHs!
IKCMepUMEHTAIbHbIe 3HaueHus HopmupoBaHble Ha N,  =3706 wu wHempepsiBHas KpuBasi,
COOTBETCTBYIOIAsH JIOTHOPMAJILHOM IUIOTHOCTH PACIpE/eieHus TIPU HalJIEHHBIX 3HAYECHHUAX O U [ .

Bunno xopoiee cooTBercTBHE 3TUX 3aBuUcuMocTell. Ha camom Jene MOKHO IOCTHYb M JIydlIEro
corjacvs, Yy4YWTBIBasg, YTO HOPMHPOBKA O3KCIEPUMEHTAJIBHBIX TOYEK Opanach IO 3aHHKEHHOMY
3Ha4yeHuto. [IpuunHa 3TOro B HEAOCTATOYHOH CTATUCTUKE M HAJIMYHMIO OOJIBIIOTO YMCiIa HYyJEH Ha
XBOCTE (DYHKIMHU pacrpelesICHHs.

Takum o00pa3oMm, CTaTUCTHKA BXOJALIMX 3BOHKOB TaKX€ NPHUBOAUT K JIOTHOPMAIBHOMY

2
pacnpenenenuto ¢ mapamerpamu (£ =~0.7, a o° =1.1. Cpennee 3HaueHHE BXOMSAIINX 3BOHKOB

2
1 ~3.4 u nucnepeus o ~ 6.7 cornacHo TOrHOPMaIbHOMY 3aKOHY.
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Puc.4 Hopmuposannas niomnocms pacnpeoenenust 6X00auux 360HK08 nokasana kpysckamu. Henpepuvinas
Kpueas coomeemcmeyem 102HOPMAIbHOU NIOMHOCMU pacnpedenenus ¢ NOTyYeHHbIMU napamempamy O u U u3
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CpaBHHBas pacmpencieHUs] HCXONAINX W BXOASIIMX 3BOHKOB MOXKHO 3aMETHTh, UTO CpEIHEe

3HAYECHUE HCXOISIIINX 3BOHKOB ,u* ~8 CylIeCTBEHHO TMpPEBBIMIAET CpPEIHEE 3HAYEHHE BXOJIAIIMX

3BOHKOB ILl* ~3.4. DOro O3HA4YacT, 4YTO MHOXKCCTBO a00OHEHTOB TMO3BOHHBIINX 34 JCHb MCHBIIC

MHOJKECTBA BCEX a0OHEHTOB. MCIoNb3ysl JIOTHOPMAIBHYIO (DYHKIHMIO pacHpeesiCHUs, B TPUHITUIIE,
MOXKHO BBIUMCIIMTh HMX KOJIHYECTBO. Kpome 3TOro, HUCHoib3yss CyMMapHbBIE SKCIEPHUMEHTAIbHEIC
JTaHHBIE 32 9 AHEW, MOXXHO YCTaHOBHTH KOJIMYECTBO a0OHEHTOB, ITO3BOHMBIIUX | pa3 3a 9 qHeil.

3 Pacnpenesienne cnamMepoB

PaccmoTpum Temeps emie n1Ba Tuna aboHeHToB. OIHUX M3 HUX MOYKHO Ha3BaTh CllaMepaMH, KOTOPHIC
JIOCXTAIOT APYTUM CBOMMH 3BOHKAaMH, peKJIaMaMH W T.I. BTopoil Thm abOOHEHTOB 3TO aKTHBHEIE
a0OHEHTHI, KOTOpPBIE COOOIIAIOT O HOMEpaxX CHaMepoB ¢ TpeOOBaHWAMH MX OJOKHPOBAHHA. DTHX
a0OHEHTOB Jayiee OyJeM Ha3blBaTh aKTHBHBIMH. HauHeM ¢ OOCYKJCHHS CTaTHCTUYECKHX JAHHBIX O
3BOHKAX CIaMepOB, OPHEHTUPYSICh Ha MH(DOPMALIHMIO O HUX, MOCTYMAIIYI0 OT aKTUBHBIX a0OHEHTOB.
YcpenHeHHple CTaTUCTHYECKHE IaHHBIE O CllaMepax NpUBEIeHBl Ha THCTOorpamMMme Ha Puc.5 criesa.
[lepuon HaOdrOACHUS W ycpemHeHUS nUpexHuil. Te jxe JaHHbIE B JBOHHOM JiorapH(QMHUYECKOM
Maciitabe npuBeneHsl Ha Puc.5 cnpaBa. HenpepriBHasi KpuBas IEMOHCTPUPYET amMpPOKCHMAIMHHYIO
3aBUCHMOCTbH, TOJYYCHHYI0 METOIOM HAaWMEHBINIUX KBAJpPATOB. JTa 3aBHUCHMOCTh COOTBETCTBYET
KBaJApaTUYHOU

In f =2.95+0.33-In(x) —0.25-In(x)*

Hcnonb3yst 3TO COOTHOIIEHHE, MOXHO YOEAHMTBCS, YTO IUIOTHOCTh (PYHKIHMH pacrpeleleHHs
COOTBETCTBYET JIOTHOPMAJIBHON IUIOTHOCTH pACIpEIENCHHs C TMapaMeTpaMu LU~2 u o =3,
HopMHUpPOBOUHBIN MHOXHTENb ISl TOJNYYEHHs IUIOTHOCTH DACIPEAETICHUsS MO TUCTOTpaMMe paBeH
N, =186. Ucnosns3yst 9Ty IIOTHOCTb PACIPEIEIICHNUs], MOXKHO BBIYHCIIUTD CpeHee 3HaueHue 4 ~18
W ucrepcnio o> ~146 3BoHKOB criamepoB. JIErKO 3aMETUTh CYIIECTBEHHOE MPEBBILICHHE CPEIHEr0
SHAUCHUA HCXOOAIIMX 3BOHKOB OT CIIAMEPOB 110 CPAaBHCHHUIO CO CPE€AHMM 3HAUCHHUE HCXOAAIHNX

3BOHKOB OT OOBIYHBEIX a00HEHTOB. Takyke OOJBIIOE 3HAYCHHE JAUCTIEPCUHN 03HA4YaCT, YTO OTACIIbLHBLIC
a0OHEHTHI MOTYT 110JIy4aTb 3HAYUTCIIbHO OoIblire 3BOHKOB, Y€M CpCAHECC 3HAUCHUC.
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Puc.5 Cnesa pacnpedenenue 6x005uux 360HK06 3a OeHb OM cnamepos. Imo ycpeonennvle oanHule 3a 9 Onell.
Cnpasa me dice Oannvie 6 no2apupmuyeckux koopounamax. Henpepviénas kpusas 5mo 3a6UcuMocmay,
NONYUEHHAS MEeNMOOOM HAUMEHbUUUX K8AOPAMO8

CormnacoBaHHOCTE OKCIICPUMCHTAJIBHBIX OAaHHBIX H HOFHOpMaHBHOﬁ IUDIOTHOCTU pacupeaciICHus
nokaszana Ha Puc.6. BugHo xopoiiiee COOTBETCTBHE 3TUX 3aBUCUMOCTEH.

ITepeiinem Teneph K JaHHBIM OO0 AKTUBHBIX a0OHEHTax. HauHeM CO CTaTUCTHKU 00 HCXOISAIIUX
3BOHKAX 3TOH rpymmbl aboHeHTOB. COOTBETCTBYIOIIAS THCTOTpaMMa IpuBeaeHa Ha Puc.7 cmpasa. B
JIBOMTHOM JIOTapH(MUUECKOM MACIITa0e 3TH TaHHBIC TIOKa3aHbI CIICBA.
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Bunna XapaKTe€pHas KBaJpaTH4Has 3aBUCHUMOCTD. AmHanornyHas aIrpoKCUuManusa IMIPUBOAUT K
3aBUCUMOCTHU BH A

In f =5.11-0.161-In(x) —0.45-In(x)?

0.091
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0.071
0.067
0.0544
0.04{ |
0.031 |
0.021

0.014

. om _m 9

0 50 100 150 200 250 X

Puc.6 Hopmuposannas niomnocms pacnpeoenenuss 6X005uux 360HK08 CNAMEPO8 NOKA3AHA KPYHCKAMU.
Henpepuisnas kpusas coomeemcmeyem N02HOPMANbHOU NIOMHOCMU PACHPeOeNeHUsl C NOYYEeHHbIMU
napamempamu O u [ U3 GnupOKCUMUPYIOWUL 3A6UCUMOCTIU

Kak w panee ko3(pPUIHMEHTH 3TOW 3aBUCHMOCTH OMPEACISIOT IMapaMeTpbl JIOTHOPMAIbHOM
IUIOTHOCTH pachpenenenus. Tak st ucxomsmmx 3BoHKOB 4 ~0.93, a 0’ ~5. 3HaueHus dThX
napamMeTpoB OJHM3KH K UX 3HaYCHHsIM JUIsi aOOHEHTOB B nenoM. CpeqHue 3HaueHHs JIOTHOPMAJIbHOM
IIOTHOCTH pacnpenenenns 4" ~4 u o> ~11 Tak ke OTINYAIOTCS HE3HAYMTEIBHO. Tak aGOHEHTOB B

nenom 1° ~8,a 0 = 40. UHTepecHO OTMETHTB, YTO B CPEIHEM AKTHBHBIC A00HEHTHI 3BOHSAT PEKE U
OTKJIOHEHHE OT CpeJHero MeHblle. MOXHO TNPEeANoNoXKHUTh, YTO HMEHHO 3TO JeNaeT HX
<<4yyBCTBUTEJIbHBIMI>> K 3BOHKaM CIIaMEPOB.

Ha Pwuc.8 mokasaHa TMJIOTHOCTh paclpeleleHns TMOCTPOEHHAas IO JKCHePUMEHTAIbHBIM

JAHHBIM(KPY’KOYKH) W HENpephIBHAS KpHBas JIOTHOPMAJIBHOW IUIOTHOCTH pacrpeaeneHus. Bumaxo
XOpOIIIee COrIacue 3aBUCUMOCTEM.

100+°

804 .

60

409 o

e, sy ee_em ma o o 0 1 2 3 4 In(x)
10 20 30 40 50 60 70 80X
Puc.7 Cnesa pacnpedenenue ucxoosauux 360HK08 3 0eHb OM aKMUBHBIX AOOHEHMO08. Dmo ycpeoHeHHble OaHHbLe
3a 9 oneu. Cnpasa me dice 0annvie 6 ro2apupmuueckux koopounamax. Henpepuignas xpusas smo 3asucumocmo,

noJiy4eHHas MemoOoM HAUMEHbULUX Kea()pamoe



BicHuk XapkiBcbkoro HawioHanbHoro yHisepcuteTy imeHi B. H. Kapasita, 2 0 1 9 71

OO6cyanM Temeps CTATHUCTUKY BXOJAIINX 3BOHKOB akTUBHBIM aboHeHTaM. Ha Puc.8 mpuBenens
COOTBETCTBYIOIINE JaHHBIC B OOBIYHBIX U B JIorapu(MUUECKIX KoopanHatax. [1o 3TUM HaHHBIM CHOBa
HaxXoIuM MapaMeTpbl JIOTHOPMAIBHOW TJIOTHOCTH pacHpeAeieHus], HWCIONb3Ys annpOKCHMAIHIO

In f =5.06+0.82-In(x) —0.67 -In(X)* sKkcrepuMeHTATBHBIX AAHHBIX. I CTATHCTHKH BXOMSIIHX
3BOHKOB IapaMETPhl IPUHUMAKOT 3HaueHus 4 ~1.36, o ~ 5. Kak u paHee 370 IPHBOIHT K CPEIHEMY

2
quClly BXOJJAIIHUX 3BOHKOB ﬂ* ~6 u AucCnepcun G* ~22. Dt 3HaYeHUA IMPEBBIIIAIOT

COOTBETCTBYIOIIIME 3HA4YCHHsS I OOBIYHBIX aboHeHTOB. ClieZJOBaTENbHO, AKTHBHBIE aOOHEHTHI
JIEHCTBUTEIHHO MOYYar0T OOJIBIIE BXOISIINX 3BOHKOB.

0.157
0.107

0.059

O'u T T T T T T o T g T 0 T 0 T = o

0 10 20 30 40 50 60 70 Sb X
Puc.8 HOpMMpOG‘aHHaﬂ nJjontHocmbv pacnpedeﬂelmﬂ ucxodﬂwux 360HKO8 OM AKMUBHLIX AOOHEHMO08 NOKA3AHA
KpyotcKamu. Henpepbzel-taﬂ Kpueas coomeemcmeyem ﬂOZHOpMCUleOIZ njiomuocmu pacnpedeﬂeﬂuﬂ C NOJIY4YEeHHbIMU
napamempamu O u IU us annpoxcwuupy;owuﬁ 3asucumocmu

Takum 00pa3oMm, CTaTHUCTHYECKHE CBOWCTBA a0OHEHTOB TeJIe)OHHOW CETH ONpPEHeISIOTCS
JIOTHOPMAJILHOW TUIOTHOCTBIO PacIpeesICHus, lTapaMeTphl KOTOPOTO 3aBUCAT OT criocoba BbiOopa THIla
CBS3M M TMOJIMHOXecTBa aOoHeHTOB. [IpuunHa, 1O KOTOPOW peanusyercss JIOTHOPMAaJIbHOE
pacrpeneneHue, BO3MOXHO CBsi3aHa C MEXaHW3MOM, KOTODPBIM ObT OOHapy>keH AOCTaTOYHO NaBHO B
pabore [26]. Ilepedopmymupyem nx Ha si3blke 3BOHKOB aboHeHTOB. Ilyctb umcino 3BoHKOB N,
OTIpeiesieTCs B JTUCKPETHOM BPEMEHH CIIEIYIOIIUM YpaBHEHHEM

N, —N; =N,
31ech @, - cllydaiiHas 4acToTa 3BOHKAa. J[pyruMM CJIOBaMH, CKOPOCTb W3MEHEHHS YHCIIa 3BOHKOB
MIPOMOPIIHOHATBHA CITYYaiiHOM YacTOTE W YHCITy CAEIaHHBIX 3BOHKOB JI0 3TOT0. Perrast 3To ypaBHEHHeE ¢
HauaneHbM yenoBueM N =1, perko momyunts

i
N, =]J(1-o,)
j=0
TTocne BeIUMCHEHUS norapmbMa 9TOI'0 PCHICHUA NMMPUXOAUM K PABCHCTBY
i
INN, => In(1+w,)
j=0

Tenepb 3aMCTUM, 4YTO CﬂyqaﬁHLIe qaCTOThI JOJIKHBI OBITH MalIEHLEKUMHU. B IIPOTHUBHOM CJIy4a€ MbI OBI
3BOHHJIN OYCHB 4YacToO. Torna, YUUTBIBasg MaJIOCTh 4aCTOT, OTpaHUYUMCS IIEPBBIM YJICHOM Pa3JIOKCHUSA

norapudma 1 moayIum
i
InN; = Za)j
j=0
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Puc.9 Cnesa pacnpedenenue 6x00suux 360HK08 3a O€Hb OM AKMUBHBIX AOOHEHMO8. DMo YcpeOHeHHble OaHHble 3d
9 oueii. Cnpasa me dice 0anHvle 8 roeapugmuieckux koopounamax. Henpepuvlenas kpusas smo 3a6Ucumocms,
NOLYHEeHHASE MEMOOOM HAUMEHLUUX K8AOPAMO8

2o 0
07690500000000,
T

twa
=3

—
b3

~—

Takum o00pa3oMm, CTaTUCTHUECKHE CBOiicTBa JorapudmMa dYHciIa 3BOHKOB OHPENCISIOTCS
CTaTUCTUYECKUMHU CBOMCTBAMU CYMM MaJIbIX CJ'Iy‘IaI\/'IHI)IX BCJINYHH. Torna MBI MOKEM BOCIIOJIb30BAaTHCA
LUEHTPaJIbHON MpeAeTbHON TeopeMol 0 pacIlpeeIeHHd CyMM HE3aBUCHMBIX CIy4YalHBIX BEJIMYMH (CM.
Hanpumep [27]). CorimacHO KOTOPOH CyMMBI JOCTATOYHO OOJBIIOTO YHCTa HE3aBUCHUMBIX BEIHYHWH,
MMEIOIINX KOHEYHBIE CPEIHUE 3HAYCHUS M AMCIEPCUIO, HOPMAJIBHO paclpeneieHbl. JTO O3HAa4aeT B
HallleM CIIy4ae HOPMaJbHOCTb pacrpeeseHus JorapuMoB WK, YTO ITIOTHOCTh pacIpe/ieleHHs Yucia
3BOHKOB JIOTHOpMAJIbHASL.

0.157
2107

.05

[ T T T ; 7 : T T
] 10 20 30 40 50 60 70 X

Puc. 10 Hopmuposannas niomuocms pacnpeoeienus 6xo0suux 360HK08 K AKMUBHbIM aDOHEHMaM NOKA3aHA
Kpyorckamu. Henpepvienas kpueas coomeemcmeyem j102HOPMANbHOU RAIOMHOCTU PACNpedesieHUst ¢ NOJYYEHHbIMU
napamempamu O u [ u3 anupOKCUMUPYIOUWUL 3A6UCUMOCTIU

4 O6cy:xneHue pe3yabTaToB
TakuMm 00pa3oM, YHCIIO CBS3EH KaK BXOJANIMX TaK W UCXOAAIINX MOMYUHSIOTCS JIOTHOPMAIEHOMY
pacmpeneneHuto. OTIMYKME COCTOMT B 3HAUCHHUAX HapaMeTpoB L U O , KOTOPbIE ONPEACISIOT 3TH

pacnpeznencHus. Jsi BXOASMMX U UCXOAIIMX CBA3CH OTIWYMS STHX MapaMEHTPOB HeOoJblne. Tak,
2
HalpuMep, MapaMeTpsl  JIOTHOPMAIBHOTO — PACIpEleNeHHsT  MCXOimuX  f, ~1, Oout ~1

2
HC3HAYUTCIIBbHO OTIIMYAIOTCA OT MMapMETPOB BXOAAIIUX ,Llin ~0.7 O, = 1.1.
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OpHako cpemHue 3HAYEHUS M OUCHEPCHS ITHX JIOTHOPMAJbHBIX IUIOTHOCTEH pacIpeleeHus

~40, a

~6.7. TlodToMy mJisi YTOYHEHHs STUX MAPAMETPOB CJIEAYET HCIONL30BATh EIlIe

o 2
OTJIMYAIOTCA CYIIECTBEHHO. Tax s OPUBCACHHBIX BBIMIC 3HAYCHUU UL, . 58, O out

/u*in ~ 34 O-*Zin
OOJIBIIINE MAaCCHUBEI OKCIICPUMCHTAJIBHBIX JTaHHBIX. dakTHueckn H>TH mapaMeTpbl  ONPEACIIAOT
COOTBCTCTBYIOIIYIO CJIOXKHYIO CCTh CBSI3EH.

CrnemxyeT OTMETUTh, YTO XOTS B paboTe oOcyxaanach TenedoHHass ceTh aDOHEHTOB, HO OCHOBHOMH
BBIBOJ O JIOTHOPMAJIBHOCTH BEPUIUMH OT CTeNeHEeN OCTaHEeTCs CIIpaBC€JIUBBIM U UISI MHOKECTBA APYIUX
CeTe.

HaanMep, €€ MOXKHO 0XXHAaTb, AJId CETU (1)I/IpM, 6aHKOB " T.II., CBA3BIBAIOIIUXCA C APYTI C APYT'OM.
Bce ocHOBHEIE 3aKOHOMEPHOCTHU 6y,IIYT BBIIIOJIHATHCA U IJI51 HUX.
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BICHUK XAPKIBCbKOI0 HALIIOHAAbHOI'O YHIBEPCUTETY
imeHi B.H. KapasiHa
Cepis «MatemaTMyHe MopentoBaHHA. |HdopmauiHi  TexHonorii. ABTOMaTU30BaHi
CUCTEMM YNpaBniHHAY»

Bunycku danoi cepii po3noscrooaicyiomovcs y akademivHux ma Haykosux xoaax Yxpainu ma 3a it
Medcamu 3 Memor ONepamuBHO20 BUCBIMIEHHA O0O0CHI0NHCEHb Y MAKUX AKMYATbHUX —2ATY35X:
Mamemamuyne ma KOMn'iomepHe Mo0ent08anHs, 004UCTIO8ATbHUL eKChepUMenm, meopis i NPUKIaoHi
Memoou obpobxu ingopmayii, 3axucm iHpopmayii, npoepamuHo-anapamui cucmemu IHPOPMayiiHo2o
abo Ynpaenanio020 NPUSHAYEHHS, 3ACMOCYBAHHA MAMEMAMUYHO20 MOOENI08AHHA Ma CUCMEMHO20
aHani3y y BUCOKUX, HAYKOEMHUX WEXHON02IAX, B8pPAX08YIOYU MEXHON02iI CMBOPEHHs NpPOSPAMHOL
npodykyii. Iputimaiomobcs pobomu, wo 8i0HOCAMbCA 00 HANPAMIE PI3UKO-MAMEMAMUYHUX | MEXHIYHUX
Hayk (basicanuti 06 ’em 6-18 cmopinox). Yci pykonucu peyeH3yomocs.

Ipumimka. Ilpomsazom 2019-20 pp. pedakyiiina Konezisi npu iHWUX DIBHUX YMOBAX HAOABAMUME
nepeeazy pobomam, wo npedCmagieHi aHeailicbKo M0G0, AKWO CIAMMs OMPUMANLA CXGATEHHS Npu
DeYEeH3y8aHHI.

Odpiyitinuii caiim http://periodicals.karazin.ua/mia
http://mia.univer.kharkov.ua

Caum peokonezii http://www.dsmmph.org.ua/bulletin.html

Email: journal-mia@karazin.ua

BECTHUK XAPbKOBCKOI0O HALMOHAABHOIO YHUBEPCUTETA
umenu B.H. KapasuHa

Cepus «MatemaTnyeckoe mMoAenupoBaHue. WUHdhopmaLmoHHbIe TEXHOMOTUK.
ABTOMaTM3UPOBaHHblE CUCTEMbI YNIPaBEHUNA»

Buinycxu oannoil cepuu pacnpocmpansaromes 8 akademMudeckux u Hayu4HvIx Kpyeax Yxpauusl u 3a ee
npeodenamu ¢ Yyenbio ONEPAmu8HO20 OCEEWeHUs UCCIeO08AHUIL 6 CLeOYVIOWUX AKMYATIbHbIX 0OIACMSX:
Mamemamuieckoe u KOMNbIOMEPHOe MOOENUPOBAHUe, GbIHUCTUMENbHBII IKCHEePUMENm, Meopus U
NPUKIAOHBIE MemOoObl 00paboOmKu uHGOpMaYUY, 3awuma UH@OOPMAYUU, NPOSPAMMHO-ANNAPAMHbLE
cucmemvl UHPOPMAYUOHHO2O UNU YAPAGIAIOULE20 HAZHAYECHUs, NPUTONCEHUS MAMeMamuieckKo2o
MOOENUPOBAHUSL U CUCTNEMHO20 AHAIU3A 8 BbICOKUX, HAYKOEMKUX MEXHOA02USAX, BKIIOYAS MEXHOI0SUU
€030anusi npocpamMmuou npodyxkyuu. Ipunumaromes pabomol, OMHOCAWUECS K HANPAGIEHUSIM QUIUKO-
MamemMamudeckux U mexHuyeckux Hayk (dceramenvHulli obvem 6-18 cmpanuy). Bce pyxonucu
PeyeH3upyIomcsl.

Ipumeuanue. Ha npomsoicenuu 2019-20 ce. pedakyuonnas xonnezus npu npoyux pagHvix YCi08Usx
Oyoem omoasams npeonoymerue pabomam, NPeOCMABIeHHbIM HA AHETUUCKOM s3blKe, eClU CMambs
ROIYUUNLA 0000PeHUe NPU PeYeH3UPOBAHUU.

Ouyuansnwiii carim http://periodicals.karazin.ua/mia
http://mia.univer.kharkov.ua
Cauim peokonnecuu http://www.dsmmph.org.ua/bulletin.html
Email: journal-mia@karazin.ua
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