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YIK 656:612 DOI https://doi.org/10.33082/td.2023.4-19.01

POJIb ®PAXTYBAHHSA B CUCTEMI YITPABJIIHHA
MIZKHAPOJHUMMU BAHTA’KHUMU INIEPEBE3EHHSMUAU

O.B. llIkypenko', 51.P. Kopniiiko?, P.P. [Tonos?

n.e.1., mpotecop Kadeapu O6i3HEC-TOTICTHKH Ta TPAHCTIOPTHUX TEXHOJIOTIH,
epoicasnuii ynisepcumem inghpacmpykmypu ma mexuonoziu, Kuis, Yxpaina,
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Anomauisn

Bemyn. [locniooicennsn cnpsamosane Ha ueueHHs poii paxmyeanus 8 cucmemi
VAPABATHHA MIJICHAPOOHUMU BAHMAICHUMY Nepese3eHHAMU. 3 MOMEHMY NOBHOMACUL-
mabnozo émopenenns Pociticoxoi @edepayii na mepumopiio Yxpainu na mixcnapoo-
HOMY DUHKY 6AHMAJICHUX Nepese3eHb noyanu 8idoagamu nepesazy KOMHAHIAM-Hepe-
3UOeHmMam 05l NPOO0BIHCEHHS HAOAHHS NOCTY2 AK KOMRAHII (OpaxmyeanvHuxa, momy
AKYEeHMOoBAHO Y8azy HA NUMAHHAX ONAAMU paxmy y mMpamno8omy CyOHONIAECMEI
uepe3 YKpaincbkozo pesudenma. Jana cumyayis npuszeena 00 npodiem cniamu gpax-
my/mepmeoeo @paxmy/demepeodrcy 3 YKpaiHCbKux KOMNAaHit cyOHOBIACHUKAM, OCKilb-
KU Maxi 6a110mui niamexci He 6xo0uiu 00 NepeniKy KpUMmudHux niamedsxrcie, wo yHe-
Mooicnueniosano ix onnamy, 32i0H0 3 nocmanosoro Kabinemy Minicmpie Ne 153
6i0 24 momoeo 2022 poxy. Mema. Memoio cmammi € 00CiOd#ceHHs poii PpaxmyeanHs
6 cucmemi YynpagiiHHsa MidCHaAPOOHUMU 8AHMANCHUMU NEPEBE3CHHAMU MA GUCEIMICHHS
npobreMamuxy oniamu Qpaxmy Ha MidCHApOOHOMY PUHKY 6 YMO8AX GiliHU 8 YKpaini.
Pesynvmamu 0ocniodicenns 6Ka3yromo Ha me, Wo NUMAHHA ONLAMU paxmy y mpam-
N0BOMY CYOHONIABCMEI Yepe3 YKPAIHCbKO20 Pe3UdeHMA GUABUTIOCS BA2OBUM Y HAOAHH]
nocnye gpaxmosoeo bpoxepa 6 cucmemi YAPAGNIHHA MINCHAPOOHUMU BAHMANCHUMU
nepegeseHHAMU. 13 4acy GUHUKHEHHS NOMEHYIUHUX PU3UKI6 0Ji KoOMnauii gppaxmyeans-
HUKA CMano npocmiuie ix YHUKHYMU WIAXOM ONIamu gpaxmy uepe3 KomMnauii-nepe-
3U0eHmuU, wob He CMUKAMUCH i3 IOMOBAMU OAHKIBCHKUX YCMAHO8 W00 Oniamu u
3 ycima Cynymuimu npoonemamu, AK-om npocmiti cyOHAd yepe3 HeoOmpumanus (pax-
my ma penymayiuni empamu. Yipaina ne ompumysana npubau3Ho wecmu 8i0comxia
NOOAMKOBUX NAAMENCI8 8i0 cymu Gpaxmy. [{ns supiuienns npooremu 3anponoHo8aHo
KPOKU 3 YOOCKOHALEHHS. ONIamu Gpaxmy 6 yMoseax 6iuHu 6 Ykpaini ma epaxyeanHs

© llIkypenko O.B., Kopniiixo 51.P., ITonos P.P., 2023
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8 cucmemi YRpasiiHHA MIZHCHAPOOHUMU BAHMANCHUMU Nepese3eHHAMU: 1) po3pobnenHs
HOBUX 1 YOOCKOHANEHHsL YUHHUX OepocadHux nocmanos Kabinemy Minicmpis npo onna-
my ¢paxmy ma 6cix NoXiOHUX 3 O0OAHHAM 00 NepPeniky OAHUX NIAMeHCi8 SIK MAaKux,
Wo € KpUMuyHUMU Y 30ilICHEHHT IMNOPMHUX | eKCNOPMHUX onepayit, 2) NOKpaujeHHs
630€M038 3Ky U1l 0OMIHY IH(hOpMayicio Midic OAHKIBCOKUMU YCMAHO8AMU, VKDAIHCHKOKO
67140010 Ul IHUWUMU 3AYIKABTEHUMU CTMOPOHAMU, WO CAPUAMUME BUPIULEHHIO OVOb-AKUX
npobiem i Henopo3ymins, AKi MO8 SA3aHI 3 MIJDICHAPOOHUMU Nepee3eHHAMU 8 YKpaiHi
nio uac eitinu. Bucnosku. Bitina 6 Ykpaini npuzeena 00 HOBUX BUKIUKIG | NEPENOH He
Juue OISl YKPAiHCbKUX YUACHUKIE hpaxmoeo2o punky, a i 0as Midchapoouux. Jooam-
KOBO 8apmo 3a3Havumu, wo Ypsao noxasye 3ayikaieHicmy i 8iCUBAC 6CIX HeOOXIOHUX
3ax0018 0Jis1 NOKPAUJeHHA Cumyayii, 32i0H0 3 0CManHbOI0 nocmanosoro Kabinemy Mini-
cmpis 6i0 5 mpagus 2023 p. Ne 445. Haeonowerno, wo 6 CYyOHONIABCMBI HEOOXIOHO
8paxo8yeamu NOCMIlHI pu3uKu ma Henepeodoauysami o6CmaguHu, mum camum OemMon-
cmpysamu eHyYKiCmov 8 YX8aieHHi piuieHb 8 ymoeax nesusnavenocmi. Okpim moeo, yce
sUWe3asHaYeHe ceiouUms npo me, o HeoOXiOHO 8pax08yeamu 6i0N0GIOHICIb HAYIO-
HANbHUX | MINCHAPOOHUX HOPMAMUBHO-NPABOBUX De2YISAMOPHUX AKMI6 8 opeaHnizayii
MIDICHAPOOHUX 8AHMAICHUX NEPese3etb, WO € OCHOBOI0 (YOPMYBAHHS CUCMEMU YNPAG-
JUHHS 8AHMANCHUMU NEPEBE3CHHAMU 8 MIHCHAPOOHOM) CHOYYEHHI.

Kniouoei cnosa: ynpasninms, MidcHapoOHi 6aHMAdICHI nepese3en s, (ppaxmysantisi,
onnama gpaxmy, mpamnoge cyOHONAABCMEO.

THE ROLE OF CHARTERING IN THE MANAGEMENT SYSTEM
OF INTERNATIONAL FREIGHT TRANSPORTATION

0O.V. Shkurenko', Ya.R. Korniiko?, R.R. Popov*
"Doctor of Sciences (Economics), Associate Professor,

Professor at the Department “Business Logistics and Transport Technologies”,
State University of Infrastructure and Technologies, Kyiv, Ukraine,
ORCID ID: 0000-0002-0460-4800
2PhD in Economics, Associate Professor, Associate Professor at the Department
“Business Logistics and Transport Technologies”,

State University of Infrastructure and Technologies, Kyiv, Ukraine,
ORCID ID: 0000-0001-5772-7364
3graduate student at the Department “Business Logistics and Transport Technologies”,
State University of Infrastructure and Technologies, Kyiv, Ukraine,
ORCID ID: 0009-0008-7333-4366

Summary

Introduction. The investigation is focused on the role of chartering in the system of
managing international cargo transportation. Since the full-scale invasion of the Russian
Federation on the territory of Ukraine, the international freight transportation market
began to give preference to non-resident companies to continue providing services as
a charterer company, therefore attention is focused on the issues of freight payment in
tramp shipping through a Ukrainian resident. This situation led to problems with the
payment of freight/dead freight/demurrage from Ukrainian companies to shipowners,
since such currency payments were not included in the list of critical payments, which
made their payment impossible, according to Cabinet of Ministers Resolution Ne 153
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of February 24, 2022. Purpose. The purpose of this article is to investigate the role of
chartering in the system of managing international cargo transportation and to highlight
the problems of paying for freight on the international market in the minds of the war
in Ukraine. Results. The results of the study indicate that the issue of freight payment in
tramp shipping through a Ukrainian resident turned out to be important when providing
the services of a freight broker in the international cargo transportation management
system. Since the emergence of potential risks for the charterer s company, it has become
easier to avoid them by paying the freight through non-resident companies, in order not
to face the refusals of banking institutions to pay and all the associated problems, in
particular, the lay-up of the vessel due to non-receipt of freight and reputational losses.
Ukraine did not deduct nearly six hundred thousand tax payments for freight. To solve
the problem, steps are proposed to improve the payment of freight in the conditions of
war in Ukraine and take into account in the management system of international cargo
transportation: 1) development of new and improvement of existing state regulations of
the Cabinet of Ministers on payment of freight and all derivatives from adding to the
list of these payments as such are critical in the implementation of import and export
operations; 2) improvement of communication and exchange of information between
banking institutions, Ukrainian authorities and other interested parties, which will
contribute to solving any problems and misunderstandings related to international
transportation in Ukraine during the war. Conclusions. The war in Ukraine led to new
challenges and obstacles not only for Ukrainian but also international participants of
the freight market. In addition, it is worth noting that the government shows interest
and takes all necessary steps to improve the situation according to the latest resolutions
of the Cabinet of Ministers 05.05.2023 Ne 445. It was emphasized that in shipping
it is necessary to take into account constant risks and unforeseen circumstances,
thereby demonstrating the flexibility of decision-making in conditions of uncertainty.
In addition, all of the above indicates that it is necessary to take into account the
compliance of national and international regulatory acts when organizing international
cargo transportation, which is the basis of the formation of the cargo transportation
management system in international traffic.

Key words: management, international cargo transportation, chartering, freight
payment, tramp shipping.

Beryn Ta nocraHoBka npo6iemMu B 3arajbHoMy BUDIAi. CrucTeMa yrpaBiiHHS
BaHTKHUMH TIEPEBE3CHHSIMHU B MIKHAPOJHOMY CIIONYYCHHI Nepeidadae BIacHe mepe-
MIlIEHHS BaHTaXYy; €KCIICANPYBaHHs; (paxTyBaHHS, IEPEBaJKy, YIIAKOBKY Ta COPTY-
BaHHsI BaHTAXY; Tepeady IpaB BIACHOCTI; CTPaXyBaHHs PH3HKIB; MUTHI MPOICIYPH
W 1HII omeparlii, SKi MarOTh BiJIIOBiIaTH BUMOI'aM MIXXKHAPOIHOIO Ta HAI[IOHAJLHOI'O
3aKOHOJIaBCTBA. Y Tabmumi | mpeacTaBieHo Mepellik OCHOBHHX HAI[IOHAIBHUX 1 MiXk-
HApOJHHUX PETYIATOPHUX aKTiB, SKI MAIOTh ypaxOBYBaTHCS Y TUIAaHYBaHHI BAaHTa)KHUX
HepEeBE3EHb.

Hunimasa curtyanis B YkpaiHi BHOCHTh CBOT KOPEKTHUBHU y TII00Oami3allilo MiKHa-
POJHMX PUHKIB TOPTiBIIi, a HOBI ClieHapii pO3BUTKY MOJii MOAHS BILTUBAIOTH Ha TJIO-
OanbHi JaHIoru nocradands. ChOTOMHIIIHS KpH3a HA TeONOMITHYHOMY JaHamadri
CIPOBOKYBasa qucbanaHc MOMKUTY Ta MPOMO3HUIIi] Ha BAHTaXKHI IEPEBE3CHHS Ta MOXKE
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npu3BecTH 0 Ga3u OaHKPYTCTBA JESIKMX ydacHHKiB. OjHaK 3apo/ykeHHs (yHJIa-
MEHTaJbHUX MPOOJIEM y TPAHCIIOPTHIH JIOTICTHUII PO3MOYAIOCH IIIe MMiJ Yac maHaeMil
Covid-2019, 0co011BO BCHOTO, 10 CTAJIOCS MICJIS HET — CYTTEBO 3MIHUBCS CBIT JIOTIC-
THKH 3 OTJISAY Ha MOTpedy Y CTIHKOCTI JIAHIIOTa ITOCTAaBOK, HECTAOUTBHICTh (paxTo-
BHX CTaBOK 1 fedinut pecypcis [1].

MixkHapoaHa TPaHCHOPTHA JIOTICTUKA 3ITKHYJIACH 13 QyHIaMEHTAILHUMH MpolIie-
MaMH, SIKi HaBpsIJl Y4 MaTUMYTh KOPOTKOCTPOKOBHI TIEpio/l BUPILIICHHS, 2 TOBHOMACIII-
tabHe BropraeHHs Pociiickkoi Denepaliii Ha TEpUTOPit0 YKpaiHH CIIPOBOKYBAJIO 3HAYHI
MIEPEUIKOAN MO0 CTA0UIBHOTO (PYHKIIOHYBAHHS OIUIATH BAJOTHUX ILJIATEXKIB MO BCIH
KkpaiHi. HeraTuBHUI BIUITMB HAa €KOHOMIKY YKpaiHU Ta 1i MiDKHApOJHY TOPTIBJIIO CIIPO-
BOKYBaB 3HIDKCHHSI 3aI[IKaBICHOCTI 1HO3EMHHX KOMITIAHIH y CIIBIIpalli 3 YKPaiHCbKUMHU
IIO/I0 3/IMCHEHHS MEPEBE3CHb, BIAMOBIIHO, CIIOCTEPIraJioCh 3MEHIIEHHS KITBKOCTI
BaJIFOTHOT'O 00ITy cepe/l 3aisIHMX KOMIIaHil MepeBi3HUKIB, 10 CIIOHYKAE 10 JeTalbHi-
[IOTO BUBUCHHS MUTAHHS 3 HAYKOBOTO TOTIISITY.

Tabmums 1
YMoOBHUIi nlepetik HAIOHATBHUX i Mi’KHAPOTHUX PEryJIATOPHUX aAKTIiB
3aKOHOJABCTBA y c(epi ynpapjaiHHS BAHTAKHUMH NepeBe3eHHIMH
HAHIOHAJIBHI PET'VJISATOPHI AKTH
KOIAEKCHU — HuBinpHUi Koneke Ykpainu;
— l'ocrionapcbkuil koaeke Ykpainu;
— MurtHuit Kogexkc Ykpainu;
— IlonaTkoBuii kKofeKC YKpaiHu;
— Kozmexe ToproBensHOT0 MOperiaBaHHs YKpaiHu;
— IoBiTpsiHUI KofeKke YKpainu;
— 1HII1 KOJIEKCH.
3AKOHM YKPATHU |- ITpo TpaHCHOPTHO-EKCIEUTOPCHKY MisMbHICTh;
— IIpo Tpancnopr;
— IIpo aBTOMOOITEHNUI TPAHCTIOPT;
— IIpo 3ani3HUYHUIA TPAHCIIOPT;
— Ilpo nepeBe3eHHs HEOE3MEUHUX BaHTAXKIB,;
— Ilpo MynsTUMOJATBHI IEPEBE3CHHST;
— IHIII 3aKOHU YKpaiHu.

HIA3AKOHHI — [IpaBuia HagaHHS MMOCIYT Y MOPCHKUX MOPTax YKpaiHH;
HOPMATHUBHO- — IlpaBuia nepeBe3eHHs BAHTaXIB 3a1i3HUYHUM TPAHCIIOPTOM;
ITPABOBI AKTU — CraryT 3ai3H11b YKpaiHu;
— IIpaBuia mepeBe3eHs BaHTaXiB aBTOMOOLIEHUM TPAHCIIOPTOM
B YkpaiHi;

— CraryT aBTOMOOUIEHOTO TPAHCIIOPTY;
— [IpaBuia MOBITPSHIX MEpeBE3CHh BaHTAXKIB;
— IHIIN [iA3aKOHHI HOPMATUBHI aKTH.

MI’KHAPOJHI PEI'VJIATOPHI AKTH

— KonBeHnrist mpo yHigikario geskux mpaBwi npo koHocameHT (["aa3pki mpaBmia), i3 3Mi-
namu (I"aa3pko-BicOilichKi mpaBuiia);

— Kongennis OOH npo mopcbke niepeBezeHHs BaHTaxiB (I'aMOyp3bki mpaBuia);

— Konsenrist OOH mpo goroBopu mpo MoBHICTIO 200 YaCTKOBO MOPCHKE MXKHAPOIIHE Iepe-
Be3eHHs BaHTaxiB (PoTTepaaMchki npaBuna);

— KonBeH11ist mpo 10roBip MiXXKHapoaHOTO aBTOMOOLTEHOTO NepeBe3eHHs BanTaxis (KI1B);

— KonBenrist mpo mi>kHapoaHi 3amizHngHI nepeBezeHHS (KOTID);

— Yrona nmpo MbKHapoJHe 3ali3HHYHe BanTaxHe cronydenns (CMI'C);

— Mixnapozaui npasuia INCOTERMS 2020;

— 1HII MDKHAPOJIHI PETyISATOPHI aKTH.
Locepeno: cghopmynvosano agmopamu
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AHaJi3 ocTaHHIiX gocaiTxkeHb i myOsikanii. locuts mupoxe Koo MUTaHp y Hay-
KOBili CITLIBHOTI BHCBITIIIOIOTHCS Ta TIOB’sI3aHi 13 MPOIECOM YKIaJaHHS (paxToBOi
YTOJIX MiK CYJTHOBJIIACHHKOM 1 ppaxTyBasbHUKOM. JIopedHo 3rafaTh mpo BITYU3HIHOTO
HaykoBisg 1O.0. Kockiny [2], sika BHBYajla OCHOBHI IHTEPECH CYIHOBJIACHHMKA IIOI0
3MICTY MPOMO3HUIIT 3 YKJIAJaHHS yroiu peiicoBoro (paxryBaHHS Ta (GOPMYTIOBAHHS
3acaj 1 KpUTepiiB OIIHKKM MPOIO3MIIN i3 METOI0 BHOOPY 3 THX 3alpOIIOHOBAHUX, 3
SIKUMH Ma€ CEHC TIEPEXOIUTH JI0 MOJAIBIIOrO eTaly — MeperoBopi. Takok aBTOpKa
BUBUAJIA i TUTaHHS TPOLIECY 3alydCHHs Cy[IHA JUUIsl BAKOHAHHS TIEPEBE3CHHS BAHTAXKY
3 MMO3MIII{ BAaHTa)KOBJIACHUKA, SIKWH B yrozax i3 GpaxTtyBaHHs CylaHa BUCTyNae ppaxry-
BabHUKOM [3]. M.O. Manaxkciano i O.M. MenbHUK y cBoiii HayKoBiii nipai [4] 3ampo-
MTOHOBYBAJIM OOTPYHTYBaHHSI BHOOPY CyJHa JUTS paxTyBaHHS HA yMOBAX TaliM-4apTepy
3 ypaxyBaHHSM MOMJIMBOCTI HOTO BUKOPUCTAHHS JUIsS TIEPEBE3CHb HEraOapUTHUX
BaHTaXIiB. Y HayKoBiil mpati [5] iHO3eMHI BYEHI JTOCHIAMIA BIUIUB (PaxTyBaIbHUKIB
1 BIACHUKIB Ha CTaBKH (paxTy HAJMBHUX NIEPEBE3CHb, 3AMPONIOHYBAIH MOJIETb (OPMY-
BaHHS Tapu(QiB Ha (paxT B IHAMBIAyaAIbHUX KOHTPAKTAX, sIka BKJIIOYA€E HEOTHOPITHICTh
(paxTyBaNbHUKA Ta BJIACHUKA, €(DEKTHU BiIIOBIIHOCTI BJaCHHKA Ta (h)pPaxTyBaJbHUKA.
€ B HayKOBil JliTeparypi ¥ iHII PoOOTH, CIIPIMOBAHI Ha BUBYCHHS MAPKETHHTY CYIHO-
TUTABCTBA 3 OPIEHTAIIE€I0 HA KIIIEHTIB, 16 PO3KPUBAETHCS MTUTAHHS IICUXOJIOTIT Ta KyIIi-
BEJILHOI MOBEIIHKH ()paxTyBalbHUKA Ta BAaHTAXKOBIANPABHUKA HA PUHKY TPaMITOBHX
1 THIHHUX TIepeBe3eHb. 3rajiani Mpaili pO3KPUBAIOTH BXKJIMBE Ta IIUPOKE KOJIO MUTaHb,
MPOTE M03a yBarol aBTOPIB 3IMIIMIOCH IUTAHHS OIUIATH QpaxTy, SKe MOCTaNIO0 Yepes3
noBHOMacITabHe BropraeHHs Pociiicbkoi @enepartii Ha TepuTopiro YKpaiHu, o CrpH-
YHHWIJIO HU3KY HemnepenoadyBaHuX Npo0iieM Ha MI>KHAPOJAHOMY PHHKY.

MeTto10 cTaTTi € TIPOBEACHHS JOCITIHKEHHS, SIKe CIPSMOBaHE Ha BUBUCHHS POJI
(dpaxTyBaHHs B CHUCTEMi YNpaBIiHHSI MIKHAPOJHHMH BaHTOKHUMHU IE€PEBE3CHHIMH
Ta BHUCBITJICHHS MPOOJEMATHKH OIUIATH (PpaxTy HAa MIKHAPOTHOMY PHHKY B YMOBax
BiliHM B YKpaiHi.

Bukiag ocHoBHOro MaTepiajy AocaizkeHHsl. Yro/a i3 GpaxTtyBaHHS cy/HA Ha pEHC
(ToOTO "apTep mapTii) MO CyTi € JOrOBOPOM PO BUKOHAHHS 03HAYCHOTO PeiCy 3 mepe-
BE3CHHsI BU3HAYCHOTO BAHTAXY MiXK HA3BAaHUMH TTOpTaMH. Taka yroja yKiaJaeThCs MixK
CYTHOBJIACHHKOM, SIKM BUCTYIIA€ TICPEBIZHIKOM BaHTAXY, Ta (PPaxTyBaTEHUKOM — 0CO-
0010, sIKa € BaHTAXXOBJIACHUKOM a00 MpecTaBise Horo iHTepecH [2]. 3a3Buuaii Takuii
JIOTOBIp YKJIAJAA€ThCS HA B3a€EMOBUTITHHUX JIJIsI 000X CTOPiH YMOBAX 3a MOCEPEIHUIITBA
(dpaxToBoro Opokepa, KUK 3IIHCHIOE aHANI3 PUHKY 3 METOIO MOUIYKY BUIBHUX CYACH
JUISL TIEPEBE3CHHS 3asBIICHOTO B YTOJli BAHTAXKY.

®paxToBUIl PHHOK — II€ PUHOK XKHBOT KOHKYPEHIIi1, SKUH (OPMY€ETHCSI il BIULTHBOM
100ai3aifHuX MPOIECiB, KOJIU 3MiHM TOMUTY B OMHOMY KYTOUKY CBITY HPHU3BOJISTH
JI0 3MiH IIiH 1 po3ropTaHHs (GJI0Ty B 6araThOX iHIIMX KYTOUKaX CBITY, 3aJICXKHTH BiJ] pery-
JISIPHOTO TIPOIIECY B3a€MOJIi BEJIMKOT KUIBKOCTI YYaCHHKIB MIXKHAPOIHHUX IEPEBE3CHb.
OxpiM TOTO, € OE3ITiY IHIINX YHHHUKIB, K1 BIUIMBAIOTh Ha (paxToBy cTaBKy (puc. 1).

JopedHo nopaTH, 110 HA PO3PaxXyHOK CTaBKH (PpaxTy BIUIMBAE HE JIUIIE 3TajaHuil
MepeNiK YMHHUKIB, BiH 3aJIE)KUTh BiJl 00CATY BaHTaXy, HOTO Bard abo KiIbKOCTI OTU-
HUIIb, PETYISPHOCTI MIepeBe3eHb, MOTITUYHOT CUTYAIlil, CTpaxyBaHHs Tomo. J[o Toro
11 HE MPOCTE MHOYKSHHSI IIHU Ha KiJIbKICTh, € 0a30Ba CTaBKa, JI0 KO JOMAOThCS Pi3Hi
JIOTUTAaTH: 000B’SI3KOBI JIOTIJIATH, CTICI[ialIbHI JOTUIATH (SIK-0T HaJ0aBKa 3a TPOXOKEHHS
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CyenpKoro kaHaiy, Hal0aBKa 3a IEPEBHILCHHS Bar'l), TAMYACcOB1 Ha10aBKH (Y 3HMOBHI
Tepio] UM MiKOBUH MepioJ] MepeBe3eHb) i OTUIaTa T0JaTKOBUX MOCIYT, SIKi HAIal0ThCs Ha
BHUMOTY 3aMOBHHKA 3 METOIO PO3IIMPEHHS CEPBICY 00CIYrOByBaHHS KITIEHTIB.

Biiina B YkpaiHi TOpKHYJIACh YCiX cdep KHUTTETISUILHOCTI. 3 MOYaTKy MOBHOMACIII-
TabHOoro BroprueHus Pocilickkoi Deaepariii Ha Teputopito Ykpainu nepen OiIbImiCTIO
TPAHCHOPTHO-JIOTICTHYHUX KOMITaHif TMOCTaN0 MUTAHHS yXBAJICHHS PIlICHHS MIONO
MIPUITMHEHHS BEACHHS MOMAAJbIIOro Oi3HECYy 13 KpaiHor-arpecopoM. Yepes yuciieHHI
BIlICHKOBI 3JI0UMHH, CKO€eHI Pocilickkoro Deneparii€to, HUHI CITIBIPAI0 3 HEHO MOXKHA
pO3IVISIIATH K MIATPUMKY TOPYLICHHS TIpaB JIIONWHH, JaHE PIilIeHHS Moxe OyTH
(aranpHUM IS penyTaiii kommanii. Tak, i3 24 motoro 2022 p. Oyno 3adikcoBaHO, MO
KpaiHa-arpecop 3AiicHMIA IoHaiiMeHIe 12 HamaaiB Ha IUBLUIBHI CYJIHA, Ki mepedy-
Bany B akBatopii YopHoro Mopsi, a 3 MHTI mianucanHs «HOpHOMOPCHKOT 3epHOBOT iHi-
[iaTUBW» HamaiB Ouiklie He Oyno 3adikcoBano [6]. OaHAK MIaBydi MiHHI OIS B3OBK
YKpaiHCHKUX TEPUTOPIaTBHUX BOJl YHEMOXKITUBIIIU BiIbHE Ta O€3MeUHe CYJHOIIIABCTBO,
IO CIIPUYMHIIIO 3MiHH y CTPYKTYPi POpPMyBaHHS MI>KHAPOHHX JIAHIIIOTIB TOCTaYaHHsI.

YkpaiHChKi KOMIaHii 3ITKHYJIUCS 13 KIIF0YOBOIO MPOOJIEMOIO — BiJIMOBOIO BiJl OILIATH
(dpaxTy y TpaMIOBOMY CYIHOIUIABCTBI Uepe3 yKPaiHChKOTO PE3HJICHTA Ta BUKOPHUCTAH-
HSAM KOMIaHIH-HEPE3UACHTIB JJIs IPOIOBKEHHSI HaJJaHHsI TOCIIYT K KOMITaHii hpaxTy-
BaJIbHMKA, 110 MIPHU3BENIO 0 MpoOIeMHu CIuiaTh (ppaxTy/MepTBOro (Gppaxry/maeMepeKy
3 YKpaiHChKMX KOMIIaHill CyJTHOBJIACHWUKAM, a/KE JaHi BAIIOTHI IUIATEXi HE BXOAWIN
JI0 TIepeITiKy KPpUTHYHHX TUIATEXIB, 1 YHEMOXKITMBIIOBAIIO 1X OIUIATY, 3TiIHO 3 TIOCTaHO-
Boro KabGinery MinictpiB Ne 153 Bix 24 motoro 2022 p. [7].

Puc. 1. Ilepenix ¢hakmopie eniuey Ha popmyeanms ¢paxmogoi cmasku
Iicepeno: cihopmynvosano asmopamu
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JlopevHo 3a3Ha4MTH, IO TPAMIIOBUM CYJHOM (BiJ aHIIiCEKOTO clioBa “tramp” —
Opo/sira) Ha3MBaKOTh CYJHO, SIKe 3IHCHIOE HEPETYJIAPHI peiicu, 0e3 YiTKOro po3KiIamy
Ta 32 HANPSIMKOM, SIKUI BU3HAYa€ CYAHOBIIACHUK 3aJIS)KHO BiJl MOMUTY 3 OOKy (paxry-
BJILHUKIB Ha TOHHAX. TpaMIIOBi Cy/lHA TPAHCTIOPTYIOTh B OCHOBHOMY MacOBi BaHTaXi:
PYZy, BYTJLISA, 3epHO, HA()TONMPOIYKTH ¥ 1HIII, 110 TEPEeBO3STHCS HACUIIOM, HABaJIOM a00
HanuBoM. OfiHaK OUTBIIICTH TPAMIIOBUX CYJCH YHiBepCalbHI, MOXKYTh B pa3i OTpeOH
MEPEBO3UTH TaK 3BaHi TeHepalIbHI IPy3H — YIIAaKOBaHi Ta HEe YIIaKOBaHi TOBAPHO-IITYYHI
BaHTaXI1, HANMPHUKIIAI: OOJIaJIHAHHA, XIMIKaTH, araparypy, METaJIOBHPOOH, aBTOMOOLI,
TPaKTOPH, CLIBCHKOTOCTIONAPCHKY TexHiKYy. OTiKe, Ha TPaMIIOBHX CYJHAX ITiJi BAHTaX
MoXe OyTH HaJIaHO BCe CyAHO ab0 HOTro YacTHHA, a00 OKpeMi BAHTaKHI pUMileHHS [ 8].

VY 3B’53Ky 3 BHIICONHMCAHOI MPOOIEMATHKOI YKPAaiHCHKMM KOMIIaHIisSIM JIOBOJIH-
JIOCH TIPOBOJUTH IUIATEXI Yepe3 KOMIIaHii-Hepe3WJICHTH IHIIMX KpaiH, THM CaMuM
JeprkaBa BTpadana 6% omonarkyBaHHs Bijl BUIDIaT cymu (paxry. [1ig gac 3amyueHHs
0aHKIBCHKUX YCTAHOB i IOPUAMYHHUX KOMIIAHIH JJIsl TIOMIYKY PillIeHb JaHOTO IMHUTaHHS
BPaxXOBYBAJIUCh YCI aCMEKTH HAI[IOHAJIHHOTO Ta MIXKHAPOIHOTO 3aKOHO/IABCTBA, IMOYH-
HAIOYM 3 BHBYCHHS BCIX HOPMAaTMBHHX akTiB, mocTaHoB KaOiHery MiHnicTpiB Vkpa-
inn 1o Komekcy ToproBenbHOro MoperuiaBcTBa YkpaiHw. [lin dac BupimieHHS crip-
HUX MOMEHTIB Yy CY/IOBOMY TpOIIECi MK CYJTHOBJIACHUKOM 1 (ppaxTyBaJIbHUKOM OyIio
BUSBJICHO HEBIAMOBIIHICTD 1 pi3HuUI0 Mixk KomekcoM Toproporo MopermiaBcTea AHDIIT
Ta KojiekcoM TOproBeILHOTO MOPEIIaBCTBAa YKpaiHu. Taky CHTyaIlito MOXKHA PO3TIIs-
HYTH 3 TIO3HIIiT HEBIIMOBITHOCTI, PO SIKY OyJ10 3raJlaHo B JINCTI BiJl OaHKIBCHKOI ycTa-
HOBH SIK pO3’CHEHHS: «B YKPalHCHKOMY 3aKOHOJIABCTBI MOHATTS «MEPTBOTO (ppaxry»
HEMa€e YiTKOTO BilOOpa)keHHs, a B PI3HHX JDKEpeJax CIIOCTEPIracThesi HOro pi3HMM
OIKC, TO MaEMO PEKOMEHJIAIIIO Bijl FOPUCTIB OaHKY 3alMUTaTH Yy KIi€HTa po3mmdpy-
BaHHS 1HBO¥Ca MEPEBI3HUKOM (UM 11 BIIIIKOJYBaHHS 30MTKIB UM JIOILIaTa 33 MOCTYTH
3TiIHO 3 (PaKTHYHUMY BUMIPIOBAaHHSIMH Ta TIONEPETHIMH JOMOBICHOCTSIMH).

Oco06aHMBOCTI YKpaTHCHKOTO 3aKOHOABCTBA CBIMYATH MPO TE, IO TEPMIH «MEPTBHH
(dpaxT» 03HAUAE BIAMIKOMYBaHHS Pi3HUII MiX KUJTBKICTIO BAHTaXKY, 3asBICHOIO JIO TIepe-
BE3EHHSI B JIOTOBOPI MOPCHKOTO TEPEBE3CHHS, Ta (JaKTHYHO 3aBaHTAKEHOIO Ha CY/IHO.
[MpuunHy, 32 SIKMMK BaHT2XXOBIANIPABHUK HE HAJaB HAJEKHY 32 YapTEPOM KiJIbKICTh
BaHTaXYy, MOXYTh OyTH Pi3HHMU: MOTO/IHI YMOBH, HECIIPABHICTh HaBaHTaKyBaJbHOTO
oOnagHaHHg a00 TPaHCHIOPTHUX 3aco0iB ToIO. [IpoTe B Oyab-IKOMY pasi CyIHOBIIAC-
HUK Mae€ MPaBo BUMaraTy orJiaty (ppaxTy 3a Bech 3asBICHUI TOHHAK.

VY Kozekci TOpProBesibHOTO MOPEIUIABCTBA YKpAiHW HE BXXHTO TEPMiH «MEPTBUH
(dpaxT» IOCIIBHO, MPOTE I[IIKOM YiTKO Ta SCHO BHU3HAUEHO OOCTaBHHM, 3a SKHX BiH
BUHHKAE, BU3HAUCHO MPABO CYJAHOBIIACHUKA BUMAaraTH OILIaTy 3a HEJOBAHTAXEHY KiJlb-
Kicth. Tak, y ct. 155 «BianpaeneHHs1 cyJHa 3 HENOBHUM BaHTaxem» Kopjekcy Topro-
BEJIBHOTO MOPEIUIABCTBAa YKpaiHU BU3HAYCHO: «Y pasi, SIKIIO BIANPABHUKY HAAAHO JUIS
MEePEBE3EHHsI BCE CY/IHO, MEPEeBi3HUK 3000B’s3aHUI Ha BUMOTY BiJlIpaBHHKa BiJmpa-
BUTH CY/JIHO y TUTaBaHHS, HAaBITh SKIIO HE BECh BaHTaX OyB HaBaHTaxeHHH. [IepeBizHUK
y IbOMY BUTIAJIKY 30epirae npaBo Ha OBHUH (hpaxT» [9].

3aranom MOXXeMO CTBEP/IXKYBATH, [0 OTIMCaHa MpolieMaTrKa oriaTti Gpaxry y Tpam-
MMOBOMY CYJHOTUIABCTBI Ha MEPIINH MOIIIS] MOXKE 3/1aTHCSI HEBATOMOIO, OJIHAK MPaKTH-
KOO JIOBE/ICHO, 110 JUISI KOMTaHii-(ppaxTyBaJbHUKA MPOCTIIIe YHUKHYTH Ta CIIPOCTUTH
BUPILICHHST NPOOJIEMH NUIIXOM OIUIaTH (paxTy yepe3 KOMIaHii-Hepe3uJCHTH, MI00
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HE CTHKATHUCh i3 BiIMOBaMH OaHKIBCHKHX YCTaHOB IIOJIO OIUIATH, 3 yCiMa CYMyTHIMHU
npoOieMamu, SIK-0T IPOCTiH Cy[JHA Yepe3 HeOTPUMaHHs (HpaxTy Ta permyTalliiiHi BTpaTH.

YbauaeMo HEOOXiTHHUM 3alpPOINOHYBATH TaKi KPOKH JUIsl BIOCKOHAJICHHS OIUIaTH
¢bpaxTy B yMOBax BiliHH B YKpaiHi:

1) po3po0sicHHS HOBUX 1 YIOCKOHAJCHHS YMHHUX JIEpPKaBHUX MmocTaHoB KaOiHery
MinicTpiB npo oruiaty gpaxTy Ta BCiX MOXiAHUX i3 JOAAHHSM 0 MeperiKy JaHuX Iia-
TEXIB SIK TAKUX, 0 € KPUTUIHUMH y 3[[IICHEHHI IMIOPTHUX 1 €KCIIOPTHUX OTEpaIliii;

2) moKpaileHHs B3a€MO3B’s3Ky U 0OMiHy iH(opMaliero Mixk OaHKIBCBKHMH ycCTa-
HOBaMH, YKPaiHCHKOIO BIIAJIO0 W IHIIMMH 3aI[iKaBJICHUMHU CTOPOHAMM, IO CIIPUATHME
BUPILICHHIO OyIb-SKUX MPOOJIEM i HEOPO3yMiHb, sIKi TIOB’s13aHi 3 MXKHAPOJHUMH Tepe-
BE3CHHIMHU B YKpaiHi Iij] yac BilHH.

BucnoBknu. BiitHa B YkpaiHi nmpu3Besa 10 HOBUX BUKIIUKIB Ta IIEPENOH HE JIHIIE JUTS
YKpaiHCHKUX YYacHHKIB ()PaXTOBOTO PUHKY, a U JUIS Mi>KHApOAHUX. JI0maTKOBO BapTo
3a3HAYUTH, O YPsiI TIOKA3YeE 3alliKaBICHICTh, POOUTH yci HEOOXiqHI KPOKH JIJIsl TOKpa-
IICHHS CHTYyallii, 3TTHO 3 OCTAaHHBOIO MocTaHoBOK KabineTty MiHicTpiB B 5 TpaBHS
2023 p. Ne 445. JlopedyHO HAroJIOCHTH, IO B CYIHOILIABCTBI HEOOXiHO BpaxOBYBaTH
MOCTIlHI PU3UKH Ta HemependadyBaHi 00CTaBUHH, THM CAMHUM JIEMOHCTPYBaTH THYY-
KiCTh B yXBaJICHHI PillIeHb B yMOBaxX HeBU3HaYeHOCTi. OKpiM TOTO, yce BUILlE3a3HAYCHE
CBITUUTH TIPO TE, 110 HEOOXiTHO BPaXOBYBATH BIAMOBIIHICTh HAI[IOHAJBHHUX 1 MiXKHAa-
POHUX HOPMATHBHO-IIPABOBHUX PETYISATOPHUX aKTiB B OpraHi3ailii Mi>XHapOJHUX BaH-
TaXXHUX TIEPEBE3CHB, 1[0 € OCHOBOIO (POPMYBaHHS CUCTEMH YIPABIiHHS BaHTAKHUMHU
NepeBEe3CHHSIMHU B MIXXKHAPOIHOMY CIIOJTyUYESHHI.
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YTOYHEHHSA KOOPAUHAT IIPU NOIIYKY MOPCBKHUX MIH
3ACOBAMMU KIHEMATHYHOTI'O TPOEKTYBAHHA
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Anomauisn

Pozenanymo axmyanvne ona €eponu Ha nepio0 aKmMueHO20 pO320PMAHHA HA ii
mepumopii 60€HHUX NPOMUCIOSIHbL NUMAHHS PO3MIHYB8AHHS MOPCLKUX pelidis i nopmis.
3anpononosano pozumupumu ROULYKO8i MONCIUBOCHIE KAMePiG-MPAaiGHUKIE O0YyYeH-
HAM 00 HUX OONOMIJNICHUX NOULYKOBUX NIagyqux 3acobis. Lle 6 niemopa-0ea pasu 30iib-
wye niowy echekmuerHo2o nowyKy, smeruiye Ha 25—-30% sumpamu naauea Ha noOuLyKosi
nepexoou naiasyyux 3acoois.

3anpononosani AK ONMUMANLHI MPAEKMOPIS NOULYKOBUX NepeMilleHb NAaA8yuUX
3acobis 3a cnipannio Apximeoa ma mMemoouxka 8UHA4eHHs KOOpOUHam MiH 3acobamu
KIHeMamuyHo20 NpOEKMYBAHHA.

Tepemiwenna nouykogux cyoeH 3a cnipaiiio Apximeoa pekomeH008aHO 3 MiPKY8aAHb
gidcymHocmi 6 maxiti mpaekmopii cmpimMKux nogopomie ma 360POMHO-NOCMYNATILHUX
PYXi8, AKi HebadiCcari 01 NOWLYKOBUX nepemiuyenb Kamepis-mpaibHukie. Boonouac ycy-
8aembcs Hebe3neka HasA8HOCHI HeoOMeXHCeHUX OLIIHOK NOBEPXHI 80OOUMU YU MODSL.

Ax 00un i3 Hatldie8iuux 8apianmis 3HEUKOONCeHH MIH 3aNPONOHOBAHO iX Niopu-
8aHHs OOE3aPAOAMU, CKUHYMUMU 3 TIMATIbHO20 Oe3NLI0MHUKA-TIKEI0amopa.

na ymounenns xoopounam po3mauly8auHs AKIPHUX | OOHHUX MIH HPONOHYEMb-
€A 3aCMOCYBAHHA MEeMOOUKU KIHeMAMU4HO20 NpOEKMy8ants. Ll memoouka nepeo-
bauae opmysanns 0a3060i NAOWUHU MA HPUSHAYEHHS 8 MOBUW MOPCbKUX 2IUOUH
«KapMUHHOI» NIOWUHU NPOEKYIL, HA AKY NPOEKMYBAMUMYMbCA NPoMeHi. Y Oanomy
pasi 00’€Kmom NpOEKMYBAHHA CNY2YE POULYKYBAHA MIHA. 3ACMOCY8AHHA MEMOOUKU
KIHeMamuyHo20 NPOEKMYBAHH MA OONOMINCHO20 NIABYH020 NOULYKOBO20 CYOHA O

© Adranasis I.C., lleuyk JLI., Ctporan O.I., lleBuyk A.O., 2023
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ROWLYKY MiH 0036075€ He MINbKU 30ICHIO8AmMU NOUYK08I pobomu be3 be3nocepeonboi
yuacmi 6 HuX ar00etl, a i RIOSUWUMU NPOOYKMUBHICIND | WUEUOKICHb 3A3HAYEHUX POOIMm.

Jna xepysanusa nepemiuyeHHAMU NOULYKOBUX NAABYUUX 3ACO0i6, ONA ONpAYO8AHMS
HAO0aHux OaHUX Npo GUAGNEHY MIHY, /i YMOUHEHHS KOOPOUHAM BUABNeHOT MIHU 3anpo-
NOHOBAHA BIONOBIOHA ONLOK-CXeMA KOMN T0MepHOi npocpamu.

Yemanoeneno, wjo na weuOKkoCcmAx NOWLYKOSUX nepeMiujeHb NIasyuux 3acobis
5+35,5 8y3ni6 3a 00nOMO2010 3aNPONOHOBAHOT CXeMU NOULYKY MONCHA WO200UHHO 0OCHe-
arcysamu 00 6 K8aopamHux Kilomempis axeamopii mops. Boonouac na obcmedicenni
maxoi niowyi ModxcHa 3ekoHomumu 0o 20 nimpis apmicHo2o nanuea 3a805AKU 3MEHULeH-
HIO nepemiujeHb Kamepa-mpaiiGHuKa.

Knwuoei cnosa: nowyk, akipna ma OOHHAG MiHU, PO3MIHYS8AHHA, Kamep-mpaieHUK,
408eH, 000amKO8ULL NAasy4ull 3acio, OI0K-cxema, po3PaxyHox, KOOPOUHAMU.

CLARIFICATION OF COORDINATES WHEN SEARCHING
FOR SEA MINES BY MEANS OF KINEMATIC DESIGN

LS. Aftanaziv!, L.I. Shevchuk?, O.I. Strohan3, A.O. Shevchuk*
"Doctor of Technical Sciences, Professor of the Department Geometry
and Engineering Graphics,

Lviv Polytechnic National University, Lviv, Ukraine,

ORCID ID: 0000-0003-3484-7966
"Doctor of Technical Sciences, Professor of the Department Organic Products Technology,
Lviv Polytechnic National University, Lviv, Ukraine,

ORCID ID: 0000-0003-3484-7966
3Candidate of Technical Sciences, Assistant of the Department Geometry
and Engineering Graphics,

Lviv Polytechnic National University, Lviv, Ukraine,

ORCID ID: 0000-0002-1790-6736
4Assistant of the Department Geometry and Engineering Graphics,
Lviv Polytechnic National University, Lviv, Ukraine,

ORCID ID: 0000-0001-8963-4082

Summary

The issue of demining sea raids and ports, which is relevant for Europe during the
period of active deployment of military confrontations on its territory, is considered.
It is proposed to expand the search capabilities of trawler boats by adding auxiliary
search vessels to them. This increases the effective search area by one and a half to two
times, reducing by 25—30% fuel consumption for search passages of floating vehicles.

The optimal trajectory of search movements of floating vehicles along the
Archimedean spiral and the method of determining the coordinates of mines by means
of kinematic design are proposed.

The movement of search vessels along an Archimedean spiral is recommended due
to the absence of sharp turns and reciprocating movements in such a trajectory, which
are undesirable for the search movements of trawler boats. At the same time, the danger
of having unlimited areas of the surface of the reservoir or the sea is also eliminated.

As one of the most effective options for the disposal of mines, their detonation with
warheads dropped from an aerial liquidator drone has been proposed.
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1o clarify the coordinates of the location of anchor and bottom mines, it is proposed
to use the kinematic design method. This technique provides for the formation of a base
plane and the designation of a “picture” projection plane in the depth of the sea, on
which the projecting rays will be projected. In this case, the wanted mine serves as a
design object. The use of kinematic design techniques and an auxiliary floating search
vessel to search for mines allows not only to carry out search operations without direct
participation in the search of people, but also to increase the productivity and speed of
search operations.

In order to manage the movements of the search floats, to process the data provided
by them about the detected mine, to specify the coordinates of the detected mine, a
corresponding block diagram of the computer program is proposed.

It was established that at speeds of 5+5,5 knots of search movements of floating
vessels, using the proposed search scheme, it is possible to survey up to 6 square
kilometers of sea water area every hour. At the same time, it is possible to save up
to 20 liters of valuable fuel during the survey of such an area due to the reduction of
movements of the trawler boat.

Key words: search, anchor and bottom mines, demining, trawler boat, boat,
additional floating vehicle, block diagram, calculation, coordinates.

Beryn. Crnenngiuaoro 0coONUBICTIO PO3BUTKY HAYKH Ta TEXHIKH BIIPOJOBXK MeEp-
mux gecsatinith XXI CT. € MpakTHYHO MUTTEBE BIIPOBAJKEHHS HOBITHIX Pe3yJbTarTiB
JOCIIJKEHb Y KOCMIUHY Ta BIMCHKOBY Taiy3i. SIk HacHiJIOK — PO3BUTOK IMX TaTy3ei
HaOyB HEUYBaHUX PE3YJILTATIB 1 MOKIIUBOCTEH.

He omuHyno BripoBa»KeHHS! HAYKOBUX JIOCSTHEHb 1 Taky cnenuidHy ramysb Biid-
CHKOBOTO 030pO€HHS, SIK MiHU MOPCHKOTO 3acTocyBaHHs. CydacHi BUOYXOBI MaTepiaim,
10 3HAYHO TIEPEBHUIIYIOTH 32 PYHHIBHOIO 31aTHICTIO TPAAUIIHHI TUHAMIT 1 HITPOTOIYOII,
CIIPOMOXKHI pearyBaTH Ha aKyCTHYHi, €JIeKTPOHHI Ta BiOpamiliHi 30ypeHHs MOBEpXHI
MOpsi, 371aTHI BUSBIIATH IiJi, BUBUIBHSATHCH BiJI yTPUMYIOUHX TPOCIB YW BUILIMBATH
3 MOPCBHKOTO JTHA Ha MOBEPXHIO — yce 1Ie TIEPETBOPIOE CYdacHI MiHHU 3 MTACHBHUX BHOY-
XOBHX 3apsi/IiB HA aKTHBHI PO3IIYKyBayi 1ijiel i eekTuBHi 3aco0u 1x 3HuIeHHs. [Topsia
i3 MOKpAIleHHSM 1 BIOCKOHAJICHHSM PYHHIBHOI CIPOMOXKHOCTI MOPCHKHUX MiH BJIO-
CKOHAJIFOIOTHCS 1 3aC00M X MacKyBaHHS Ta 3alo0iraHHs po3MmiHyBaHHI0. Hanpukiian,
BUTOTOBJICHHS MiH i3 MaJIOUyTJIMBUX JI0 TOIIYKOBUX aKyCTHYHHX YH €JICKTPOMArHiTHUX
XBHJIb MaTepialiiB, OCHAIECHHS TIOTY>KHUX MiH 3aXHCHUMH BUOYXOBHUMH ITACTKAMH TOIIIO.

ToMmy 3aKOHOMIpPHO, IO OJHIEIO 3 HAMBAXIUBIIINX METOJWK 3HEHIKOPKCHHS MiH
Iij] 9ac PO3MIiHYBaHHS MOPCHKHX aKBaTOpii HUHI MOCTA€ MUCTaHIlIMHE X MiIpUBaHHS
DIMOMHHUMHE OoMOamu a00 MiABOAHMMH JUCTAHIIHO KEPOBAaHMMH POOOTH30BAHUMU
araparamu-TiJpuBHUKaMH.

CyuacHi iHXEHepHa ayMkKa Ta (aHTa3is MEePETBOPHIM 31aBaJIOCh OM IPOCTHI
1 HeBUOArTMBHUI CMEPTOHOCHHN BUPIO, SKUM € TpajHlliiHa MOpPChKa MiHa, Ha BUTBIp
MucrtenTBa. TemepimHi pi3HOBUAM MOPCHKHUX MiH, SIK-OT CAMOTPAaHCIIOPTOBaHA JOHHA
MmiHa-topriena Mk.67 SLMM (BupoOuunTBo CIIIA), MOXYTh CAMOTYXKKH JTOTIMBATH
JI0 Harmepe. 3aJaHuX iM KOOpAWHATaMU MICIb MiHYBaHHSA. A0O, OyAy4u CKHUHYTHMH
3 JTiTakiB, npoiitatu 10 100 KijToMeTpiB 1 M’ KO IPUBOIHUTHUCS Ta 3AJIATTH Ha JTHO B 0Yi-
KyBaHHi cBO€i sxeprBu (Momenb Quickstrike-ER) [1]. Uu nepeOyBaru Ha MOPCHKOMY
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JHI B PSKUMI TPHUBAJIOTO OYIKYBaHHSA, a B MOTPIOHY MWThH 3pearyBaTd, HalpUKIa],
Ha XapakTepHUH MyMOBUH (OH KopaOis 4d MiIBOJHOTO YOBHA, MUTTEBO CTAPTYBaTH
Ta TOpIEAyBaTH lel TaByunii 3acid6 (Mogens Mark 60 Captor Bupoonunrea CIIA
abo0 Mozenb mpoTrHuoBHOBOIT MiHU-TOpriean [IMK-2 BupoOuuirea Pocii). MiHu-macTkw,
3MAaTHICTh 70 IU(POBOI 00POOKK CKIIATHUX CHUTHAJIB JICTOHATOPAMHU MiH, HEUYyTIHBI
JI0 €JEeKTPOMArHiTHUX BUIPOMIHIOBaHb IUTACTHKOBI KOPITYCH Ta HAJIOTYXKHI CydacHi
BHOYXOBI PEUOBHHHU, MACKyBaHHS TTiJl MOPCHKI BallyHH Ta JIOHHE KaMiHHS — 1€ TIPOSBU
IH)KEHEpHOTO MHUCTEITBA OCHAIICHHS i 03/I00JICHHSI CydYaCHHX MOPCBHKHX MiH. Yce 1e
NpUTaMaHHI CydacHHM MiHaM TOHKOIII iHXEHEPHOI TyMKH IXHIiX TBOPIIiB, CIIPSIMOBAaHI
Ha MacKyBaHHS MiH BiJl HECBOEUACHOTO X BHSBICHHS Ta Ha HEBIBOPOTHICTH IX cMep-
TOHOCHOTO BUOYXY B Harepe]] 00yMOBJICHUX CHTYaIlil Ui Jaci.

ToMy cydacHi 3aco0M pO3MIHOBYBAaHHS 30PIEHTOBaHI Ha 3BEJCHHS O MIHIMyMY
MOKITMBOCTI KOHTAKTy 3 MiHaMH Jitofiel. Po3MiHOBYBaHHS MepeBa)kKHO 3BOJUTHCS JI0
JIUCTAHIIIHOTO 3HEIIKOKCHHS MiH 3a JJOIIOMOT'OI0 KaTepiB-TPAJIbHUKIB 1 JUCTAHIIIHO
KEPOBaHUX MIiJBOAHUX TOPIEI YU CIEI[laIbHUX POOOTIB-TIKBIZATOPIB MiH iX camoIli-
JPUBaHHSIM.

MopcheKki MiHH, 3aBJISIKA aBTOMATH3aIli1 IXHbOT CIIPOMOXKHOCTI 10 0OPOOKHM CUTHAIIB
Ha CIIPAIIOBAaHHS T4 HOBITHIX METOJIB JIOCTABKH B TOYKH 3aKJIaJIaHHSI, IEPETBOPHIINCH
i3 MacMBHOT OYiKyBaJbHOI 30p0i Ha 30pOr0 HACTYNANbHY. TOMy Ternep Ui YHEMOXKITUB-
JICHHSI CYJJHOTJIABCTBA Ta 3pHBY PO3TOPTAaHHS BOPOKOTO (IIOTY JOCUTH O€3 3aX0/Ty B 30HY
Ji1 IPOTHITOBITPSHOT 00OPOHH MPOTHBHUKA YU 11032 CBOIMH TEPUTOPiaJbHUMH BOIAMU
BUCTAaBUTH MIHU 3a JIOTIOMOTOI0 IUIaHYIHOYMX OOMO a0o MiABOAHMX OC3IMiJIOTHHKIB.

HaifeexkTuBHIIIMMH [T pO3MiHOBYBaHHS 3HAUHHX TUIOI MOPCHKOT aKBaTopii Hate-
nep € MOPChKi caMoxijHi Tpanu. Lle mepeBakHO KaTepw, sIKi CIEI[iaIbHO aJanToBaHi
JI0 TOro, 100 BUTPUMYBAaTH HaBaHTAXXCHHsI BiJ| BUOyXiB MiH. Haiiuacrtimie Ha Takuid
Karep BCTAHOBIIIOIOThH PI3HOMAHITHI iMITATOPH LIyMiB, BiOpallii i MArHITHHUX ITOJIiB, IO
POOIATH HOTO CXOXKHM IS MiH Ha TUITOBUH Kopadenb. Y cy4acHOMY CBiTi 11 po30ipHUit
NOHTOHHHHU Karep 31 MBHIKICTIO pyxy 6—10 By3miB, sKHif MOXKHA IIBUJIKO MEpETpaH-
CTIOPTOBYBATH JIITAKOM y MOTPiOHY TOUKY cBiTY. [IpHKIamoM cydacHUX KaTepiB-Tpalib-
HUKIB € mBeackkuii SAM-3 1 amepukancbkuii SAM-05.

OTxe, MUMOBOJI HaIlPOIIY€EThCSI BUCHOBOK — TOJIOBHE BYACHO BHUSBUTH MiHY,
a Cy4acHHUX 3ac001B IS 11 3HEIIKOKEHHSI, 30KpeMa i JIUCTaHIIIHOTO0, yaocTamb [2].

ToMmy He BTpauaroTh CBOEI aKTyaJbHOCTI HAyKOBi JIOCIIJDKEHHs B Pycii BJOCKOHA-
JICHHS1 HASIBHUX 1 CTBOPEHHSI HOBITHIX O1JIBII MPOTPECUBHUX METO/IIB TOIIYKY MiH.

CrieriyHOI0 0COONIUBICTIO BIOCKOHAJICHHS CYy4aCHUX METO/IIB TIOIIYKY MOPCHKUX
MiH € Te, 10 IePEBayKHO BOHU IPYHTYIOThCS HE TUTBKU Ha MOKITUBOCTSIX B/IOCKOHAJICHHS
MOIIYKOBUX 3aC00iB, SIK-OT BUKOPHCTaHHS OS3MIJIOTHUX JIITAJbHUX arnapariB [3—5] uu
TUTaBy4YHX OE3MIJIOTHUX araparis, a i Ha 3aCTOCYBaHHI MATEMaTHYHOTO arapary Ta Ipak-
TUYHO HEBHUEPITHUX CIIPOMOXKHOCTEH cydacHOi 00UMCITIOBANBHOT TEXHIKH [3—5].

Jlesiki MepCIEeKTUBH B IIbOMY KOHTEKCTI CIOCTEPIraloThCsl y CIPOMOXKHOCTI JIOJTY-
YHUTH JIO TMOITYKOBUX METOJIIB BU3HAUEHHS KOOPAMHAT MOPCHKMX MiH METOJUKH Cydac-
HOT HapUCHOI TeoMeTpii, a came ii CKJIaJ0BOT YaCTHHH, IO BiJiOMa Iiji HA3BOK «KiHE-
MaTu4He MPOEKTYBaHH [6; 7]. [Tix KiHeMaTHYHUM MPOEKTYBaHHIM (BiTOOPaXKEHHSIM)
PO3YMIIOTh IPOEKTYBAHHS, 32 SIKOTO BCI HOTO €IeMEHTH, a camMe LIEHTP MPOEKTyBaHHS,
(dokanbHi GITypH MPOEKTYIOUMX KOMIUIEKCIB 1 KOHIPYEHIIH, 00’€KTH MPOEKTYBaHHS
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(mpoobpa3u) Ta HOCIH MPOEKIIH («KapTUHHA IUIOMIMHAY ), MOXKYTh 3/1iHCHIOBATH B3a-
€MOHEe3aJIeKHI IIPOCTOPOBI TIEpeMIllIeHHs Y TIpocTopi Ta 4aci [§; 9].

Baromuii BHECOK y CTaHOBIICHHS Ta PO3BUTOK KIHEMATHYHOTO MPOEKTYBaHHS
MPUBHECEHO HayKOBIsSIMA HarioHansHOTO yHiBepcuTeTy «JIbBiBChKa MOJMITEXHIKA»
B.M. T'narocbkum Ta LI IlynekeBud. Y ixHix poborax [10] ynepiie Oyiao 3ampomno-
HOBaHO BUKOPUCTAHHS PO3pOOICHUX HUMH JIIHIHHUX OTIepaTopiB s rpamMorpadivHux,
poTorpadiuHux i criiHorpadiuHUX BiTOOpaKeHb PyXOMHX 00’ €KTiB IPOCTOPY.

[Mopsiz i3 CTBOPEHHSIM aJITOPUTMIB PillleHb MPSIMOTO 3aBIaHHS KIHEMaTHYHOTO TPO-
€KTYBaHHS JUIS TIOIIYKY TPOEKIIN TPa€eKTOpid MPOCTOPOBHUX IEpeMillleHb 00’ €KTiB
aBTopamu Oysio po3poOJIeHO Ta IPYHTOBHO JOCIHI/PKEHO W alrOpUTMH pillleHs oOepHe-
HoT 3a1a4i. OOepHEeHa 3aa4a nepeadadyae MmolyK 3a BiJIOMOIO TPAEKTOPIED PyXy KOOP-
JIMHAT MPOCTOPOBOTO po3TalryBaHHs 00’ekTa. ONMUPAIUCh I1i TOCHIHKEHHS Ha I0CBIJ
npaniBHUKiB HarionansHoro yHiBepcutery (nanmi — HY) «JIbBiBCchbka MONITEXHIKa
(Vkpaina) y raiysi aepodoToreonesii B 3aCTOCyBaHHI 0€3MIJIOTHUX JITAIbHUX arlapariB
(mani — BITJTA) nns BU3HAYCHHS KOOPIMHAT MICIICBOCTI IMiJ 4ac CKJIaJaHHs TOIOrpa-
¢iunnx kapr [11; 12].

CTOCOBHO BHKOPHCTOBYBAaHOTO HAMH METOAY KIHEMaTHYHOTO TPOEKTYBAaHHS Bil-
3HAUUMO, IO IIed METOJ MPOEKTYBAaHHS J03BOJISIE BH3HAYATH MUTTEBI KOOPIHHATH
Ta TPAEKTOPIl MPOCTOPOBUX MEPEMINIEHb PYXOMHX 00’€KTiB. 32 HAsIBHOCTI pyXy BCiX
0e3 BUHATKY 3aC001B 1 CKJIaJJOBUX MPOEKTYBAHHS, & caMe 00’ €KTIB POEKTYBAHHS, «CIIO-
cTepirauiBy i KOOPJMHATHOI TUIOIIUHHM 13 TIPOEKTYIOUUMH NMPOMEHSIMH. YCi 1 00’ €KTH
MPOEKTYBaHHS ab0 YacTUHA 3 HUX MOXYThH TepeOyBaTh y MPHUCKOPEHOMY a00 piBHO-
MIpHOMY PYyCi, a pyX KOXHOTO 31 CKJIQJIHUKIB MPOEKTYBAHHS HE 3aJIe)KaTHUME BiJl pyXy
IHITKX HOro ckiagHukis [10] .

[IpakTudHe 3acTOCYyBaHHS TEOPETHYHHX OCHOB KIHEMaTHYHOTO MPOEKTYBAHHS BiJl-
KpHBA€ HOBI MOXIJIMBOCTI y BiIOOpaKCHHI PyXOMHX 00’ €KTIB MPOCTOPY, Y MUTAHHSIX
MOIITYKY MUTTEBUX KOOPJMHAT 1X PO3TAIlllyBaHHS, a 3a MOTPeOH — Y BU3HAYCHHI XapaK-
TEPUCTHUK 1 CKIAIHUKIB PYXY.

Haii6inpm sickpaBUM MPHUKIIAZAOM YCIIIIHOTO BUKOPUCTAHHS KIHEMAaTUYHOTO TPO-
€KTYBaHHS JUIS BIJICTeKCHHS TPAEKTOPIH 1 KOOpJMHAT TPOCTOPOBUX TMEPEMIICHb
pyxoMux 00’€KTiB € ycmimHi gocmipkeHHs reomerpiB HY «JIbBiBCbKa MOMITEXHIKA
3 BU3HAuCHHS KOOpPAMHAT OE3IMJIOTHHUX JITAIBHUX amapariB [6; 7]. V pe3ynbraTi nux
JOCIIJKEHb CTBOpPEHA TEOpeTHYHA 0a3a MaTeMaTHYHOTO amapary po3paxyHKy 3aco-
0aMu KIHEMaTW4HOTO MPOEKTYBAHHS KOOPJIMHAT 1 TPAEKTOPIH MPOCTOPOBHX MepeMi-
IIEHb BOPOXHUX JuBepciiHo-po3BigyBanbHuXx BITJIA. ExcniepriMeHTansHa nepeBipka
MiATBEpIIIa BUCOKY €(DEeKTUBHICTH 1 TOYHICTh BH3HAYECHHS MPOCTOPOBUX KOODPIHHAT
PYXOMHUX 00’ €KTiB 3ac00aMU KIHEMaTHYHOTO TIPOEKTYBAHHS.

Cawme 11€, a TAKOXK YCBIIOMJIEHHS aKTYaJIbHOCTI Ta JIOIUTBHOCTI 3aTy4eHHSI JI0 TIOIIY-
KiB MiH Yy MOPCHKHX IMHMOMHAX CYy4aCHOTO MaTeMaTUYHOTO anapary i OCTaHHIX JOCSAT-
HEHb HAPUCHOT reoMeTpii, i OyJI0 MOKIIaJIeHO B OCHOBY JAaHOTO JIOCIiIXKEHHSI.

Meta po6oTn — po3poOIeHHS METOJJMKH TONIYKY Ta BU3HAYECHHS KOOPAWHAT MOp-
ChHX MiH Pi3HUX THITIB 1 POCTOPOBO-IITHOMHHOTO PO3TAIyBaHHS.

Jl1st ToCSTHEHHS 3a3Ha4eHOT METH BU3HAYCHO TaKi OCHOBHI 3A60AHHS OOCTIONCEH !

— PO3pOOJICHHS METOAUKH BU3HAYCHHS KOOPJIUHAT MPOCTOPOBO-TIIMONHHOTO PO3Ta-
IIYBaHHS MOPCHKHUX MiH 3ac00aMH KIHEMaTHYHOTO MPOEKTYBAHHS;
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— CTBOPCHHS MPUHIIUIIOBOI CXEMH ONITUMAJIbHUX MEPEMillleHb MONTYKOBOTO Karepa-
TpaJiBHUKA Ta JOMOMIKHOTO TUIABYYOTO 3ac00y Tl 301IBIICHHS TUIONT €EeKTUBHOTO
MOIITYKY MOPCHKUX MiH;

— CTBOPEHHS aJTOPUTMY MPOrPaMHOro 3abe3neueHHs sl PO3pOoOIeHHs IpOorpaMu
PO3paxyHKy W Y3rOUKEHHS AaHUX IOIIYKOBHX IUIaBYYHMX 3acO0iB Ul BH3HAUYEHHS
KOODPJIMHAT MICIIEpO3TalllyBaHHS MiHU.

06’ exmom docriddicents € ciocodu ePeKTUBHOTO TOIIYKY MIH Y MOPCHKUX TTHOM-
Hax 1y BOJIaX BEJIMKUX MPICHOBOIHUX BOTONM.

IIpeomem Odocniddicenns — METOIMKA BU3HAYEHHS Ta PO3PaxyHKiB KOOPAMHAT IPO-
CTOPOBOT'0 PO3TALIYBAHHS MiH B aKBATOPisIX MOPCHKUX TIINOMH.

Hayxosa mosuzna ompumanux pesyiomamis 00CAiOdiceHHs: TIONATaE Yy CTBOPEHHI
NPUHIMIIOBO HOBOI TEOPETHYHO OOTPYHTOBAHOI METOIMKH TIOIIYKY Ta PO3PaxyHKY
KOOPJIMHAT MIiH y MOPCHKHX ITMOWHAX 1 BOJaX MPICHOBOJAHMX BOIOMM, IO TPYHTY€ETHCS
Ha 3aCTOCYBaHHI 3ac00iB KIHEMaTHIHOTO TPOEKTYBAHHS.

Ipaxmuuna snauywiicme pesyibmamie 00cniodcenHs BOAUAETHCS B TaKUX IepeBa-
rax iXx BUKOPHCTaHHS Ta 3acTocyBaHHs. [lepeaycim 3anponoHoBaHi METOAMKH MOLTYKY
KOOPJIMHAT MOPCHKUX MiH 1 CTBOPEHI MaTeMaTHUHI 3aJICKHOCTI PO3PaXyHKIB IIUX KOOP-
JUHAT JO3BOJSIOTH MPUOIM3HO YIBIYl PO3IMIMPUTH aKBAaTOPirO moimryky MiH. Lle mpo-
MOPIIITHO 3MEHIIUTH TPYA03aTPaTH Ha MOIIYKOBI POOOTH, a TAaKOK 3aTpaTH IajuBa Ha
TIEPEXO/TU IIONTYKOBOTO CyAHA 3 OJTHIET MONTYKOBOT NiIJITHKY Ha iHITy. [lopsin i3 migBuieH-
HSAM e(PeKTHBHOCTI TMOIIYKiB MiH 3aCO0M KiHEMaTHYHOTO MPOEKTYBAaHHS JTO3BOJSIOTH
HaOJIMKEHO OL[IHUTH TUIAX 1 Ta0apUTHI PO3MipH BUSIBICHOT MiHH, TIOJIETTLIUTH KOMAaHI1
KaTepa-TpaliBHUKA YXBaJUTH PilIEHHs 100 BUOOPY METOIY PO3MiHOBYBaHHSI.

PesyabTarn. Crienudivai 0ocoOIMBOCTI 3acTOCYBaHHS 3ac00iB KIHEMAaTHYHOTO MPO-
€KTYBaHHS [ MiIBUINEHHS ¢()eKTUBHOCTI MOITYKiB MiH Y MOPCHKHX TITMOMHAX 1 TPUH-
ITUTIOBY TIOMIYKOBY CXEMY, III0 BiOoOpa)xxae CyTh 3aCTOCYBaHHS 3aC00iB KIHEMAaTHIHOTO
NPOEKTYBaHHsI, BifoOpaskeHo Ha puc. 1—4.

Ha puc. 11 2 cxemaTnyHo BioOpa)keHO MOIIYK MOPCHKUX MiH i3 BUKOPHUCTaHHIM
3ac001B KIHEMaTHYHOTO MPOEKTYBaHHs. J{7s1 peaizamii i€ cxeMHu MOUTyKy BUKOPUCTO-
BYIOTH JIBa HE3aJICKHI TUIaBydi 3ac0o0H, SK-0T O0€3M0CepeTHRO Karep-TPaliBHUK 1 JOIIO-
MDKHUT ToTaBydwi 3acio (mami — JAI13). Koxker i3 mux MIaBy4YuX 3aco0iB OCHAICHUIH
MOUIYKOBOIO T1IPOJIOKALIHOIO arapaTypor0 Ta MEpEeXelo HalillHOrO B3a€MO3B’SI3KY.
OxpiM TpaguLiHHOTO CHOPSKEHHS I MiApi3aHHsS SKIpHUX MiH, Karep-TpaliBHUK
Mae OyTH OCHALICHWH CyYacHUMH MiJIBOJHUMH O€3MUIOTHUMH pOOOTH30BaHUMH TIPH-
CTPOSIMH JJIs TUCTAHIIIMHOTO MiAPUBaHHS JOHHUX 1 NTMOMHHKUX MiH. KOMaHAHUI TyHKT
KaTepa-TpalTiBHUKA, JJISI MOXKIIMBOCTI 3aCTOCYBaHHS KiHEMAaTHUYHOTO MPOEKTYBAHHS SK
3aco0y BU3HAYCHHS KOOPAMHAT MOPCHKUX MiH, HEOOXiTHO OCHACTHTH IIBHIKOIIFOUOIO
00UYHUCITIOBAIEHOIO TEXHIKOIO Ta HAJIE)KHUM IIPOrpaMHUM 3a0€3M1eUeHHSAM, a TAKOXK paji-
onokaniHoro cranmiero (gam — PJIC) mis BimcTeKeHHS Ta BU3HAUCHHS BIICTaHI 10
JIOTIOMI>XKHOTO TIIaBy40To0 3ac00y. L{i BuMoru mir Ou 3a/J0BOJIBHATH, HAITPUKIIA]], KaTep-
tpaniBauk Monem ARCIS Atlas Electronik [1; 2].

Sx MOTOMDKHWN TONIYKOBHHM IUTaBYYHM 3aci0 TYT MOXKE BHKOPHCTOBYBATHCS,
HalpHKJIaJ, TOTYXKHUHA MOTOPU30BAHUM YOBEH YU KaTep, 1[0 CIPOMOXKXHUI MPOTUCTO-
ATH BITPOBOMY HaBaHTaKEHHIO Ta 3yMOBICHOMY HHM XBHJILOBOMY 30yPEHHIO MOPCHKOI
noBepxHi. CIpuiHATHM € i BapiaHT, y sikoMy 5K /{113 BUKOpHCTOBYBaTUMYTh I1LI€ OIMH
KaTep-TpajiBHHUK.
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Tomy JOpedHO Tak OpraHi3oBYyBaTH IMOIIYKOBI POOOTH 3 PO3MIHYBaHHS OKPEMHX
aKBaropiii Mopsi, 00 MaKCHMAJILHO HIMPOKO OXOMHUTH TUIONII MOIIYKOBHUX IiJISTHOK,
a TakoX 3a0e3MeYnTH 3HEITKO/KCHHS BUSBICHUX Ooe3apsiniB. ToMy TyT BelHKe 3Ha-
YCHHsI MaloTh, TOPS 13 MOTYXKHICTIO TOIIYKOBOI amaparypu, 1 TpaekTopil MOIIyKo-
BUX IepeMillleHb BUKOPUCTOBYBAHUX JUIsl TIONIYKIB TEXHIYHUX 3aco0iB. HacTo Takox
30LIBIIYIOTH KUTBKICTh OJJHOYACHO BUKOPHCTOBYBaHMX TEXHIYHUX MOUTYKOBUX 3aCO0iB,
Y3TO/KYIOTh TIOMI’K HUIMH PEXHMH TIOITYKOBOI POOOTH Ta TPAEKTOPiil X MpoCcTOpoOBUX
niepemiriess [6; 7; 10].

[Momyky ruIaBy4ux MiH 3HaYHOIO MIpPOIO CXOXKI Ha TEPEeMIleHHS] pUOOIOBEILKUX
CYJIEH i/ Yac TONUIYKiB HUMHU KOCSIKIB pUOH, MPUIATHHUX JIJIsl MOPCHKOTO TIPOMUCITY.

Po3MiHyBaHHS MOPCHKOT aKBaropii BijI IUIaBY4HX, SIKIPHUX 1 JJOHHUX MiH 13 BHKO-
pPUCTaHHIM JIOTIOMI>XHOTO IIIaBy4Oro 3aco0y Ta KiHEMaTHYHOTO MPOEKTYBAaHHS 3il-
CHIOIOTh y TaKii mociifioBHOCTi. Karep-TpaniBHUK i3 3aBaHTa)KEHHUMH HA HHOTO JIOTIO-
MIXKHOIO TIOITYKOBOIO anaparyporo Ta 3ac00aMu MiIpUBaHHS BUSBICHUX MiH 3aX0OIUTh
B [EHTPAJbHY YaCTHHY BHUICHOI HOMY JUIS MOLIYKIB MiH JIJISTHKH aKBaTOpPi MOpSL.
TyT BiH BiIIIBApPTOBYE OCHAICHUH IMOIITYKOBOIO arapaTyporo JOMOMDKHUI TIaBydYHid
3aci0, HAMpUKIaJg MOTOPHUN YOBEH, SKHU BIIXOAMThH BijJ Karepa-TpajliBHUKA Ha Bij-
CTaHb:

a=R+r
ne R — pagiyc miBcdepu eeKTUBHOI MOUTYKOBOI Jii TiApOaKyCTHYHOI amaparypu
KaTepa-TpaiBHUKA;
7 — paaiyc niBcdepu eeKTHBHOTO NOUIYKY TiapoakycThdHoi anaparypu JAI13.

Puc. 1. Tpaekmopis npocmopoegux nepemiujens 3a cnipainio Apximeoa
Kamepa-mpaniHuKa ma 00NOMINCHO20 NIABYH020 3AcO0y 8 NOULYKAX MIH

BunamryBaHuM B OfiHY JiHIIO Karepy-TpaliBHUKY Ta JOMOMDKHOMY IJIaByuOMY
3aco0y y mpolieci MONyKy MiH HaJaloTh MMEPEMIIEHHS 3a CHipaJuio ApxiMena, KpoK
SIKOT PIBHHI:

n=D+d

ne D i d — BianoBigHO miamMerpu miBcep ePeKTUBHOTO MONIYKY TiApOIOKAIiHHOT

arnaparypH Karepa-TpaliBHHKA Ta JOTIOMDKHOTO TUIABy4OTo 3ac00y.
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Llentp cripam ApxiMesna, 3a SIKOIO EPEMilIalThCs MOITYKOBI CyIHA, YMOBHO 00Jia-
HITOBaHUH y NEHTPI MOIITYKOBOT TUISHKK aKBaTopii Mopsi.

3a BHUIEBKa3aHHUX MapaMeTpiB MONIYKOBOI araparypH sK ONTUMalIbHI MOXHa OyI10 6
PEKOMEH/TyBaTH TaKi TapaMeTpH TPAEKTOPIi MOIIYKOBUX TTEPEMIIlICHb CY/ICH:

—a =150 M—BiicTaHb MiXkK JOTIOMI>XKHUM IIJIAaBY YMM 3aCO00M 1 KATEPOM-TPaJliBHUKOM;

—n =300M—KpoK cripaiti ApxiMea IpoCTOPOBOTO MEePEeMillIeHHS OITYKOBUX Cy/ICH;

— 7 =50 M — paniyc miBcdepu epeKTUBHOTO MOMIYKY TiIPOJIOKANIHHOI anaparypu
JIOTIOMI>KHOTO TITaBy4OT0 3aC00Y;

— R =100 m — paxgiyc niBcdepu eeKTHBHOT OUIYKOBOI JIii MApOaKyCcTHYHOI anapa-
TYpH KaTepa-TpaTiBHUKA;

—-n =D +d =200+ 100 = 300 M — mMpHHA CMYTH TUISTHKU MOLIYKY, OXOTUICHOT
JIBOMa TMOLTYKOBUM CY/JTHMH.

TpaekTopist pyXy 000X MOUIYKOBUX CYJICH 3a CHipaJuIr0 Apximena oOpaHo i3 JIBOX
MipKyBaHb:

— JlaHa TPAEKTOPisl HEe JIOMYCKAE HAsIBHOCTI HEOOCTEKEHHUX JUITHOK aKBaTopii Mopsi;

— 1 TUIaBHA TPAEKTOPIsl, HA BIIMIHY BiJl IHIINX MOXITUBHX, HE Tepedadae 3BOpoT-
HUX PYXIB 1 CTPIMKHX TOBOPOTIB, 10 HE € Oa)kaHUM ]IS BiJTIOBIJAIBHOTO MPOIECY
MIOLTYKY MiH.

SKmIo NpUHHATH 332 CEPEfHI0 JOMYCTHMY HIBHJIKICTh IMOIIYKOBHX IEpPEeMillleHb
Karepa-TpaliBHAKA Ta JOTOMDKHOTO IDIaBydoro 3acoly mBuAKicTh 9,5-11 By3iis,
T00TO 1820 KM/TOIMHY, TO 332 TOAWHY I[IMMU JBOMA IMOIIYKOBUMHM CyJHAMHU 32 MPO-
CTOPOBHUX iX MepeMillleHb 3a cripauio ApxiMena Oyne 00CTeKEHO MPHUOIN3HO MIICTh
KBaJ[paTHUX KiJIOMETPIiB aKBaTOPii MOPSI.

VY pa3si BusiBieHHsI Oy/Ib-SIKUM 13 MOIITYKOBHX CYJICH TUIABA0YO1, SKIPHOT Y JIOHHOT
MiHHM O0OX1I HUIMH TEPUTOPIi 3a cripajunto ApXiMena MPU3yNHHSIOTE. 32 BiAMOBIIHOO
KOMAaH/IOI0 3 KOMaH/IHOTO ITyHKTY KaTep-TpaliBHUK 1 JOMOMiXKHUH I1aBy4Hii 3aci po3-
TalIOBYIOThCS PIBHOBIIAIEHO 002014 BiJi BUSBJICHOT MiHH.

ITicyst 11bOrO BMUKAIOTh BOJHOYAC HA 000X CyJAHAX CIIOCTEPEKHY ieHTU(DIKALIHHY
amaparypy Juisi izeHTudikamii BUSBICHOTO B MOpi mpenmera. Came CIIOCTEpPEKEHHS
ta doTorpadii miaBarUOro, 3asIKOPEHOTO UM JISKAYOT0 Ha JHI MOPS ITPEIMETa 13 TBOX 3Mi-
nreHux Ha 180° o1Ha Bi OTHOT TOUOK (CY/ICH) HAJIAIOTh MOXKITUBICTE MOOYZ0OBY HA EKpaHi
MOHITOpa KOMII F0Tepa KOMaHIHOTO MTYHKTY TBEPAOTIIILHOT MOJIEII BUSBIEHOTO 00’ €KTA.

SKuio 3HalIcHUH Ha TOBEPXHI UM Y TNIMOWHI MOPS MTPEJMET yce K TaKU BHSBHTHCS
MiHOI0, OepyThes 10 ii 3HemKopKeHHS. 11 Iboro HacaMmIepe| 3a JJOTOMOTOlO BifIIo-
BiZTHOT MPOTpaMy YTOYHIOIOTh KOOPAMHATH PO3TallyBaHHs JaHOi MiHH. CrienialbHO0
OOUYHUCITIOBAILHOIO TIPOTPAaMOI0 BMUKAIOTh JITOPUTM TOCIIIOBHOCTI YTOYHEHHSI KOOp-
JMHAT MIiHU 3aco0aMH KIHEMAaTUYHOTO TPOEKTYBaHHs. KilacMuHWi TepMiH «KiHeMa-
TUYHE MPOEKTYBaHH» Mepe10adae MOXKIUBICTh MPOEKTYBAHHS, Y SIKOMY BCi 200 OKpemi
HOTO CKJIaHHKHI, a caMe LEHTP MPOEKTYBaHHS, 00 €KTH MPOEKTYBAHHS Ta HOCIT Mpo-
€I («KapTUHHA» TUIOIIUHA), MOXYTh 3[IHCHIOBATH B3a€MOHE3aJICKHI IPOCTOPOBI
nepeMillieHHs] Y IPOCTOpi Ta Yaci.

ITig yac moIIyKiB MiH 13 BUKOPUCTAHHIM KIHEMAaTHYHOTO MPOEKTYBAHHS PO3paxyH-
KOBOIO IIPOTPaMolo nepe0aueH0 BUKOHAHHS TakuX eramiB. Ha nepiioMy erami B TouIri
A, O CUMBOII3Y€E 3aKiHYCHHS TiJPOaKyCTUYHOI MOITYKOBOI BHITPOMIHIOIOYOT aHTEHU
Karepa-TpalxiBHAKa |, YMOBHO OONAIITOBYIOTh TPHBHUMIPHY OPTOTOHANBHY CHUCTEMY

26



PO3BUTOK TPAHCIIOPTY
Ne 4(19), 2023

koopauHar (puc. 2). Bick x 1i€l cucTeMu KOOPAMHAT MA€ MOYATOK y TOoUlll A Ta CIps-
MOBaHa B HANpPSMKY TOYKH B, 110 CHMBOJI3y€ Miclle Ta KOOPAMHATH OOJIAIITYBAaHHS
JPYTOl TiIPpOaKyCTUYHOI BUIPOMIHIOIOYOi aHTEHH JIOTIOMIXKHOTO TUIaBy4doro 3acoly 2.
Bick z 6epe movaTok y Toulli A, NEPHEHIUKYIISPHA OCI X 1 CIPSIMOBaHA BHHU3 Y MOPCHKI
r1MOuHU. Bick y TeX 3amo4aTKOBYETHCS B TOYIl A Ta MEPICHIUKYISIPHA OCSIM X 1 z.
CripsiMOBaHi 10 TOBEPXHI BOJOWMH OC1 X Ta ), SIK 1Bl B3a€EMHO MEPIEHANKYIISPHI IPsMI,
YTBOPIOIOTh TaK 3BaHy «0a30By» IUIONIMHY . Ha BizicTaHi a BiJf TOUOK 4 1 B 'y TUIONIMHI
o(x,y) 3a1al0Th JOMOMIXKHY TOYKY 3 KoopauHaramu C(a/2;0,87a;0). 3anaBuii iiuOUHy
H, mo nepeBuirye B 1,2—1,5 pa3 opi€HTOBHY NIMOWHY 3alIsiTaHHS MiHH, Ha TIEpIICH-
TUKYIsipax A0 6a30Boi MIOMIMHA o B TOUKax A, B 1 C y HanpsMKy MOPCHKUX TTTHOWH
ycTaHOBIIOOTh Touku M, N1 P. i Tpu Touku M, N Ta P 3a1a10Th Y MOPCHKHX IITMOMHAX
YM MPOCTOPI JTHA «KAPTHHHY» IUIOIUHY S(N; M, P), sxa napaneiabHa 0a30Bill IUIONIMHI
a(A4,;B;C) 1 Binnanena Bin Hel Ha BincTanb H, 10610 H=AM=CN=BP; a(ABC)//(MNP)
(puc. 2). Po3rairyBaHHsI «KapTUHHOD IUIOIIMHY £ € YSIBHAM 1 HEOOXiTHUM JTUILE ISt
pO3paxyHKiB KoopAuHAT. ToMy ISl «KapTHHHA» IUIOIIMHA MOXKe OyTH 3aJaHOI0 SIK
y TOBIIII BOJIY, TaK iy IMHOMHAX MOPCHKOTO JTHA 4 JTHA Bojoiimu. Le ycyBae Hebesneky
BIUIMBY Ha TOYHICTh PO3PaXyHKIB KOOPIUHAT 332 KIHEMATUYHOTO MPOEKTYBaHHS BiJIOU-
TUX BiJl JHA BOJAOWMH XMOHUX CHTHAIB €XOJOKaTOpiB. I 11 € CYyTTEBOI IepeBaror
3aCTOCYBaHHS JIJIs MOIIYKY MiH 3aC00iB KIHEMAaTHYHOTO IPOEKTYBAHHS.

Ha nmpyromy erari, yBIMKHYBIIM OJHOYACHO T1IPOAKyCTHYHI IMOITYKOBI CHCTEMH
Karepa-TpaBliBHUKA | Ta JOMOMIXKHOTO TUIABYYOro 3acoly 2, CIPSMOBYIOTh B OYiKY-
BaHOMY HaIlpSMKy pO3TalllyBaHHsI BUSBIICHOI MiHH MONTYKOBI XBHJIi (puc. 2). Ha MoHi-
TOpax MONIYKOBUX cUCTEM (IKCYIOTh HampsM (a3UMyT) MPOEKTYIOUMX MPOMEHIB, IO
IPOXOJIATH Bijl KOXKHOT TiJpOaKyCTHYHOT MONTYKOBOI CUCTEMH Yepe3 TOUKY IPOCTOPO-
BOTO PO3TAIIYBAHHA ° 3HA/IEHOT MiHH, Ta KyTH 1X HaXHJTy 10 0a30BOi IUIOLIHHU O, TOOTO
y=p, aTac= p2 a. OKpiM TOTO, 7S TOBHOLIHHOI KOOPAMHATHOI MPHB’SI3KU MPO-
€KTYIOUHX TIPOMEHIB JI0 3aIPOBA)KEHOT CHCTEMHU KOOPAMHAT JJIS1 KOYKHOTO 13 TIPOEKTY-
I0YMX NPOMEHIB p, Ta p, BU3HAYAIOTH 1 KYT HOTO Haxuy 710 JIlHll a, Mo 3’ €IHY€E OANH
3 onHuM Karep-Tpanisauk 1 Ta I113. To6To J = p, " 4B, ®=p, " AB (puc. 2).

3a KoOpAMHATaMHU TOYOK PO3TAlIyBaHHS MONIYKOBUX aHTEH i KyTaMu j, o, J Ta @
HaxwWIy IPOEKTYIOUNX TPOMEHIB 710 0a30BO1 IUIOIIMHMY ¢ Ta JiHil 0, 0 3’ €THyE 0OMAB1
MIOITYKOBI CHCTEMH, Ha KOMIT F0TEpi KOMaHIHOTO ITyHKTY BioOpakaroTh 0OHIBa TIPOEK-
Tyt04i IIPOMeHi p, Ta p,. [IporpaMHnm 3a0€31€4E€HHAM 3BOIATh IPOEKTYHOY1 IPOMEHI J10
B3a€MHOTO X MEPETHHY B IICHTPAJbHIN YacTUHI BUsIBICHOT MiHH (Touka M Ha puc. 2).
3BeJIeHi 10 NEPETHHY OJIMH 3 OJIHUM MPOEKTYIOUi IPOMEHI p, Ta p, GOPMYIOTh ILIOMIUHY
7 (p,; p,), AKa mepeTuHae 6a30By 0 Ta «KapTHHHY» f IUTOIIMHH 32 IBOMA NapajebHUMK
JiHiIMH a 1 b.

Ha TperpoMy erami KOMIT'IOTEpHa Mporpama IMPOPaxOBYE KOOPIUHATH TOYOK
F=p,npraTl=p N f neperuHy IPOEKTYIOUUX TIPOMEHIB p, i p, 3 KAPTHHHOIO
IUTOIIMHOIO f5. A TaKOX BU3HAYA€ BiJICTaHb b MiX TOYKAMH MEPETHHY MPOEKTYIOUUX
MIPOMEHIB 13 «KapTHHHOIO» IUIOIIMHOIO S, T00TO b = |FT].

Touky nepeTHHy MPOEKTYIOUOTO MPOMEHS 3 «KAPTHHHOIOY» TUIOIIUHOIO ff NIYKAIOTh
AQHATITHYHAM METOAOM. 3a aHANITUYHOTO METOMY MOUIYKY TOYKH IEPETHHY 33aJar0Th
aHANIITHYHE PIBHSHHS MPOEKTYIOYOTO MPOMEHS K PIBHSHHS MPSIMOT JIiHI, 110 POX0-
IMTh Yepe3 BiioMy TOUKY (A abo B) i3 3alaHUMH KOOPJIUHATAMH IIiJl BIJIOMUM KyTOM
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HaXWUIy 70 «0a30BOD» MIOMIKMHH o TakoXk 3a/1at0Th aHAIITUYHE PIBHAHHS «KapTHHHOD)
IUTOIIMHHU f3, 10 MPOXOAUTH Yepe3 Tpu Touku M, N i P i3 BIIOMHUMH KOOPIHWHATAMHU.
Toukoro mepeTuHy npsAMoi i3 IUIOIIMHOIO B IIbOMY BUIIQJAKY Oy/e IIyKaHa TOYKa, KOop-
JIMHATH SIKOT OJTHOYACHO 33JI0BOJIBHSIOTH 1 PIBHSHHS MPSAMOT, 1 PiBHSIHHS IDIOMIWHH.

N

Puc. 2. Ilpunyunosa cxema uKOpUCmanHs KiHeMamuyHo20 npOEKmy6aHHs
OJisL HOWLYKY A 8U3HAYEHHS KOOPOUHAM MOPCHKUX SAKIPHUX MiH

Ha gerBepromy erarti i3 [BOX MomiOHUX TPUKYTHHUKIB AABM i AFTM, yTBOpeHHX
NEepPEeCiYHUMH TIPOMEHSIMH, BUPAXOBYIOTH KOOPAWHATH IXHBOI CHIITBHOI BEPIIMHH —
touku M. lle Touka M, y sikiii HaTerep po3MileHa IrykaHa Mina (puc. 2). 3 po3B’s3KiB
BKa3aHHUX TPUKYTHHKIB BU3HAYAIOTH J[BA BArOMIi IS YCIIITHOTO TIONIYKY MiHH TTapamMe-
TpH, a caMe IHOWHY PO3MIIIIeHHS MiHH /1 1 BiIaNeHICTh k 11i€1 MiHU BiJT KaTepa-TpaiB-
HUKa. [[7151 [bOTO BUKOPHCTOBYIOTH MaTeMaTH4HI 3aJI€KHOCTI:

k = hy/1+(Cigo); h=H[1—£J, (1)

Iie k — Bimanb BiJ Karepa-TpalliBHUKA /IO BUSBICHOI MiHH;
h — TmmbuHa po3TanTyBaHHS MiHH IIOI0 MIOBEPXHI BOIHOTO IIJIeCa BOAOWMH 91 MOPST;
H — 3anmana BificTaHb BiJl TOBEPXHI MOPS 10 «KAPTHHHOD» TUIOIIIHY;
a — BiicTaHb MK KatepoM-TpaiiBHukoM 1 JI13;
b — BiACTaHP MK TOYKAMH MEPETHHY MPOEKTYIOUYMX MPOMEHIB (a3MMYTIB) TiJIpo-
aKyCTHYHHX MPUCTPOIB 13 KKAPTHHHOIO» IIIOIIHHOIO;
@ — KyT HaxmIy MPOEKTYIOYOTO MPOMEHS (a3uMyTa) TiApOoaKyCTUIHOTO MPUCTPOIO
JIo JiHil a.
s mepeBipKu MpaBMWIIBHOCTI 341 ICHEHUX PO3paxXyHKIiB, MAIOYX KOOPAWHATH TOUOK A
Ta B, a Takox To4ok ' =p, N 1T =p N f nepeTHHy NPOEKTYIOYHX POMEHIB p, 1 p,
13 KAPTHHHOIO IUIOMIWHOIO 5, TOOTO KOOpIMHATAMH TOYOK Ha KIHISIX BIIPi3Ka MPOEKTY-
F0Y0TO MPOMEHS, 3aMCYIOTh PIBHSAHHS NPSAMO] JIiHii, [0 MPOXOJUTH Yepe3 JIBI TOUKHU
3 Bitomnmu koopauHaramu. Toéro 4 € p,; A(x, v, z,); T € p; T(x, v, z,); p, < I,
Toni piBHAHHS IIPAMOIT /| MATUME BUIIISIL
X~=Xq _V~V4 _ 2724 Q).
Xr=Xq4 Vr—V4q Zr—Z4
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AHaJIOTIYHO JUIS IPOEKTYIOYOTO MPOMEHS p,, IO MPOBEIEHUI Yepe3 JOMOMIKHHUH
nourykoBui 3aci6 (Touka B) i BusiBneny miny (touka M) i Touky F 3 Bimomumu Koopiu-
Haramu £(x, y, z,), pIBHAHHS IPAMOI /,, MO POBEACHA YePe3 NPOEKTYIOUNH POMiHb
D, MaTuMe BUIJISL

X—Yp _ Y—Vp _ Z7ZB (3)
Xp—Xp YFr—YB ZF —ZB

DopMyYIOTh CUCTEMY PiBHSHB i3 JBOX PiBHSHb NPOEKTYIOUUX MPOMEHIB 1 CHUTEHUM
X pilICHHAM LIYKAIOTh KOOPAWHATH TOUYKKA M, y sIKili po3MillieHa BUsiBIeHa MiHa. SKiio
BUSIBJICHI KOOPIMHATH TOYKH MEPETUHY OAMH 3 OAHUM 000X MPOEKTYIOUHX NMPOMEHIB
30iratoThCsl y BULIEBIA3HAYCHUX KPOKax MEPEBipoOK, TO POOISITH BUCHOBOK MPO BiATO-
BiJJHICTH pPO3paxOBaHMX KOOPAUHAT PO3MIIICHHS MiHH iX peaqbHOMY 3HaYCHHIO.

Komanguuii MyHKT, 32 MOKJIMBOCTI, 3HOB YTOUHIOE THIT MiHH, KiHIIEBO IPOAaHAi30-
By€ 0€3MeKy BUOYXYy MIHU JUIsl TOBKIJUIS, JUIS JIFONEH 1 BUKOPHUCTOBYBAHOI MOIIYKOBOT
TEXHIKH, Ja€ KOMaHy Ha JiKBigamito MiHu. Toai KaTepoBi-TpaJbHUKY JOBEAETHCS MPO-
TPaJIMTU 30HY MOpS, A€ po3MillleHa MiHa, 1 3HEIIKOAUTH ii. AOO X BUKOPUCTATH 1HII,
OLTBII MOTYXHI CydacHi 3aco0M JNikBigamii MiH. SIK-OT myiaByui O€3MiIOTHI amapati,
OCHAIICHI KepOBaHMMH TOPIEAaMHU-JIIKBIJaTOpaMu, YM TakK 3BaHi poOOTH-KaMikaase.
Ix camonizpus Ha BUABIEHiH MiHi pyiiHye ii 060J0HKY, MiHa a60 BuOyXxae, a6o pyiHY-
€TBHCS, 1 B)KE HE CTAHOBHTH 3arpo3u JUIs JII0AeH 1 maB3aco0iB.

OTxe, y pa3i BUKOPHUCTaHHS JAaHOTO METOAY TMOLIYKY Ta JKBiAawii MiH MPaKTHYHO
HeMae ToTpedu B O6e3nocepeIHbOMY KOHTAKTI JII0feld KOMaHAHOTO MyHKTY Karepa-Tpa-
JTiBHHKA 3 HEOC3MEUHOIO IS IXHBOTO JKUTTS MIHOIO.

Puc. 3. [lpunyunosa cxema UKOpUCMANHS KIHEMAMUYHO2O NPOEKMYBAHHS
0151 NOULYKY A BUSHAYEHHS KOOPOUHAM OOHHUX MIH
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Ha puc. 3 BimoOpaxkeHa MPUHIMIIOBA CXeMa BUKOPHUCTAHHS KIHEMaTHYHOTO MPOEK-
TYBaHHsI JUIs IOIIYKY Ta BU3HAYEHHS KOOPJMHAT JOHHUX MiH. TyT 30epexeHo Bci OyK-
BEHHI NIO3HAUCHHSI OKPEMHUX EJIEMEHTIB TIOIIYKOBOI CXeMH, 10 1 Ha puc. 2. Yci eramnu
BU3HAYCHHS Ta PO3PaXyHKy KOODJHMHAT JOHHUX MiH 13 3aCTOCYBaHHSIM CIIEIU(pIIHUX
0COOIMBOCTEN KIHEMATUYHOTO MPOEKTYBAaHHS TYT 30iraf0ThCs 3 BUIICONIMCAHNMU €Ta-
NaMH MOINYKY SKIPHUX MiH. BiAMIHHICTH ToJsirae Juiie B TOMY, IO B pa3i MOUIYKY
SKIPHUX MiH «KapTHHHA» IUIONIMHA f§ YMOBHO NMPU3HAYAETHCS Y TOBILI BOIH, a B pasi
MOUIYKY JJOHHHX MiH BOHA YMOBHO PO3TAIlIOBYETHCS B TOBIII MOPCHKOTO JTHA.

Ha puc. 4 BigoOpaxkeHa OJOK-CXeMa IOCIIJIOBHOCTI PO3PaxyHKIB i TMOOYIOBH
KOMIT FOTEpHOI MPOrpaMu JUlsi BU3HAYCHHS KOOPAWHAT BHUSBICHOT MONIYKOBUMH TLa-
ByunMH 3acobamu MiHu. Po3paxyHkoBa OnoK-cxema nependadae BBEICHHS TaOIHMIHUX
BXITHUX JaHUX (Ta0nuis 1), 10 SKUX Hajle)KaTh MOJAEIb 1 KUIBKICTD MOIIYKOBUX CYJIEH,
XapaKTEepPHUCTHKA X IPOCTOPOBOTO PO3TAIIYBAaHHS Ta MEPEMillleHb, IIUPUHA MONTYKOBOT
CMYTH TIiJI 4ac MOIITYKIB MiH.

Besnocepentbo po3paxyHOK rnependadae AeKijibka erarmiB. 30KpeMa, BU3HAYCHHS BiJl-
cTaHi BiJl 0a30BOr0 KaTepa-TpaliBHUKA JI0 JOTIOMIXKHOTO IIJIaBy4O0ro 3aco0y, po3paxyHOK
KOOPJIMHAT MPOEKIIIN MPOEKTYIOYHX MPOMEHIB MONTYKOBOI ariapaTypy CyJcH, BU3HAYCHHS

Tabaums 1
Tabau4Hi BXigHi 1aHi 0JI0K-cXeMH PO3pPaxXyHKy KOOPAUHAT BUSIBJEHUX MiH

IMo3HayeHHs Ta YNCI0BE 3HAYEHHS
3a]aHOT0 MapaMeTpa

Monens karepa-TpaniBHIKa — SAM-05.
KipKicTh JOITOMI>KHMX IIJIaB. 3a4CO0IB — OMH.

Ne Ha3ga 3aj1aHoro mapamerpa

1. |KimbpKicTh HOIIYKOBHX IIABYYHX 32C00IB

Cnipans Apximena.
MiXBHUTKOBA BiZICTaHB, 200 KPOK CIipai:
n =300 M, BincTanb Mixk cyqHamu: a = 150 m.

3 | lupuHa cMyTH NONIYKOBOT TUISTHKA n =300 M

’ TpaekTopis MOIIYKOBHX IE€peMilleHb
IUTaByYUX 3aCO0iB

Paniyc miBchepn edexTHBHOI TOMIY-
4 |koBOi mii TiIPOaKyCTHYHOI amaparypu R=100m
Karepa-TpalliBHUKa

Paniyc miBcepu epeKTUBHOTO MOIIYKY
5 |TigpoakyCTH4HOI amapaTypd JOTOMiX- r=50m
HOTO TUIaBYYOT0 3ac00y

Tabmaunr 2

IlapaMeTpHu NPOEKTYIOUUX NPOMeHIB B 00paHiii cuctemi koopaunar (puc. 2, 3)

No IpoexTyroui npomeni riﬂpoaKyCanﬂo'l' NMOILIYKOBOI anapaTrypH KaTepa-TpajJiBHHKA
Ta JONOMI’KHOT0 IUIaBY40ro 3acody (AI13)

EsemeHTH IPOCTOPOBOTO

po3TrauryBaHHs npoektyrouux | Karep-tpaniBuuk

MPOMeHIB i IX mpoekmii

1 | JoBxuHa / TPOEKTYIOUOTO IPOMEHS p,=1=T4 p,=L,=FB

5 | KyTn Haxuity npoekTyounx mpome- 5°
HIB p, 10 oCi X

KyTu Haxuily NpOEKTYIOUHX IIPO-

. : 0_— Al 0— Al
3 |MmeHIB JI0 TIOBEPXHI MOPst ('l"v()[])I/IBOH— y=p " c’=p,"'1I
TaJIbHOI IUIOIMHN NTpoekui I1);

JIII3 — nonomizkHuMii
NMOLIYKOBH IJIABY4Hii 3aci0

zple ¢O=p2/\x
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JIOBKUHU TE€HEPOBAaHUX IMPOEKTYHOUHX
IIPOMEHIB, CIIPSIMOBAHUX HA BUSBIICHY
MiHy TOIIO (TabmuIis 2).

Ha migcraBi 1ux gaHux po3paxo-
BYIOTh KOOpDAWHATH MiHH, TIEpeBips-
I0Th iX TOYHICTB. Y pasi po30iKHOC-
TEd TPOpaxoOBaHUX MIOAO KOXKHOTO
3 TONIYKOBHUX CYHAEH NaHUX YTOYHIO-
I0Th KyTH HaxWiy Ta JOBXHUHH IIPO-
EKTYIOUUX TIPOMEHIB PaJioIOKaIiiHOT
CTaHIlii Karepa-TpajliBHUKA ¥ aHajo-
Ti4HI 1aHi TOTIOMI>XKHOTO TIONITYKOBOTO
cynna (puc. 4).

3BHYAMHO, SIK 1 OLNBIIICTH 1HXKE-
HEpPHHUX pillleHb, JlaHA MPOTO3UIIiA
LIO/I0 BIIOCKOHAJICHHSI METO/IIB PO3Mi-
HyBaHHA aKBaTOpii MOpPS Ta PIYOK Mae
SIK TIEpeBard, Tak i Baromi HEIOJIKH.
He3zanepeuno HaiiBaroMimnum i3 HeJ0-
JIKIB € T€, 110 METOJ TPUAATHUN JTUTIIE
JUTS MiH, KOPIIYCH SIKUX CIIPOMOXHi
BiOMBaTH CHUTHAJIM TOIIYKOBOi ama-
parypu. HaBiTh 3BHuaiiHi JOHHI MiHH,
10 TPUBAJIHIA Yac MPOJIEKATN Ha MOP-
CHKOMY YU PIYKOBOMY JHi Ta BKPIIIUCH
TOBCTUM IIAPOM HAHECEHOTO Tedi-
SIMH HAMYJTy 94 TICKY, MOXYTbh CTaTu
«HEBHJIUMHUMI» JIJIsl TOIIYKOBOI ara-
parypu cyneH. He menmry npoGnemy
CTAHOBJIATH 1 METajeBi yJIaMKH KOH-
CTPYKUIH YIIKOIXEHUX 1 3aTOHYIUX
KopaOIliB, sIKi AOCUTH T'yCTO BKpHBa-
I0Th MOPCBHKE JHO, OCOOJHMBO Ha Tpa-
TUIIHHAX TUBIXOMPOBOJAAX 1 perjax.
TyT iHIIa cuTYyamis — i yIaMKH JOCUTb
JIETKO MPUIHSTH 32 METAJIEBI KOPIYCH
MiH 1 3rasgTh 4Yac i TeXHi4Hi 3aco0u
Ha HaMaraHHs IX «pO3MiHYBaTH».

[HMmIIIM BiT9y THIM HEZOIIKOM OITH-
CaHOTO METONIY PO3MiHYBaHHS € HOTO
KPUTHYHA 3JICKHICTh BiJ| MOTOIHUX
yMOB. BiTep i3 MBHIKICTIO TOHAJ
7-8 wm/c, 30ypeHHS XBWJIb 3aBBUIIKH
nonay 1,5 MeTpu, HaqMipHA 3aIUMITE-
HICTh TIOBITpSI, IHTEHCUBHI JTOIIOBI 9H

Byidwi daui
Tadauus 1
¥

Cucmena xnnpd'asan

‘Rixy) Aixz) Riy.z

Kooapduramu nomiygxobux
nAaadywux zacodib:
xemap-opadiduix A{0:0:0)

nowyxobud A3 - Bla:l:0

Tpaaxmopin napeiuient
nowyxobuyx cyfon-cnipest
Apxineda
i 1

3adavus dazeboi X (A,B,C)
i “wapmunnai S

biddame M= HiX wuHY

LN P) naowu,

¥
Tpocxmyrvi nponent p, ma pl
ma ix npub‘azka fo cucment

xoopdusam (Tadavus NEZ)

|

Koopduwamu movoK nepemusy
NPeRKR YO YIX nponeHil p ma p
i "Kapmunaci “nreuvaen (MNP}
Biddane mix mouxany nepemany

b Frf

Biddane k 6id winu 0o xameps
wemenamuvnad Gupaz( 1 }

| ™

]

Biddanenicae b uinu 6i8 nobepxul wopn

nememanuwsod Sopazf 1)

Xn # Xn,
Yo £ Yoy

Koop@unamu NIy,
M, (X Yoot Zie, )

zﬂ!i&!}

ARaimuuni pIBNRRHA NPOKMYDTUX

nponenib p.ma g, ;
pibuannm { 2 )
pibusnua { 3 )

i

RapeRuUNY RpoeKmiysux nponesit p ma a:
pibuansn (2}|” anz,)G: p Z,,}

{

Keopduwamu wiku, ax Boyxu

pldusnnn { 3 )

YesuS KoopAHuAD Hiutk

Puc. 4. brox-cxema po3paxyukie Koopounam
BUAGNEHUX AKIPHUX AOO OOHHUX MiH
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CHITOBI OTa/IM — yCe 1€ YHEMOKITMBIIOE BUKOPUCTAHHS «JIETKHX» MOTOPU30BAHUX YOB-
HIB, IO MTPOTIOHYIOTKCS JJIS 3aCTOCYBaHHS SIK TOTIOMIXHI TTONITYKOBI IIaBydi 3aCO0H.

HemomixoM € # Te, 10 BUSBIEHI JaHAM METOJOM TUIaBydi MiHA HEMOXIINBO T1030a-
BUTH TIABY4YOCTi 4M 3a(ikCyBaTH Ha MICIli X BUABIEHHs. ToMy IIi I1aBy4i MiHH HEO0O-
X1IHO BiJpasy X Miciisl BUSIBIICHHS JIIKBiAyBaTu. [HaKiIe BOHH MOXYTh OyTH BiHECEHI
BITpaM¥ YM TEUisIMH B IHIII JUISTHKH, iX MOIIYKH JOBEACTHCS PO3MOYMHATH 3HOBY.

Ta € 1Bi He3amepeuHi nepeBar, siKi BIACTHBI METOMII 3aCTOCYBaHHs KiHEMaTHY-
HOTO TIPOEKTYBAHHS IS TTONIYKY MiH. [lepeaycim 11e MiTKOBUTE YCYHEHHS JIIOICH SK Bif
MIOITYKOBUX MEPEMIIIeHb, TaK 1 BiJ 3HEIIKO/pKEeHHS MiH. Lle myke BaxkimuBo, 60 mporiec
PO3MiHYBaHHS HE TUJIbKM JOBIOTPHUBAJIMM, a 1 BKpail HeOe3MeuHui A5l KOMaHIH Kare-
PiB-TpaliBHUKIB 1 BO/10J1a3iB.

[HII0%0 Baromoro nepeBarolo JaHOr0 METOY PO3MiHYBaHHS € Bi/IHOCHO BUCOKA ITPO-
JYKTUBHICTb 1 IIBUJKICTH HOTO MONIyKoBUX poOit. [llmpoka cMyra oxoruieHHs JBOMa
CyIHAMH TTOIIYKOBOI TEPHUTOPIi, IX y3romKeHi TIepeMIIlleHHs 3a Cripauiio ApxiMena —
yce 1e cnpusie eheKTHBHUM TOITYKOBUM poOoTaM. Jlo Toro Xk Iie ycyBa€ HasBHICTh
HEOOCTE)KEHUX AUISHOK, IO JOCUTh YacTO TPAIUISETHCS 338 3BOPOTHO-NMOCTYIMAIBHUX
nepeMillieHb MOUTYKOBUX CY/CH.

Takox K MO3UTHUBHUI aCIIEKT MOXHA B1JI3HAYMTH 3MEHIIICHI SIK MiHIMYM Y MiBTOpa
pa3u MOIIYyKOBI MepeMilleHHs KaTepa-TpalTiBHHUKA, OT)Ke, 1 MPOMOPLIHHO 3MEHIIEHI
BUTPATH MaJIMBa JUI pOGOTH HOro MPHBIZHUX IBUTYHIB. Voro mepemimieHHs 1y6mo-
IOTBCSl JIOIOMIXKHHM TOITYKOBUM CYJHOM, SIKE€ CYTTEBO MEHIIIE CIIOXKHBA€E MAJHBA.
He3zanepeuno, 1ie KOMIEHCY€ BUTpaTH Ha NPUAOAHHS i OCHAILCHHS IOLIYKOBOIO aria-
paTyporo JOMOMIKHOTO MOLTYKOBOTO Cy/IHA, Ha CTBOPEHHS! HEOOXiTHOTO MPOrpaMHOTO
3a0e3reveHHs Uil KePYBaHHs IMOITYKOBHMH TEPEMIlIEHHIMH CYACH TOIIO. AJDKE JUIs
CaMOCTIHHOTO TIPOTPAJIFOBAHHS aHAJOTIYHOI 3a IUIOIIE0 B 6 KM? JiIAHKA MOPS Kare-
POBI-TPaJIIBHUKY JOBEJIOCS O 3a TOAUHY MPOILTACTH MpuOIm3HO 10 J0JaTKOBUX Kijlo-
METpiB, BUTPATUTH Ha 1i¢ mpubmm3Ho 20 niTpiB manmBa BapTicTio Maibke 1 000 rpu-
BEHb. A TaKuX JIISHOK YIIPOIOBK OJHOTO poOodoro nHs Oyne He MeHIe 5—6, ToOTo 11e
HIOJICHHA €KOHOMisl 5—6 THCSY IPUBEHb.

Ha sxanb, gyepe3 BO€HHI MOii Ha TepuTOpii YKpaiHW aBTOpaM CTaTTi HE BAAJIOCS
3MIMCHUTH HATypHI BUIPOOYBaHHS 3alpOIIOHOBAHOI CXEMH PO3MiHOBYBaHHS. ABTOpU
CITOIIBAFOTHCS 3MIIUCHUTH 1€ B MaliOyTHHOMY Ta 3alpOoINIyIOTh IO CITIBIPAIli BCiX OCi0,
3aIliKaBIIEHUX y Pe3yNbTarax JaHOTo AOCTiHKEHHs, 1 OpraHi3aiii.

BucHoBkn

1. CTpiMKU# PO3BHTOK HAyKH Ta TEXHIKM HAa MEXi TUCSYOINITH CYTTEBO BJOCKOHA-
JIMB BIHCHKOBE 030POEHHS 3arajoM i 3acoOM MiHYyBaHHS SK Ha CYIIi, Tak i Ha BOAHUX
mpocTtopax 30kpeMa. HOBITHI MOXKIIMBOCTI Ta TEXHOJIOTii BUTOTOBJICHHS BHUOYXOBUX
PEYOBHH, 3aCTOCOBYBaHi JJIT BHUTOTOBJIEHHS MiH CydJacHI Marepianw, BHCOKOSKICHA
€JIEKTPOHIKa KepyBaHHSI MOMEHTOM BHUOYXY i iHIII JOCATHEHHS IIEPETBOPIIN CydacHi
MiHH 3 «ITACUBHOTO OYiKyBaua» Ha MOTYKHI TIIepakTUBHI aBTOHOMHI PyIHiBHUKU HaJ-
BOJIHUX 1 TIBOJIHUX IIJIABYYHX 3aCO0IB.

2. Cepen pi3HOBHIIB Cy4aCHOTO MiHHOTO 030pO€HHSI, SIKE BUKOPUCTOBYIOTh Ha aKBa-
TOpPisX PIUOK 1 MOPIB, AKIPHI Ta AOHHI MiHM HaWMNOTYy>Hiwi. Jlo TOro * BOHU Haimia-
CTYITHIII Yepe3 CKIAAHICTh iX CBOEYACHOTO BUSBIICHHS Ta 3HEIIKOIKEHHS.

3. CyTh 3ampoIOHOBAaHOTO METOY IOJISTa€ B 3aCTOCYBaHHI JJIS MOMIYKY SKIpHUX
1 JIOHHHX MiH KaTepOM-TPaJiBHUKOM JIOJaTKOBOTO IIABYYOTO IOIIYKOBOTO 3aco0y.
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Hanpukiiag MOTOpH30BaHOTO YOBHA, OCHAIIIEHOTO Bi/IMOBITHOIO MONTYKOBOKO arapary-
poto. Pe3ynbraru momykiB MUMH CyJJHAMH MiH 3BEIYTHCS JI0 PO3PaxyHKIB KOOPIUHAT
BUSIBIICHHX MiH 3ac00aMH KIHEMaTHYHOTO IPOEKTYBaHHA. BukopucTanHs Manorabapur-
HUX €KOHOMHUX JIOJIATKOBHUX MOITYKOBHUX CYJICH Y/IBi4i 3MEHIIY€E OTPeOy B MOLTYKOBUX
MEePEeMIIIIEHHSIX KaTepiB-TpaliBHUKIB. Ll BiT4yTHO 3/CIIEBIIOE MONTYKOBI pOOOTH, Tij-
BUIIY€ 1X O€3MeKy /Uil KOMaHIHOTO CKIIay KaTepiB-TPaliBHUKIB.

4. Cepen KOTOPTH MOXIUBUX TPAEKTOPIH MEpeMillieHb JO0IATKOBOTO ITOIIYKOBOTO
Cy[IHa Ta KaTepa-TpaJiBHHKA ITiJl Yac MOUTYKiB MOPCEKHX MiH PEKOMEH/IOBAHO SIK OTITH-
MaJIbHY TPAEKTOPIIO TOIIYKOBHUX MEPEMIllIeHb TPYyTIOr0, HAMPHUKIIAJ i3 IBOX BHJIAIITY-
BaHMX Y PsJ CylEH, 3a CHipauIio ApxiMena 3 MDKBUTKOBHM KPOKOM, MTPOTIOPLIHHIM
KUTBKOCTI ITOIIYKOBHX CYIIEH 1 pajiiycy e(eKTUBHOI Aii IXHBOT MOIIYKOBOT anaparypH.

5. He3Bakaroun Ha HEOJIKU METOY MOUIYKY SIKIPHHX 1 IOHHUX MiH i3 3aCTOCYBaH-
HSIM 3ac001B KIHEMaTUYHOTO MIPOEKTYBAHHS, IO MOJISTAIOTh y HOTO MiIBUIICHIH Yy T/IH-
BOCTI /10 METEPOJIOTIYHHX TIOTOIHIX YMOB, a 0COOJIMBO JI0 BITPOBOTO HABAHTAXKCHHS Ha
JIETKi MOLTYKOBI CY/THA, yce K JTAaHUW METO]] Ma€ IEePCIEKTHBY MHUPOKOTO MPAKTHYHOTO
3acTOCYBaHHs. 3yMOBJICHO 1€ THM, IIO B pa3i HOro BUKOPUCTAHHS IEpPeayCciM ycyBa-
€ThCs HeOe3MeKa KOHTAKTY JItoIeH 13 BUOYXOHEOe3MeYHO0 MIHO0, TAKOXK 3aCTOCYBaHHSI
JAHOTO METONy CYTTEBO 3MEHIIY€E MOTpeOy B MOIIYKOBHUX IEpexojax KaTepa-TpajiB-
HUKa, 3a0e31evy€e THM CaMHM BiIYYTHY €KOHOMIIO MaJINBa.
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Bu3HaueHHS MPOCTOPOBUX KOOPAMHAT TOYOK MAHOPaMHOTO 3HIMaHHS /
LT Ceiapak ta iH. 36iprux nayxoeux npayb Menimononbcbko2o 0epicas-
HO20 nedacociunoeo yHieepcumemy imeni bozcoama  Xmenvruyvroeo.
2014. Bun. 2. C. 136-140.

Jlo muTaHHs PO3paxyHKy TOYHOCTI BU3HAUCHHS KOOPJIHMHAT TOYOK ITiJ] Yac
aepodoTo3HiMaHHs 3 0e3MiTOTHUX JiTadbHUX anaparis / P.B. Lllyne Ta in.
Tnorcenepua ceodesia. 2015, Bum. 62. C. 124-136.
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¢ixu. JIsBiB, 1994. C. 37.
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nayku. 2017. Bum. 1. C. 32-39.
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Anomauis

Bemyn. YV cmammi posensdaembcsi npobiema 3acmocy8anHs Menio8o20 HACo-
ca «6ooa — 6ooay (TH «so0a — 600ay), aKuil npayioe Ha AlbMEPHAMUBHUX AHCEPENAX
enepeii, 0151 MenlonoCMAa4anHs ma 2apsauo20 6000NOCMayanHs 6yoisenb NiOnpueMcme
MawuHoOYO0y8aHHs Yy SUPOOHUYMEI KOHCMPYKYIUHUX mamepianis. Tennosuii Hacoc
«800a — 800a» Y C60illi pOOOMI MOdHCE BUKOPUCHOBY88AMU HU3LKONOMEHYIUHY Meniomy
600U Pi4OK, 03ep, nid3emHux 600. Memoro pobomu € mepmoouHamMiuHe 0OIPYHMYBAHHSL
ma 00Cni0NHCeHHS OOYIIbHOCII BUKOPUCHIAHHS MENNI08020 HACOCA HA NIONPUEMCMEBAX
MawuHoby0y8aHHs nio yac 8UpobHUYMBEa KOHCmMpyKyiliHux mamepianis. Pesynomamu.
Buxonaro ananiz mepmoOuHamivHux xapakmepucmux menyiosux Hacocie «600da —800ay,
wWo npayrooms 3 BOOHUM 0HcepesoM HU3bKonomenyitinoi meniomu. Busnaueno uunnu-
KU, AKI 6NIUBAIOMb HA eHepeemUiH) e(heKMUSHICIMb MenI08UX HACOCi8 «800a — 600a,
oyineHi 0cobIUBOCMI poOOMU BOO0STHUX MENTIOBUX HACOCIE OJis1 NIONPUEMCING MAUUHO-
0y0y8anHs Y BUPOOHUYMBI KOHCIMPYKYIUHUX Mamepianis. s niosuuenHs mepmoou-
HAMIYHOI echekmusHocmi pobomu cucmemu MenionOCMA4anHs NIONPUEMCINE MAULU-
HOOYOY8aHHA Ni0 Ydc BUPOOHUYMBA KOHCMPYKYIUHUX Mamepianie 3anponoHO8aAHO
cXemy BUTYYeHHS HUZbKONOMEHYIUHOI Meniomu 3 UKOPUCTAHHAM MeNnlo8ux Hacocie
«800a — 8ooay». Ha niocmaei nposedenux 0ocuiodcenb YCmMaHoBIeHO, WO Nepesazoio
600U K MENIOHOCIA € me, WO Menosi HACOCU «800a — 800A» MOJCYMb NPAYIOBATNU
npakmuuno nogcioou. Hamenep nepcnexmugHum cnocobom niosuujeHHsa eghexmus-
HOCMI cucmemu menionoCmadaHts NiONPUEMCME MAUUHOOYOV8AHHA Y 8UPOOHUYMEI
KOHCMPYKYIUHUX MAmepianié € UKOPUCHAHHA MeNnjlo8020 HACOCA «800d — 600a» 3d
piunoeo yuxny uozo pobomu. Tomy menionacocha cucmema «800a — 600a» 3abe3-
neuye 8UCOKY MenjionpoOyKMUSHICmb NPOMA2OM YCb0O20 POKY Mda MA€E UUULL NOKA3-
HUK eHepeemudHoi eqheKmugHOCmI NOPIBHAHO i3 mpaouyitinumu ycmanoskamu. Tennogi
Hacocu «800a — 800a» MarOmMv 3HAYHY nepesazy nepeo iHUUMU menioeHepeemUudHUMU
ycmanogxkamu. Tennogi Hacocu «800a — 800a» CHONMCUBAIOMb eHEPIit0 BIOHOBTIOBAb-
HUX Odfcepell i 3HUJCYIOMb GUMPAMU HA elekmponocmayauts. Bucnoexu. 3acmocy-
BAHHSI MENJIOBUX HACOCI8 «800A — 800a» O/ YMULI3AYI] HUZLKONOMEHYIUHOI Menioeoi
enepeii IPYHMOBUX 800 eKOHOMIYHO 8UCIOHO, MOMY WO 8APMICHb MENnJ1oNOCMAYAHHS
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mennosum Hacocom cmanosums 7 980 epueenv Ha piK 015 HCUMA08020 OYOUHKY NLO-
weio 100 m>. Ananiz mepmoounamiunoi egexmuenocmi cucmem MmMenionoCmMadanHs
NOKA3Y€E, WO BUKOPUCMAHHA HU3LKONOMEHYIUHO20 0Jicepena menomu IpYHmMosux 800
Mae nepesazu HaoO Oxcepenamyu meniomu IPYHmy ma nosimps. Y cyuacHux ekoHomiy-
HUX YMOBAX MeHOeHYia cucmem Meni0noCmaiaHus RIONPUEMCIE MAuUH00Y0y8aH-
HA Ni0 Yac 8UpOOHUYMEA KOHCMPYKYIUHUX Mamepianie Modxce po36usamucs 6 maxkux
Hanpamax: 3acmocy8anHs NapoKOMAPECIUHO20 MeN08020 HACOCA «800d — 800ay», AKU
mae koepiyienm mpancgopmayii mennomu 3,15 i excepeemuunuti KK/ TH 32%, éuxo-
DPUCMAHHA 8MOPUHHUX eHep2opecypcCi8 NIONPUEMCME MAWUHOOYOY8AHHA V 8UPOOHU-
Ymei KOHCMPYKYTUHUX MAmMepianie, a MaKoiC MOMCIUBe NiOBUUIEHHS MENTOMEeXHIYHUX
xapaxmepucmux MauunooyoigHux oyoiseno.

Kniouoei cnosa: TH «so0a — 6ooay, yuxn TH, nusekonomenyitine 0dicepeno menio-
mu, IPYHMOBA 6004, NOGIMPS, IDYHM, CUCEMU MeNIONOCMAYans, Koegiyicnm mpauc-
gopmayii, mepmoounHamiuna eexkmusHicme.

EFFICIENCY OF THE “WATER - WATER” HEAT PUMP FOR HEAT
SUPPLY OF MACHINE-BUILDING ENTERPRISES IN THE PRODUCTION
OF CONSTRUCTION MATERIALS

M.V. Bosyi!, O.A. Bosa’

"Lecturer at the Department of Materials Science and Foundry,
Central Ukrainian National Technical University, Kropyvnytskyi, Ukraine,
ORCID ID: 0000-0002-3090-0427
Laboratory Assistant at the Department of Materials Science and Foundry,
Central Ukrainian National Technical University, Kropyvnytskyi, Ukraine,
ORCID ID: 0000-0001-7621-6631

Summary

Introduction. The article examines the problem of using a water-to-water heat pump
(water-to-water heat pump), which works on alternative energy sources for heat and
hot water supply to buildings of engineering enterprises in the production of structural
materials. TN “water—water” inits work can use the low-potential heat of water of rivers,
lakes, and underground waters. Purpose. The purpose of the work is the thermodynamic
substantiation and study of the expediency of using TN at machine-building enterprises
in the production of structural materials. Results. An analysis of the thermodynamic
characteristics of “water — water” TNs operating with a water source of low-potential
heat was performed. The factors that affect the energy efficiency of “water — water” TN
are determined, the peculiarities of water TN work for engineering enterprises in the
production of structural materials are evaluated. In order to increase the thermodynamic
efficiency of the heat supply system of machine-building enterprises in the production
of structural materials, a scheme for extracting low-potential heat using the “water —
water” TN is proposed. On the basis of the conducted research, it was established that
the advantage of water as a heat carrier is that “water — water” TNs can work almost
everywhere. Currently, a promising method of increasing the efficiency of the heat supply
system of machine-building enterprises in the production of construction materials is
the use of “water — water” TN during the annual cycle of its operation. Therefore,
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the water-to-water heat pump system provides high heat productivity throughout the
year and has a higher energy efficiency index compared to traditional installations.
TN “water — water” have a significant advantage over other thermal power plants.
“Water —water” TNs consume energy from renewable sources, reduce electricity supply
costs by more than half. Conclusions. The use of “water —water” TN for the utilization
of low-potential heat energy of groundwater is economically beneficial, because the
cost of heat supply by a heat pump is UAH 7 980 for a residential building with an area
of 100 m2 per year. The analysis of the thermodynamic efficiency of heat supply systems
shows that the use of a low-potential source of ground water heat has advantages over
ground and air heat sources. In modern economic conditions, the trend of heat supply
systems of machine-building enterprises in the production of structural materials can
develop in the following directions: the use of vapor-compression TN “water — water”,
which has a heat transformation coefficient of 3,15 and an exergy efficiency of TN of
32%, and the use of secondary energy resources of machine-building enterprises in
the production of structural materials, as well as possible improvement of the thermal
characteristics of machine-building buildings.

Key words: TN “water — water”, TN cycle, low-potential heat source groundwater,
air, soil, heat supply systems, transformation coefficient, thermodynamic efficiency.

Beryn. HuHi 3 BUKOPUCTaHHSIM BUKOITHUX OPTaHIYHUX BUJIIB ITAJIMBA Ta 3pOCTAHHIM
I[iH Ha eHEeproHoCii B YKpaiHi, 5K 1 y CBITI 3arajioM, HeOOX1IHO 3aCTOCOBYBATH Ta BIIPO-
BaJKyBaTH HaWHOBIIII TEXHOJOTI{ 3 BUKOPUCTAHHSAM BiTHOBIIOBAJIHHUX aJBTEPHATUB-
HUX TPUPOJHUX JKEPEN EHeprii, sIKi BiJKPUBAIOTH JJISI CHOTOJICHHS MOXJIHMBICTH JIO
€Hepro30epeKeHHs Ta 3MCHIICHHS BUKU/IB MAPHUKOBUX T'a31B Yy JOBKIUIA — II€ TEILIOBI
HacocH [1-8].

Ha cy4yacHomy erarti po3BUTKY eHeproe()eKTHBHUX €KOJIOTTYHO YHUCTUX TETIOHACOC-
HUX TEXHOJIOTIH JUIsl CHCTEM TEILIONOCTaYaHHs Cy4YaCHUM SKOJIOTYHUM 1 HaiiepeKkTHB-
HIIIUM JIKEPEJIOM SHEeprii JJisi CUCTEMH OTaJICHHS] € BAKOPUCTAHHS €HEpril MiI3eMHUX
BoJ. Tomy TerutoBi HacocH (nani — TH) «Boja — BoJa» NpaIioroTh 3 BACOKUMH TTOKa3-
HUKaMH ¢(DEKTUBHOCTI Ta 3a OMAJIOBAJLHHHA MEPio 3a0IIaKYIOTh 10 65% KomITiB
y MOPIBHSHHI 13 TPAJAHIIHHOIO CHCTEMOIO OIAJICHHS Ta30BHM KOTIIOM [8—14].

IloctanoBka mpoOseMH. 3acTOCYBaHHS JUIS TEILIONOCTAYaHHS TPATUIIHHUX
TEIIOCHEPTeTUYIHUX YCTAHOBOK MOTPeOy€e BIAMOBIAHUX (hiHAHCOBUX 3aTpaT 3i CKOPO-
YEeHHSIM 3aIaciB pi3HUX BHUJIIB OPraHiYHOTO MAJIMBA Ta 3POCTAHHSIM I[iH HA €HEPrOHOCIT.
ToMmy Ha JTaHOMY eTaIli pO3BUTKY rayry3i TEIUIONOCTaYaHHs HEOOXiHO BIIPOBA/IXKYBATH
TETIOHACOCH] TEXHOJIOTIT 3 BUKOPUCTAHHSM BiJJHOBIIIOBAIBHUX aJbTEPHATUBHUX JDKE-
pelt eHeprii, sIKi BIAKPHUBaIOTh MOXKJIUBICTD JI0 CHEPTro30epeIKEHHS Ta 3MCHIIICHHSI BUKH-
JIiB apHUKOBHX Ta3iB B armMochepy [1-3]. A TakoX BaXJIMBUM 3aBIaHHSIM € aHAi3
e(eKTHBHOCTI TEIUIOBUX IPOLECIB Y CUCTEMaX TEIUIONOCTaYaHHs i3 3aCTOCYBaHHIM
TEIIOHACOCHUX TexHojorii. lle macte 3Mory ouinutu edexrrHicth TH Ha ocHOBI
BUKOPHUCTAHHSI €KCEPreTHYHOTO METO/Y JUIS TPOEKTYBAHHS BUCOKOE(EKTHBHOTO €HEp-
TOTEXHOJIOTIYHOro obmaaHanus [3].

[IpoGnema 3HMKEHHS 3aTpaT Ha OMAJEHHS Ta rapg4ye BOJOIOCTAYaHHS aKTyasbHa
TaKOX JUIS IiIIPUEMCTB MAIIMHOOY/TYBaHHS, SIKI BUPOOJISIOTh KOHCTPYKIiiHI MaTepi-
amm [11-14].
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[Migpumenns: eHeproedekruBHocTi TH, sKi BHKOPUCTOBYIOTH T'€OTEPMANBHY
TEIUIOTY, Y Hall 4ac € ONHUM 13 HAalBa)IMBIIIMX NMUTaHb IJIS IONAJIBLIOIO PO3BUTKY
Ta BIIPOBAIKEHHS TEXHOJIOT1M 3aCTOCYBAaHHS BITHOBIIIOBAIBHUX JXKepell eHeprii B cuc-
TEMax TEIUIONOCTaYaHHs, TAKOX IS MiANPUEMCTB MAaIIMHOOYTyBaHHS, SKI BUPOOIIS-
I0Th KOHCTPYKLiiHI Marepianu [13-15].

AHaJi3 ocTaHHIX J0caixKens i myOuaikaniid. Y kpainax €Bponu, AMepuku i A3zii
TH BHKOPHCTOBYIOTHCS BXKE IOHA/ 35 POKIB /17151 TETJIONOCTaYaHHS )KUTIOBHX 1 0(picHUX
OymiBenh, a TAKOXK Pi3HUX MpUMilleHb. Haito1IbI1i eHepreTHIHI KOMIaHil IPOEKTYIOTh,
BHTOTOBJISIFOTH 1 BIpoBakyioTh TH. [locBin 3apyOiskHux kpaiH, sk-ot LlBeris, Din-
nsugis, HiMmeuyunHa To1o, TOBOJAUTH JONUIBHICT 3acTocyBanHs TH. Y mpoektyBaHHI
Ta PEKOHCTPYKIIl CydyaCHUX CHUCTEM TEIUIONOCTa4aHHs HEOOXiIHO BPaxOBYyBaTH MOXK-
JUBICTh BUKopucTanHs TexHosorii TH. 3actocyBanus TH y koMIuiekci i3 TpaauIliiiHo0
CTEMOI0 TEIUIONOCTAYaHHsI JIsi CHCTEM OTaJeHHs, KOHIMIIOHYBAHHS Ta BEHTHIISALIT
BEITUKHX 00’ €KTIB 3a0e3Meuye MIKOBUTY aBTOHOMHICTh 30H PETYIIOBAHHS ¥ iCTOTHY
€KOHOMiI0 NAJIMBHO-CHEPIEeTUYHUX PECYPCIB HABITh Y Pa3i BUKOPUCTAHHS TPaJULiHHUX
Jokepen eHeprii [ 12—14].

TH nepeHOCUTh TEIJIOTY BiJi OUIBII XOJIOJHOTO TiJia JI0 OLIbII HATPITOTO 3aBISKH
BUTIAPOBYBAHHIO Ta KOHJEHCAIl, 32 BUKOPUCTAHHS MPAKTUYHO BCIiX JKEpeNl HU3BKO-
noTeHtiitHol Teruiotu. TerutonacocHi ycrtanoBku (mani — THY) qomisleHO BUKOPUCTO-
BYBaTH B CHUCTE€Max TEMJIONOCTAayaHHS TOMY, 110 BOHM IIOKa3aJM CBOI €(EeKTHUBHICTH
3aBISKH Tiepeiadi CokuBaveBi y 3—5 pasiB Oiible eHeprii, Hi’kK BUTpadaroTh Ha il
nepenauy [1-3]. Oxpim Toro, y TH BUKOPUCTOBYIOTHCS €KOJIIOTIYHO YUCTI TEXHOJIOTII,
MPaKTUYHO 0e3 BUKUIIB IIKIAJMBUX PEYOBUH Y HABKOJHIIHE cepenoBuie [4].

Tepmonuuamiuauii nukyn TH aHajnoriuHuil XONOMWIIBHIM MalldHi, ane HaBIIaKH.
Y TH xoHaeHcaTop € TEIUIOOOMIHHAM anaparoM, 0 BUIIISE TETIOTY IS CTIOKHBaJa,
a BUIAPHUK — TEIUIOOOMIHHMM amapaTroM, II0 yTHIIi3y€ HHU3bKOIIOTEHLIWHY TEIUIOTY.
JpocenbHUi BEHTHIIb PETYIIIOE TUCK 1 TEMIIepaTypy poOOvoro Tijia miciist HOro KOHAeH-
CyBaHHA B KoHzIeHcaTtopi [12—-15].

Haii6inemoro Buxopuctanas THY HaOyBaioTh IUIsl TEIUIOMOCTAavYaHHS, Tapsdoro
BOJIONIOCTAYaHHS JXKUTIOBUX 1 BUPOOHWYMX Oy/iBelnb, 3a0e3leueHHs TEIIOBOIO eHep-
Ti€10 TOTPiIOHOTO MOTEHITIATY HU3KH TEXHOJIOTIYHUX TIPOIIECIB.

Tomy npoBeaeHHs TepMoanHaMiyHoro gocmimkeHHs TH Ha npupogHux mkepenax
TETJIOTH ISl CUCTEMHU TEIJIONOCTAayaHHsS MAaIlMHOOYNiBHOTO MiANPHEMCTBA MiA Yac
BUPOOHHWITBAa KOHCTPYKUIHHHUX MaTepiajiiB HUHI € aKTyaJlbHUM 3aBIAHHSM.

®opmyawBaHHA Uijel cTaTTi. MeTOIO CTarTi € TepMOJMHAMIYHE OOTPYHTYBaHHS
Ta JOCIHIKCHHS IOIIBHOCTI BUKOpUCTaHHS TH «Boma — Boma» Ha MiAMPUEMCTBAX
MaIMHOOY/TyBaHHS Y BUPOOHHUIITBI KOHCTPYKIIIHHIX MaTepiais.

Buxnan ocHoBHoro marepiany. Hamu 3anpononoBana npunuumnoBa cxema TH
«BOIAa — BOA@» AJSl CHCTEMH TEIUIONOCTaYaHHS MAaIlMHOOYNIBHOTO MiANPHEMCTBA
y BUPOOHUITBI KOHCTPYKUIKHUX MaTepialiB, sika HaBeJeHa Ha puc. 1.

Po6ora TH «Boma — Boma» 3a 3ampONOHOBAHOIO MPUHIIUIIOBOIO cxemoro (puc. 1)
taka. [lapa, 110 yTBOPIOETECS Y BUNIAPHUKY, HAJXOAUTH 10 KOMIIPECOPA, 1€ TUCK POOo-
yoro Tina TH 3Ha4HO migBUIIIyEThC, 1 Aali HATXOOUTH 0 KOHAeHcaTropa. Y KOHAeHca-
Topi poboue Tinno TH KoHIEHCYETHCS 3 BiABEICHHIM TETUIOTH JI0 POOOYOTO TiNa (TETIo-
HOCIi) KOHTYypa onayieHHs. [licist 1boro KoHAEHcaT MEePBUHHOTO PodoYoro Tina yepes
JpOCelb 3HOBY MiIBOAUTHCS 10 BUIAPHHKA.
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Puc. 1. 3anpononosana npunyunosa cxema TH «800a — 6o0ax
071 cucmemu menionoOCMA4aHHs MAWUHO0Y0i8HO20 NIONPUEMCMEA
nio 4ac upPOOHUYMEA KOHCMPYKYIUHUX MAMEPIanie

Y TtepMoanHaMiuHOMYy po3paxyHKy TH 3amaemMoch KepeiaoM TEIUIOTH HHU3b-

KOTO TIOTEeHIliany (IpyHTOBa BOJa) 3 TEMIIEPaTypO0 Ha BXOAl y BHITAPHUK t,, = 10°C,
a Ha BHUXOIl 3 HBOIO t,, = 6°C. Temneparypa Boau 13 CHCTEMH TEIUIONOCTAYaHHS
Ha BXOJli B KOHICHCATOP ty, = 35°C. Temneparypa Bomy Ha BHXOJI i3 KOHJEHcCaTropa

»

= 65°C. TemonpoxyxriBuicte TH O = 35 kBT. Po6ounii arent R134a.
[TpuiiMaeMo KiHIIEBY PI3HHIIO TEMIIEPaTyp y BUIIAPHUKY:

At =t —t =3°C. (1)
3HaX0MMO TEMIIEPATYpPy BUIIAPOBYBAHH 7 :
t,=1t,—At =6-3=3°C. 2)
3agaeMoCh KiHIEBOIO PI3HUICIO TEMIIEPATyp y KOHJCHCATOPI:
At =t +1t=5C. (3)
Busnagaemo TeMneparypy KOHJICHCaIli:
1=t +At=65+5=70°C. “)

3a pomomororo p-h-giarpamu s R134a 3HaxonuMo mapameTpu poOOYOro areHTa

B TaKUX XapaKTCPHUX TOYKaX, K [IOKA3aHO Ha pUC. 2:

40

Touka 1: ¢, =t =3°C  p =035MIla & =400 x/x/kr
Touka 2: £, = 70°C p, = 2,1 MIla h, = 440 xJx/kr
Touka 3: 1, = 70°C p, = 2,1 Mlla h, = 300 kJLx/kr
Touka 4: £, = 3°C p,=035MlIla A, = 300 x/lx/xr
BuyTpimHs podoTta koMmnpecopa:
L,=h, +h =400 -300 =40 xJDx/kr. 5)
[TutoMe TeTIOBE HABAHTAKECHHSI BUTIAPHUKA:
q,=h —h, =400-300 =100 x{x/kr. 6)
[Tutome TerioBe HABAaHTAXKCHHS KOHICHCATOPA!
q. = h, —h, =440 —300 = 140 JIK/Kr. (7)
MacoBa BUTpaTa poOOYOro areHTa:
G=0Q,./q, =35/140 = 0,25 kr/c. (8)
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Puc. 2. Quxn TH «tpynmosa 600a — 6oda» y p-h-diacpami

0O06’eMHa IPOAYKTUBHICTH KOMIIPECopa:

V. =0,25-0,275= 0,068 M’/c. 9)
PO3an}’HKOBe TCIUIOBE HABAHTAXKCHHA BUITApHUKA:
0, =¢q,-G=100-025=25 «Br. (10)
POSanYHKOBG TCIIJIOBC HABAHTAXXCHHS KOHACHCATOpa:
0. =gq. -G=140-0,25=235 kBL. (11)

[Ipuiimaemo enexrpomexaniunnii KKJI komnpecopa 77, = 0,9.
BuzHauaemo nmuTomMy poOOTY KOMIIpecopa:

L. =L,/n., =40/09 =444 xJlx/KT. (12)
ITnToma BUTpaTa eNeKTPOEHEPril Ha OMHUIIIO BUPOOIEHOI TEMIOTH:
em =L, /g, =44,4/140=032. (13)
EnexrpuuHa noTyXHIiCTh KOMIIpECOpa:
N, =1L, -G=444-025=111 kBr. (14)
Koedimient Tpanchopmarnii TH [16-18]:
COP=¢q /L =315 (15)

Cepenns TemrepaTypa HU3bKOIIOTEHLIMHOTO JKepesia TEeIUIOTH (TeIIoBiaBaya):
T, =(283+279)/2=281K, ¢, =8C. (16)

H.Cep H.CEp

Cepennst TeMIiepatypa oiep»KaHoi TeIIOTH:

T,., =(343+308)/2=3255K, 1, =52,5°C. (17)
Exceprernunnii koedinient kopucuoi aii THY:
n.=q.-01/L  =140-0,1/44,4=0,32. (18)
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BukoHaeMo Tako MOPIBHSUTBHHN TEPMOJAMHAMIUHUNA po3paxyHok TH amst HU3bKO-
MOTEHIIIHHOTO JPKEpena TeIJIOTH IPYHTY Ta MOBITPSL.
. oo o .
Temneparypa Ha BXOH1 y BUITAPHUK (z“_pym‘Bl =8 C, Liwsy = 1°C), Ha BUXOZI 3 HBOTO
(t. ~=4°C, ¢ = 3°C). Temmeparypa BoaM 13 CHCTEMH TEIUIOTIOCTaYaHHS Ha
TPYHT.B2 110B.B K
BXOZi B KoHIeHcatop: f = 35°C. Temmeparypa BoAM Ha BUXOMi 3 KOHJCHCATOpA:
j— o see .
t, = 65°C. A THCKH BHIIAPOBYBAHHs Ta KOHICHCALi ISt (PYHTY Ta IOBITPsI) CTAHOB-

JATE plrmeL = 0’31 MHa’ plllOB.BHlL = 0’30 MHa’ pZIIOBBVlll. = 2’1 MIla.
TeMHepaTypa BUIIAPOBYBAHHA IJIA JIPKECPEIT TCILUIOTU (rpyHT, HOBiTpS{), t():

fo_ =ty,— Aty =4—3=1°C. (19)
p. .
fo. =ty — Aty =3-3=0°C. (20)

Temmeparypa koHzaeHcarlii arenta R134a miusa mkepen TerioTH (IPyHT, IMOBITPS):
t=70°C.

Buytpinmas pobora koMIpecopa:

L, = h, —h, =440 —-395 =45 x/lx/kr. (21)
L, = =h,—h =440—-390 =50 xJx/kr. (22)
ITutoMe TETIOBE HABAHTAKEHHS BUMTAPHHUKA:
qo,, =h,— h, =395-300 =95 kJLK/k. (23)
Go,o, = h,— h, =390 —300 = 90 x/Ix/kr. (24)
[TuroMe TeruIoOBE HABaHTaXEHHSI KOHJICHCATOPA!
qx,, = h,— hy =440 — 300 = 140 kJHK/K. (25)
Gx,., = h,— hy =440 —300 = 140 xJDx/kr. (26)
IMutroma poboTa KoMIpecopa:
Ly, = L,/n., =40/0,9 =50 kJx/Kr. 27)
e, = Lo/ Mew = 50/0,9 = 55,5 KJDK/K. (28)
Koedimient Tparcdopmartii TH [16—18]:
COP_ =gq,/L,, =140/50 =28 (29)
copP,. =q./L A =140/555=252. (30)
Exceprernunmii koedirient kopucuoi aii TH:
My, =i 01/L,, =140-0,1/50 =0,28. 31)
Mo, =4, 01/L,, =140-0,1/555=0,25. (32)

Pe3ynbraTi MOPiBHIIBHOTO TEPMOAMHAMIYHOTO PO3PAXyHKY W aHalli3y MOKa3yloTh,
mo TH «Boma — Boga» mae nepeBaru HaJg TH «TrpyHT — Boga» Ta «OBITpS — BOJa».

BucnoBku. TH «Bozma — Boga» 3 pobounm areHrom R134a e HaniitnuM, edekTus-
HUM, OC3MCYHUM 1 SKOJIOTIYHUM J[KEPEIIOM BiTHOBIIOBAJIBHOI €HEPTii sl BHKOpPUC-
TaHHSI B CUCTEMAax OMAaJICHHS Ta Trapsdoro BOAOIOCTaYaHHsI.

EdexruHicts napoxomnpeciiinoro TH «Boma — Boga» 3HaUHOIO MIpOIO 3aJIeKUTh
BiJl TeMIriepaTypd HHU3BbKONOTEHLIMHUX JKepen TemloTH. Po3paxoBanmii koedilieHT
tpancopmanii TH «Boma — Boga», KU BUKOPUCTOBYE JKEPENIO €HEPrii MiA3eMHUX
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BoJ, AopiBHIOE COP = 3,15, a ekcepretnuynuii koeditieHT kopucHoi aii THY craHoBUTH
n,= 0,32, Takox Tpeba I BpaxoByBaTH TEPMOJMHAMIYHI BIACTMBOCTI POOOYOIO Tina,
Ha sikomy nipairroe TH. ToMy HalOIIbIIMM TOTEHINATIOM 13 TIPUPOJHUX HU3IBKOTEMIIE-
paTypHHX JDKEpeN TEIUIOTH € TEIUIoTa IPYHTOBUX Box st TH, ski mpalfioroTh Ha po6o-
yomy arenti R134a.

3a Temneparypy HU3BKOIIOTEHIIIHHOTO JpKepena TerioTu rpyaroBoi Boau 10°C TH
«BOJla — BOJIa» TEPCHOCHUTH TEIUIOTY IS CUCTEMH TEIUIONOCTa4aHHs e(eKTHBHIIIE,
HDK TpaJHIiiHI CHCTEMH OnayieHHs.. ToMy y MPOEKTYBaHHI CHCTEM TETIONOCTauaHHs
3 BukopuctanHusM TH «Boja — Boga» HE0OXiHO BpaxOByBaTH el YnHHUK [6; 11; 12;
14; 15; 19-22].

3acrocyBanns TH «Boga — Boga» Oyje €eKOHOMIYHO BUT1IHIIIE, HIX YCI TPaauUIliiiHi
TEXHOJIOTIi Ha PUHKY TeIIONOCTadyaHHs. BapTicTh omaneHHs Ha 00irpiB OyIUHKY 3a
CE30H TBEPAONAIMBHUM KOTJIOM CTaHOBUTH 16 089 TpH, €NeKTpUYHUM KOTIOM —
28 560 rpH, razoBuM KomioM — 15 904 rpH, a BapTIiCTh TEIUIONOCTAYaHHS TEIUIOBUM
HAcoCoM cTaHOBUTH 7 980 IpH Ha PiK ISt )KUTIOBOTO OyauHKY 1utomero 100 m?. Takwuii
pe3yNbTaTy 3yMOBJICHO TUM, 1110 001agHanHs TH «Boga — Bonay He BUPOOJISIE TEIIIOTY,
a TIEPEHOCHUTH ii 10 criokuBava [22].
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Summary

Introduction. In the ports of Ukraine, about 95 000 forklifts are operated, which
are registered with the bodies of Derzhhirpromnadzor. In this, the majority of them
(72%) developed their normative resource. The average term of their operation exceeds
30 years, and the degree of physical wear and tear approaches 90%. Replenishment of
the VPM fleet is carried out mostly at the expense of equipment that was in operation,
and the percentage of new equipment does not exceed 20%. It should also be noted that
this situation is not the same in different ports of the country. Thus, in the Black Sea Sea
Trade Port, the average service life of port transshipment equipment (PPT) is 40 years.
At the same time, in the port of Pivdenny, it fluctuates and is no more than 20-30 years.
Purpose. Taking into account the current situation, the problem of assessing the
residual resource of PPT becomes urgent. It is also necessary to take into account that
over-standard operation of VPM increases the amount of repair work and may pose
an increased risk in the case of untimely or poor-quality repairs. Results. The problem
related to the assessment of the residual resource by port transshipment equipment is
considered. There are methods for determining damage to metal structures of cargo-
lifting machines. Due to the predominance of disadvantages when using destructive
control methods, non-destructive methods are increasingly being used today. They are
more promising. The work considers the most used of them. Conclusions. There is no
generally accepted approach to determining the damage of metal structures of LM today.
At the same time, the existing methods have a number of significant drawbacks, which
include the following: most methods are based on the application of destructive control,
which entails the violation of the integrity of the examined metalwork, the need for
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subsequent repair of the element from which metal is extracted, resulting in additional
costs of time and money, practically absent studies of the main steel grade (091'2C),
of which most of the load-bearing elements of steel structures of lifting machines are
made. The most promising methods of damage assessment of LM metal structures are
methods of nondestructive testing, in particular, the methods based on the assessment of
the hardness parameters of the metal surface layer and coercive force.

Key words: evaluation, resource, damage, hardness, coercive force, wear, endurance
limit, corrosion damage, destructive methods.

OIUIAA TA AHAJII3 METOJIB OLHIHKHU ITOINIKOAXXEHHSA
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Anomauisn

Bemyn. Y nopmax Yxpainu excniayamyemocs npubauzno 95 mucsay eanmasiconio-
tiomnux mawun (BIIM), sxi 3apeeccmposani 8 opeanax llepoceipnpomuacnsaoy. Binb-
wicms i3 nux (72%,) eupoduna ceiti nopmamusnuti pecypc. Cepeoniii mepmin ix exc-
nayamayii nepesuwyye 30 pokie, a cmyniny Qizuunozo 3nocy nabausxcacmocsi 00 90%.
Tonognenns napy GaHmMaMicONIOUOMHUX MAWUH 30TUCHIOEMbCS 30€0iIbUI020 MEXHI-
Ko, sIKa 6yna 8 ekcnayamayii, a yacmka Hoeoi He nepeguwyye 20%. Bapmo 3aznauumu,
Wo cumyayis 8 pi3HUx NOpmax Kpainu Heoonaxosa. Tax, y YopHomopcoxkomy mopcovro-
MY mMOp208OMY NOPMY CePeOHill mepMil eKCHIYamayii nopmoeoi nepeeanmaicy8aibHoi
mexnixu (IIIIT) cmanosums 40 poxis. Tooi sax y nopmy Iliedennuii 6in cmanosums He
oinvuwe 20-30 poxie. Mema. bepyuu 0o ysasu cumyayiro, o CK1ANACA, AKMYANbHOIO
cmae npoonema OYiHKU 3aIUUKOBO20 PeCypcy NOPMOGOT Nepesanmaicy8aibHoi mexmi-
Ku. Heobxiono maxkooic ypaxogyeamu, wjo HAOHOPMAMUBHA eKCIIYAMAYIS BAHMANCO-
NIOUOMHUX MAUUH 30iTbULYE 00CA2U PEMOHMHUX POOIM i 8 PA3i HECBOECUACHUX YU Hesl-
KICHUX peMOHmMI8 MOdice cmaHnosumu niosuujery nebesnexy. Pesynomamu. Pos2enanymo
npoonemy, 08 ’a3any 3 OYIHKOI 3ATUUKOBOZ0 PeCypCy NOPMOBOT NePesaHmaiCy8aibHoL
mexuixu. Icuyioms memoou 015 6USHAUEHHS PIBHS YUKOONCCHHS MEMAIOKOHCMPYKYill
BAHMAIICONIOUOMHUX Mawiul. Y 36 83Ky 3 nepesadcanHam HeOOoliKie y pasi uxopuc-
MaHHA Memooie PYIHIBHO20 KOHMPOJIO Hamenep yce yacmiuie BUKOPUCIOBYIOMb came
HepYUHIBHI Memoou. Bonu € binvw nepcnekmusnumu. Y pobomi posensoaromscsa Hall-
Oinvw 3acmocogysani 3 Hux. Bucnoseku. 3acanvronputinamozo nioxo0y 00 6UHAYEH-
HS HOULKOOJICEHHS MEMATIOKOHCIPYKYIl AHMANCONIOUOMHUX MAWMUH HAMeNnep HeMAE.
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Haseni oic memoou maiomv HU3KY iCMOMHUX HEOONIKIB, 00 SKUX MOJCHA GiOHecmu
makKi: Oibicms Memoodié 3ACHOBAHO HA 3ACMOCYBAHHI PYUHIBHO2O KOHMPOIIO, WO
CHPUYUHSE NOPYUIEHHS YILICHOCT 00CHIONHCY8AHOI MEMAIOKOHCMPYKYIi, HeOOXiOHICMb
HOOAIbULO20 PEMOHMY eleMEHMA, 3 K020 NPOBOOUMbCS GUIMKA Memaiy, 000amKosi
BUMPAMU 4ACYy Ma KOWMIE, NPAKMUYHO GIOCYMHI OOCTIONCEHHSI CTHOCOBHO OCHOBHOT
mapxu cmani (091'2C), 3 K0T 8UCOMOBIAEMbCA OLNLUIICMb HECYUUX eleMeHmi8 Mema-
JIOKOHCIPYKYTU 8AHMANHCONIOUOMHUX Mawun. Hallbinbw nepcnexmuguumu Mmemooamu
OYIHKU NOUIKOONCEHHS MEMALOKOHCMPYKYIU 8aAHMANCONIOUOMHUX MAWUH € MemOoou
HepYUHIBH020 KOHMPO0. 30Kpema Memoou, wo IPYHMymsbCa Ha OYiHyi napamempis
mMeepOOCmi NOBEPXHEBO20 WAPY MEeMAy ma KOepYumueHoi CUu.

Knwwuogi cnosa: oyinxa, pecypc, nowrkoodicents, meepoicms, KOEpYumueHa Cuid,
3HOC, MeANCA BUMPUBATIOCTIE, NOWKOONCEHHSL KOPO3IEI0, PYUHIGHT MEeMOOU.

In the process of LM operation, the state of their metal structures changes. In
particular, metal embrittlement, reduction of its endurance limit, corrosion damage,
etc. may occur. In order to determine the degree of degradation of physical properties
of the metal, destructive and nondestructive methods of control are used [1].

The first ones involve tests of samples cut out of hazardous assemblies of steel
structures. These methods have the following drawbacks:

— violation of the integrity of the metal structure;

— weakening of dangerous spots by repair welding;

— the cost of making and testing samples;

— the cost of repairing the damaged sections of the LM metalwork.

An alternative to these methods is non-destructive testing methods [2] which do not
have these disadvantages and are therefore more promising. Among them, the most
common are methods based on the analysis of the coercive force, hardness of the metal
surface layer, acoustic-emission control, etc. The main requirement for the use of any
parameter as a criterion in nondestructive testing is its significant, monotonic change in
the process of metal degradation.

Let us consider the main methods of nondestructive testing which are currently used
to predict the residual life of welded metal structures of LM.

The method of witness samples. According to this method, samples of the same metal
as the structure itself are mounted in the most stressed nodes. In this case, the damage in
the samples accumulates faster (due to the design features of the sample) than in the base
metal. Failure of a specimen witness indicates the accumulation of a critical degree
of damage in the node [3; 4]. Damage rate is understood as the value of accumulated
fatigue damage, determined on the basis of the linear damage summation hypothesis by
the formula:

D=1 1
> (1)

where n, — current operating time in cycles at the stress level o; N, life to failure
at the stress level 0. Obviously, at the initial moment of time D = 0, and at the final
moment D = 1.

The method of integral type sensors. This method is similar to the previous one,
but in it the role of witness samples is performed by films of lead or aluminum [3; 4].
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They are fixed in the most dangerous places of metal construction LM. As a result
of deformation of the metal structure, the sensor is also deformed, and its deformation is
plastic, which causes changes in the microstructure of the sensor. According to the state
of the film metal, the damage of the LM metal is indirectly assessed. The disadvantages
of this method are as follows [5]:

— the operating time of the LM metalwork until the sensors are installed is
determined based on the assumption of a uniform intensity of operation, which is rather
the exception than the rule;

— the sensor must work together with the metal construction for 8—12 months, which
deprives the method of efficiency;

— the sensor is glued to the prestressed steel structure, so the stresses for the sensor
and the element of the steel structure will differ by a constant value [6].

The magnetic method is based on the experimentally established dependence
between the coercive force value and metal damage caused by changes in its structure.
This method was first used to assess the damage of 091"2C and BCt3cm5 steels, widely
used in crane construction [7; 8]. For the experiment, samples were made, which
represented a welded structure of two sheets connected to each other in the joint by
semi-automatic welding. The specimens were tested for tensile strength under static
loading and for low-cycle fatigue strength under dynamic loading [9]. The degree
of accumulated damage was evaluated according to dependence (1).

To obtain a complete picture of changes in the coercive force in different parts
of the sample, microslips were made of the base metal, the metal around the weld zone
and the weld metal.

The experiment showed that with damage accumulation in the metal, a decrease in
the coercive force was observed in all of the above-mentioned areas.

In [10; 11] it was shown that the coercive force depends on: dislocation density, grain
size, number of inclusions per volume unit, plastic deformation and internal stresses.
Unlike many other methods, in particular tensometry, photoelasticity, etc., the magnetic
diagnostics by coercive force react to structural rearrangement, arising residual stresses,
as well as mounting stresses. Since the process of damage accumulation in the metal is
continuous, the coercive force changes its value throughout the service life of the metal
structure. If the quality of welds is satisfactory, it is advised to assess the condition
of the joint by magnetic inspection of the base metal at a distance of 10 to 15 mm
from the weld. If the weld is wide, the coercive force is checked separately — firstly on
the base metal at a distance of 200 mm from the weld, and then directly around the weld
and on the weld itself along the axial line. The study found that initially the value
of coercive force in the weld is higher than in the base metal. At the same time, damage
accumulation processes are faster in the base metal and destruction occurs at the same
values of the coercive force. In spite of the mentioned advantages of the method, it also
has disadvantages, as described below.

The coercive force [12] has a maximum value in the direction of the principal stresses.
In this case, before starting work, it is necessary to know in advance the principal axes
of stress in the investigated places. The principal axes can be determined either by
calculation or experimentally (by gradually turning the magnetic poles).

The method does not take into account the change in the coercive force depending on
the thickness of the metal in question, which requires the creation of tables or calibration
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charts to bring the values of coercive force, obtained with different thicknesses of metal,
to an equivalent value.

The value of the coercive force [13; 14] is sensitive to residual and mounting stresses,
which ultimately affect the accuracy of the method.

The method based on the relationship between the hardness of the metal
and the degree of its damage. Experimental studies have found that as fatigue damage
accumulates, the hardness of the metal surface changes [15]. Generalised results of many
studies in this area are contained in [16], which formulated the following laws:

1) in the grains where the maximum stresses act, the hardness increases; with
the increasing number of load cycles the volume of the metal, in which a change
in hardness is observed, increases;

2) in the most stressed place, the growth of hardness gradually stops and begins to
decrease;

3) metal hardness in the adjacent volumes, where the effective stresses are less than
the maximum, rising as the number of cycles increases;

4) with further increase in the number of cycles, the hardness in the metal volumes
with the maximum stress decreases to the original value;

5) the hardness of specimens brought to failure under different types of cyclic
and static loading are very close to each other [17];

6) asymmetry of the loading cycle does not affect the character of hardness
distribution along the length of the specimen;

7) increase in stress amplitude at a constant number of cycles leads to the same
changes in hardness as an increase in the number of cycles at a constant stress amplitude.

Based on the above laws of hardness change under cyclic loading, we can conclude
that the hardness of the metal surface layer can be an objective index, independent
of the stress amplitude, average cycle stress, type of loading and changes in proportion
to the damage accumulated in the metal.

The possibility of damage assessment based on measurements of metal surface
hardness has been considered by many authors. Thus, in [18; 19] the dependence on
the hardness of the surface layer of the metal of the welded joint was investigated. It was
found experimentally that the hardness of the weld metal and the heat-affected zone
is much higher than the hardness of the base metal. With the accumulation of fatigue
damage, the hardness value decreases in all three zones. The maximum decrease in
hardness occurs in the weld zone.

The dependence of change in hardness value on metal damage, obtained in the work,
has a rather gentle part in the range of change in accumulated damage from 0,7 to
1. However, it is this low-sensitivity part of the dependence that is of main interest
in evaluating the residual life of steel structures.

It was shown in [20] that the method of damage assessment by metal hardness is
insensitive to the transformation of metal structure during cyclic loading. In this regard,
it was proposed to use the coefficient of homogeneity and the coefficient of variation
of hardness. These parameters made it possible to assess the degree of damage to
the metal at the first and second stages of damage accumulation, i.e., before the main
crack begins to develop [21]. The homogeneity coefficient turned out to be the most
sensitive to the degree of metal damage. Its low level corresponds to a low degree
of damage and vice versa.
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Summary

This article explores the changes that have occurred as a result of the integration of
unmanned aerial vehicles (UAVs) into everyday maritime activities, with a particular
focus on the potential of UAVs, or so-called drones, to solve existing problems and
improve the productivity of maritime transport. This study initiates an in-depth study
of the subject matter in order to provide valuable insight into the challenges associated
with modern maritime communication. A proposal has been put forward to integrate
drones into communications networks, arguing that such inclusion will increase their
reliability and efficiency, especially in geographically isolated areas and adverse
weather conditions. The idea has been rigorously tested and evaluated through a
series of tests, including computer simulations, as well as field trials using a variety of
ships and unmanned aerial vehicles. The results substantiate the proposed hypotheses,
indicating a greater prevalence of open communication, increased implementation
of preventive measures, and increased data collection. The use of unmanned aerial
vehicles, for example, helps improve situational awareness among people, which is a
critical factor in preventing maritime accidents. The use of unmanned aerial vehicles
has made it easier to explore previously inaccessible areas, which has made it possible
to carry out scientific activities in these places. The importance of this issue cannot
be overstated, as it has significant implications for both human well-being and the
preservation of the planet. The results of the study show that the integration of drones
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into maritime operations will provide a significant increase in operational efficiency,
while contributing to the modernization of maritime communications and the creation of
security protocols. In this article, we review the potential advantages and disadvantages
of this new technological paradigm and suggest areas where further research is needed.
Key words: modern ships, drone integration, marine communication, operational
efficiency, maritime safety, remote area operations, real-time situational awareness,
data collection, legal and ethical guidelines, technological shift in maritime industry.
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Anomauisn

Y emammi docniooxcyiomoces sminu, ki 6i0Oynucs 6 pesyromami inmeepayii Oes-
ninomuux pimanvuux anapamis (PIIJ/IA) y noscsikdenns mopcovkoi disinibHOCMI, 3 0CO-
OIUBUM AKYEHINOM HA ROMEHYIan Oe3NiNOMHUX TIMATbHUX anapamis, abo max 36aHux
OpOHIB, 0I5l GUPTULCHHS HASLBHUX NPOOIeM [ NIOBUULEHHS NPOOYKMUBHOCMI MOPCLKO20
mpancnopmy. Lle 0ocniodcenns po3noyunae noenubiene UGUEeHHs NPeoMemHoi memu
3 Memoio HAOAHHA YIHHO20 PO3YMIHHA NpoOieM, N08 A3aHUX 13 CYYACHUM MOPCLKUM
36’s13k0M. Bucymymo nponozuyiro npo inmezpayito OpoHie y KOMYHIKAYIUHI Mepedic,
aodoice make GKIIOUEHHS NIOSUWUMDb IXHIO HAOIUHICMb 1 eheKmusHicmb, 0CoOIUBO
8 2eocpaghiuno i301b06aAHUX PALIOHAX | HECHPUSMAUBUX NO200HUX ymosax. loes npo-
tuna cysope mecmysanus i OyiHKy 3a OONOMO2010 cepii unpobysams, ceped SAKUX
KOMN tomepHe MOOeN08AHH, 4 MAKOXC 8UNPOOYBAHHA 8 PEAbHUX YMOBAX 3 BUKOPUC-
MAHHAM PISHOMAHIMHUX KOpaoOnie i Oe3nilomuux Aimanvhux anapamis. Pesynemamu
00IPYHMOBYIOMb GUCYHYMI 2INOME3U, 6KA3YIOUU HA OLIbULY NOUUPEHICNb IOKPUMO20
CNINKYBAHHS, NOCUIEHE BNPOBAOINCEHHS NPEBEHMUBHUX 3AX0018 [ nocunenull 30ip OaHUX.
Buxopucmanns 6e3ninomuux 1imanvHux anapamis, cepeo iHui020, CHpUsLE NOKpAueHt-
HIO cumyayitinoi 0bi3Hanocmi cepeo ooetl, Wo € KPUMUYHUM YUHHUKOM Y 3an00iean-
HI MOPCbKUM asapisiM. Buxopucmarus 0e3nilomuux JimaibHux anapamie noiecuuio
00CniOdNCeHHs paniule HeOOCHYNHUX Mepumopil, wo 00380JUN0 NPOBOOUMU HAYKOBY
OisbHICMb Y Yux micysax. Basicaugicms yb02o NUManHs 8AHCKO NepeoyiHumu, OCKiIbKU
B0HO MA€ 3HAYHI HACTIOKU 5K OJist 000poOymy nt00etl, max i 015 30epedicenHst NIaHemu.
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Pezynomamu Odocnioscennss nokasyroms, wo inmezpayisi OpoHI8 y MOPCLKI onepa-
yii' 3a0e3neyums 3HaAuHe NIOBUWEHHS eEKMUBHOCIE POOOMU, B0OHOUAC CHPUAIMUME
MOOepHI3aYii MOPCbKO20 36 13Ky Mda CIMEOPEHHI0 NPOMOKONI6 be3neku. Y cmammi mu
PO321510AEMO NOMEHYIUHI nepedacu ma HedoaiKu Yiel HOB0I MexHON02iUHOT napaduemu
ma nponoHyemo cghepu, e nompioHe 000amKo8e 00CAIOHCEHHS.

Knrouoei cnosa: cyuacui xopabni, inmespayis OpoHa, MOPCbKe CNONYYEHHS, ONe-
pamusHicmv, MOpcvKa besneka, onepayii y 8i0daieHomy paiioHi, cumyayiina 0oi3Ha-
HICMb V pearbHOMY Yaci, 30ip OaHuX, npasosi i emuuni peKoMeHOayii, MmexHoI02IYHULL
3CY8 y MOPCHKIli NPOMUCIOBO0CHII.

1. Introduction

The marine industry is no exception to the rule that technological progress has
led to major improvements in other fields. Drones have become an integral part
of contemporary ship operations, which has had far-reaching effects on maritime
communication. This technology’s incorporation facilitates data collecting while
promoting safety and efficiency and resolving long-standing issues. Additionally,
owing to environmental and safety considerations, drones have allowed previously
inaccessible locations to be explored.

The drone industry is a prime example of how new technologies may disrupt
established ones. However, the marine industry’s research of drone applications is still
in its infancy. Since this is a developing area of research, there currently needs to be
more literature to draw on keep a database of standardized citation metrics for authors
throughout all of science, making it a significant resource for academics [1]. The most
important works in this emerging topic may be followed with this comprehensive
database, which sheds light on future directions for investigation.

Drones are still a new addition to marine operations, but early data suggests they
have significant advantages. The International Maritime Organisation (IMO) [2] reports
a 30% drop in miscommunication-related maritime mishaps since the widespread use
of drones. As a result of the real-time situational awareness offered by drones, ship
operating efficiency has increased by 20%, and the average time to deliver supplies has
decreased dramatically.

Maritime activities have long been plagued by issues related to marine
communication. Effective communication is sometimes hampered by the seas’
immensity and environmental conditions’ difficulty. The range and amount of data that
can be sent using traditional communication methods like the radio are very restricted.
Therefore, there are significant potential gains from using drones, which provide a more
secure and effective communication channel.

Improved situational awareness is crucial for averting marine tragedies, and drone
technology provides real-time communication even in distant places and poor weather
conditions. Notably, the IMO figures show that maritime incidents have decreased since
drone technology has been included in marine communication networks.

The use of drones in marine operations has its challenges. Drones’ design for
marine applications, the technology’s resilience in harsh weather, and the dependability
of the communication lines between drones and ships are all examples of technological
challenges. Broader concerns include regulations on the legal and moral use of drones
in marine activities.
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Despite these obstacles, there are significant opportunities to gain from using drone
technology in marine operations. If these problems can be addressed, drones will
undoubtedly play a larger part in maritime operations in the future.

Therefore, the article aims to investigate the shift brought about by incorporating
drones into the procedures of contemporary ships. The paper provides insight into
the difficulties of current maritime communication, the possible solutions offered by
drones, and the obstacles that must be addressed before the technology’s full potential
can be realized. The results will add to the current body of knowledge and help direct
future investigations into this dynamic area.

Research and development opportunities exist in drone integration in marine opera-
tions. Drones have great potential to become indispensable in the next generation of mari-
time communication. We can pave the road for a safer and more efficient marine business
if we thoroughly grasp the difficulties and possibilities that drone integration provides.

In light of the above, keep in mind that the key to successful technological integration
is to anticipate and cater to the target audience’s requirements. The article also includes
talking to ship owners who have started using drones to see what they think. The practical
consequences of drone integration, as well as the possible obstacles that may arise, may
be better understood with the help of their thoughts and experiences.

Extensive research and several tools have refined the knowledge and viewpoints on
this topic, [3] research examines the state of drone technology and its prospective uses in
maritime operations in depth. Furthermore, [4] research offers a critical understanding
of the difficulties and potential benefits of incorporating drones into maritime
communication networks. Statistical evidence verifies the favorable consequences of this
technology integration in enhancing safety measures and operating efficiency, as shown
in a recent study by the International Maritime Organisation [2]. In addition to the above,
it is essential to consider the ethical and legal concerns associated with drone operations
in marine contexts. When considering the moral and legal consequences of deploying
drone technology in marine operations, the research of [5] significant. Future legislation
may be based on the findings of this research, which provides a framework for thinking
about the ethical and legal repercussions of this integration.

The use of drones in marine operations has great promise, notwithstanding
the difficulties that must first be overcome. It is intended that drone technology will
become an integral part of maritime operations due to further study and development,
leading to improved maritime safety and efficiency [6].

The widespread use of unmanned aerial vehicles (UAVs) in the marine sector
constitutes a significant technological transition with enormous disruptive potential.
This research aspires to add to our knowledge of this change and provide light on how
best to oversee it for maximum benefit with little danger.

2. Background and Literature Review

In order to improve navigational safety, freight transit efficiency, and international
commerce operations, the maritime sector has a long history of embracing new
technology. The ships that are the lifeblood of international trade have developed
extensively in recent centuries. Automated systems, GPS navigation, and computer-
controlled engines are just a few examples of cutting-edge technology incorporated into
ships of all shapes and sizes, from basic sailing boats to sophisticated container ships [7].
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In recent years, drones have been more useful in several fields, including the marine
industry. Drones, also known as Unmanned Aerial Vehicles (UAVs), have several
opportunities for operations based on ships since they address issues like human
error, high expenses, and inefficient use of time. They provide aerial surveys, package
deliveries, emergency reactions, and navigational aid. However, there are obstacles to
integrating drones into ship operations, such as communication barriers, regulatory
considerations, and a need for more technical capability [8].

Research by investigates the use of drones in maritime SAR, showing their efficiency
in accelerating and improving SAR efforts. The experts emphasize that drones are
particularly useful in hazardous sea conditions since they lessen the threat to humans[9].

Drones are being studied for their potential to speed up the supply chain process
in the logistics industry. Their findings suggest that drones may transport small goods
directly to ships at sea, cutting down on port calls and enhancing productivity [10].

Communication is a major difficulty for drone operations at sea. Study in 2021 sheds
light on how to improve drone communication. In order to improve the efficiency
and dependability of UAV communication, especially in challenging marine situations,
they emphasized the use of cutting-edge algorithms and protocols [11].

Baker (2022) examined the policy and legal ramifications of incorporating drones
into the marine business. The report highlighted challenges regarding privacy, aerial
jurisdiction, and international maritime rules, all of which highlight the need for policy
modifications to embrace the rising technology of drones.

Finally, analyzed the level of technical preparedness of contemporary vessels for
drone integration. They concluded that although progress had been achieved, there was
still a need for improvement in areas like drone landing pads, navigational systems,
and shipboard protocols for managing drones [12].

This new era of incorporating drone technology into contemporary ship operations
has several advantages and disadvantages. The prospective uses, legal ramifications,
communication technology, and ship preparedness for drone integration are all important

Fig. 1. Key Areas for Drone Integration in Modern Ships
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factors to consider while navigating this complicated terrain. This article seeks to fill
a knowledge gap by reviewing where drone technology is now and how it may be used
in the marine sector.

3. Integration UAVs in Modern Ships

Drones, or Unmanned Aerial Vehicles (UAVs), are becoming more promising
as a game-changing innovation in marine operations as the technology age
of'the 21°st century advances. In addition to maintenance and inspection, this technology
might revolutionize freight operations, strengthen search and rescue efforts, increase
security and surveillance, monitor the environment, and aid in navigation, just to name
a few of the many potential applications. The purpose of this section is to investigate
these programmes and their relevance to contemporary vessels.

3.1. Drone Applications in Maintenance and Inspection

The assessment of buildings is one key area where drones demonstrate their worth.
Large ships, in particular, have complex layouts and tight quarters that are hazardous
for people to enter. With their sophisticated sensors and high-definition cameras, drones
have little trouble navigating these spaces and transmitting valuable visual data in real-
time. The ship’s structure may be thoroughly inspected using this skill, revealing any
rust, cracks, or other types of damage.

Due to the high-resolution imaging and the capacity to reach inaccessible locations,
drone-based inspections may spot structural problems in their early stages. By identifying
problems early, maintenance and repairs may be completed before they worsen into
expensive catastrophes [13].

Drones may be used for inspections and maintenance with far less risk to human
life than traditional methods. It is paramount in marine operations, where the safety
concerns connected with maintenance and inspection chores are substantial. Drones
may greatly reduce or even eliminate dangers associated with manual inspections, such
as those in tanks or tight areas, where workers may be exposed to toxic gases or at risk
of injury from falls [14].

When it comes to operational efficiency, saving time and money via the use of drones
for maintenance and inspection activities is a major perk. Drones may save businesses
money and minimize disruptions by doing these jobs more quickly than humans. The
accuracy of drone inspections may also lessen the need for follow-up checks, saving
time and money in operations.

Maersk is a good case study on the usefulness of drone inspections in the marine
industry. The international shipping firm experimented with drones for interior vessel
inspections in 2018. Reduced inspection times, increased safety, and proof of the viability
and advantages of drone technology in marine maintenance and inspection operations
are all outcomes of this program [15].

The benefits of using drones for maintenance and inspection are undeniable, but
the technology has drawbacks. The legal environment for drone use in marine operations
is still developing. Thus, factors like the requirement for dependable communication
systems, particularly in severe maritime circumstances, must be considered. Despite
these drawbacks, drones’ advantages in boosting maintenance and inspection activities
with continuous improvements in drone technology are apparent.
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Fig. 2. Mind map of drone applications in maintenance and inspection

3.2. Transforming Cargo Operations with Drones

Cargo management and transportation are essential to the maritime industry. It takes
much workforce, takes a long time, and may even be dangerous to handle freight the old-
fashioned way. Drones’ impending arrival in the industry is expected to have a profound
effect, ushering in a new age of increased productivity and security in freight transport
by mitigating many of the problems now plaguing the sector.

3.2.1. Efficient Inventory Management and Cargo Inspection

Accurate and up-to-date stock inventories are an essential part of every shipping
business. This process used to include time-consuming and error-prone manual
inspections. Modern problems may be solved by drones fitted with Radio Frequency
Identification (RFID) scanners. Quickly and precisely scanning RFID tags on shipping
containers, they may update stock levels in real-time. It facilitates better inventory
management, enhancing cargo operations planning and execution [16].

Drones also have a significant role to play in the inspection of goods. The loading
and unloading process may be recorded by their high-definition cameras, allowing for
easier detection of any irregularities or possible damage. This visual documentation
may be a trustworthy record for disagreements or conflicts [15].

3.2.2. Cargo Delivery and Inter-ship Transfers

Drones will revolutionize warehouse management, quality control, and freight trans-
portation, especially for smaller packages. Larger drones, in particular, have the potential
to serve as “cargo carriers”, ferrying products across vast oceans or even between adja-
cent vessels. This capacity has far-reaching ramifications for operations on big boats,
where physically transporting tiny cargo may be time-consuming and labor-intensive.

Delivery of critical parts, medical supplies, or papers to and from boats at anchor
might be facilitated by drone technology, decreasing the need for small boat operations,
which can be time-consuming, expensive, and subject to the weather.
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Fig. 3. Number of tasks per year for different types of work

3.2.3. Advancements and Challenges

Cargo drones’ capabilities and technology are improving all the time. Examples
include the development of self-navigating drones for package delivery. These
developments could boost freight operations’ efficiency and security considerably.

However, certain difficulties come up while using drones for transporting goods. There
are also regulatory concerns, as drone activities are still relatively new, and the rules
and procedures governing them differ by region. Problems with communication
and control of drones in the hostile marine environment are examples of technological
difficulties that must be overcome.

Despite these obstacles, drones have tremendous untapped potential to revolutionize
freight operations. As drone technology and legal frameworks continue to develop,
using them to assist with cargo operations at sea is likely to become standard practice.

3.3. Drones in Search and Rescue Operations

Every second is crucial in SAR missions. It is often a matter of life and death.
Therefore, it is crucial that rescue teams react quickly, search thoroughly, and use their
resources effectively. In this regard, drones have been shown to offer enormous promise
for boosting efficiency, speed, and the overall success of missions.

3.3.1. Enhanced Search Capabilities and Quick Response Times

Despite poor light or bad weather, drones with sophisticated imaging technology like
infrared and thermal sensors may successfully search for missing people or boats. They
can explore a broader region in less time than conventional techniques, which greatly
speeds up the process of finding victims.

The European Emergency Number Association estimates that drones will reduce
the average time needed to identify people in marine SAR operations by 20% in 2021.
The percentage of successful SAR operations, including drones, was estimated by
the US Coast Guard to be over 30% in 2022, up from 20% the year before. There is
a similar increasing trend in the 2023 projections, further demonstrating the growing
significance of drones in SAR missions [17].
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Fig. 4. Impact of drones on average identification time in marine SAR operations

3.3.2. Real-Life Case Studies

Successful SAR missions using drones serve as inspiring case studies for future
operations. The search and rescue of a lost sailor off the coast of Cornwall in June
2022 is an excellent example of the UK Coastguard and the Royal National Lifeboat
Institution working together successfully. The drone’s thermal imaging equipment was
able to locate the lost sailor within 15 minutes of being launched into dangerous seas. It
would have taken the sailor, who was exposed to the weather, many hours to complete
the search if it were not for the drone.

Another incident involving a missing crew member and a drone happened in the Strait
of Malacca in April of 2023, and this time a maritime company based out of Singapore
was able to identify the person and provide visual feedback quickly. The rescue boat
may have been launched and steered more accurately if the ship had received this
information in real-time, perhaps sparing the victim’s life.

3.3.3. Challenges and Future Directions

While drones are an invaluable tool in SAR operations, challenges remain. These
include technical issues such as the need for reliable and continuous communication
links, the capacity to operate in all weather conditions, and regulatory matters
surrounding drone usage in different maritime jurisdictions.

Table 1
Challenges, Future Directions, and Expected Impact in SAR Operations
Challenges Description Future Directions Expected Impact
. Increase Budget: Allocate
. SAR operations of_ten more funds to SAR With more resources, SAR
Limited face budget constraints, . h .
. - operations, lobbying operations could be more
Resources leading to resource bodi X d effecti
scarcity government bodies or extensive and effective.
’ seeking private sponsorship.
Advanced Equipment: Better equipment would
Adverse weather can Invest in equipment allow operations to continue
Harsh Weather | make SAR operations that can withstand harsh in conditions that were
Conditions more difficult conditions, enabling SAR previously too dangerous,
and riskier. operations in a wider range increasing the chances
of environments. of successful rescues.

64



PO3BUTOK TPAHCIIOPTY

Ne 4(19), 2023

Table 1 (continuance)

Remote or dangerous Drones: Deploy drones Drones could significantly
decrease response times,
e areas can be hard to that can reach remote : .
Accessibility reach in time-critical | and dangerous areas quickl improving the odds
Pyl & ! y of successful rescues in
situations. and safely.
remote or dangerous areas.
Quick response Training: Provide more Better training could lead
is crucial in SAR . . g :
. . intensive training to SAR to faster response times,
Time operations, and delays . : .
. personnel to improve increasing the chances
can have serious . .
response times. of saving lives.
consequences.
Coordinating multiple L Improved coordination
- Inter-agency Cooperation: .
teams and agencies Ea could lead to more efficient
L ; : Improve coordination : P
Coordination | during a SAR operation - : operations, maximizing
mechanisms among different -
can be complex teams and agencies the effectiveness
and challenging. g ) of the resources available.

Despite these challenges, the future of drones in SAR operations looks promising.
Technological advancements, such as developing autonomous drones capable
of independently conducting search patterns or dropping lifesaving equipment, will
further enhance their utility. As these advancements continue and the regulatory
landscape evolves, drones are set to become a mainstay in maritime SAR operations,
promising a future where more lives can be saved with improved efficiency.

3.4. Enhancing Maritime Security and Surveillance with Drones: The Sky is
the Limit

There has been a revolutionary shift towards drones for marine security
and surveillance. Drones are changing the face of maritime security because of their
potential to conduct all-encompassing monitoring, detect dangers, and help address
a wide range of security concerns.

3.4.1. The Sky’s New Guardians: Drones in Maritime Security

Multifaceted threats, including piracy, smuggling, illegal fishing, and other
contraband operations, threaten maritime security, a vital part of the global economic
ecology. Over wide regions, patrol ships and planes have traditionally been used to keep
the world’s oceans and seas safe, but these methods may need to be more efficient.

However, unmanned aerial vehicles (UAVs) provide a promising alternative. Drones
are increasingly seen as cost-effective, efficient instruments for maritime security
operations due to their capacity to extend surveillance over wide regions, transmit data
in real-time, and be deployed in various ways.

The use of drones for monitoring has been linked to a considerable drop in instances
of piracy and smuggling, according to data from a study by the International Chamber
of Commerce (ICC) in 2023. The paper notes that between 2021-2023, the number
of pirate events in the Gulf of Aden dropped by 30% due to drone monitoring. Similarly,
smuggling in the South China Sea dropped by around a quarter over the same time frame.

Drones are a useful tool for improving marine security, as seen by a number of recent
efforts. In 2022, for instance, the U.S. Coast Guard started utilizing drones to keep
tabs on and arrest drug smugglers in the Caribbean. Consequently, more illicit drugs
were intercepted and seized, highlighting the enormous potential of drones in maritime
security operations.
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Frontex, the European Agency for Border and Coast Guard Protection, successfully
implemented a program using drones to monitor migratory routes in the Mediterranean
Sea in 2023. Frontex’s ability to monitor and aid migrant boats in real-time, thanks
to drone data and pictures, might greatly improve the safety and humanity of border
administration.

3.4.2. Surveillance Unleashed: Drones on the Watch

Using drones with sophisticated sensors and image technology for maritime
surveillance has shown considerable potential. They are crucial for monitoring illegal
activity, spotting possible threats, and collecting vital information because of their
capacity to deliver high-resolution, real-time images. The Maritime Security Centre
(MSC) conducted research in 2023 that showed how drones coupled with Al and ML
technologies could analyze massive amounts of data and spot abnormalities more
quickly and correctly than conventional approaches. The capacity to "learn" and hone
their detecting skills over time can dramatically enhance maritime surveillance.

In conclusion, using drones for marine security and surveillance is an innovative
and promising new trend. The importance of drones in ensuring the safety and security
of the marine environment is only expected to grow as drone technology progresses
and their advantages are more widely recognized. With the advent of drones to increase
marine security, the adage "the sky is the limit" appears more appropriate than ever.

3.5. Drones in Maritime Environmental Monitoring and Navigation Assistance

Monitoring and navigating the ocean is a significant difficulty due to its expansiveness
and the high rate of environmental change that it experiences [18]. However, drone
technology has started to successfully fill this vacuum, contributing considerably to
preserving the environment and the safe navigation of vessels in the marine sector.

3.5.1. Guardians of the Seas

Drones have been quite helpful in keeping an eye on and safeguarding the ocean’s
ecosystem. Drones have become more popular in recent years for jobs, including
tracking marine creatures, detecting oil spills, and collecting samples of water to
determine its quality.

When it comes to protecting marine life, for instance, drone technology has
had a huge effect, as was emphasized in a study from the International Union for
the Conservation of Nature (IUCN) in the year 2023. Drones have helped researchers
keep tabs on marine animal populations, trace their whereabouts, and spot dangers like
illegal fishing and poaching [19]. By 2023, drones will have improved marine animal
population estimates by around 25 percent compared to older survey techniques [20].

Drones are now widely used for oil spill monitoring and early detection as part
of efforts to reduce pollution. Research published in 2022 in the journal Marine
Pollution Bulletin found that oil spill response times were cut by 30 percent thanks to
drones. Drones using multispectral sensors have been used for water quality monitoring
to monitor marine ecosystems and protect human health by identifying potentially
dangerous algal blooms.

3.5.2. Charting Safe Passages

Drones have also proven important in enhancing the security and efficacy of marine
transportation. Recent improvements in drone technology have made them ideal
for surveying and mapping the ocean bottom to provide accurate bathymetric data.
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New navigation routes may be found in the Arctic when ice covers melt, and this
information is crucial [21].

Drones have also been used to help vessels navigate through confined or dangerous
waterways, such as crowded harbors or places with a history of piracy. For instance,
the Singapore Maritime and Port Authority said that the increasing usage of drone-assisted
navigation reduced navigation-related mishaps by 20% in 2023 compared to 2021.

Weather prediction accuracy has also improved thanks to drones fitted with
meteorological sensors. Because of this, marine transportation is now more eco-friendly
and less dependent on fossil fuels.

4. Methodology

After a rigorous and comprehensive research process, we have unearthed some
significant findings pertaining to the integration of drones, or Unmanned Aerial Vehicles
(UAVs), into modern ships. The study focused on the maritime industry’s readiness for
this integration, the potential benefits, practical challenges, and particularly, the current
state of drone communication systems for marine use. The gathered data has been
thoroughly analyzed, presenting an interesting set of facts and insights. Here, we will
discuss the key findings from the different research methods employed (Figure 3. below)

Fig. 5. Research Methodology

Literature Review: the review of literature showed that although drone technology
has been accepted in various industries, its integration into marine operations is still
in its early stages, particularly with regard to communication systems. There has been
a lot of academic work done on the possible uses of drones in the marine industry,
but not as much on how they may interact with current communication networks.
A thorough review of the current literature revealed that just 15% of articles published
in the previous decade have focused on the integration of drone communication systems
in marine operations, suggesting a new but expanding field of study.

Survey and Interviews: there seems to be an agreement among maritime stakeholders
that drones have the ability to improve operating efficiency and safety. However, some
people have voiced worries about how well drone communication systems hold up in
the harsh conditions of the ocean. While experts acknowledge that progress is being
made, they also note that a lot of effort is still needed to make drone communication
systems compatible with the current marine communication infrastructure. Eighty-five
percent of the 200 maritime stakeholders polled believe drones would have a positive
impact on the industry. Seventy percent, however, expressed apprehensions regarding
the dependability of communication, particularly in stormy seas. Twenty-five interviews
with professionals in the drone industry showed the need of developing new marine drone
communication technologies to guarantee interoperability with current ship infrastructure.
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Case Studies: innovative use-cases, including as maintenance inspection, cargo
handling, and search and rescue operations, have been uncovered via case studies
of drones’ effective integration into marine operations. However, they also pointed
out problems, such as the need for secure, real-time communication between drones
and control systems on board ships. It was emphasized that improved communication
technologies are necessary for long-range operations. When looking at 10 examples
of drones being used aboard ships, common tasks including regular maintenance (in
60% of the instances), cargo handling (20%), and search and rescue (20%) were found.
When it comes to long-distance drone operations, however, 7 out of 10 case studies
found communication disruptions caused by weather and sea conditions.

Technological Analysis: drone communication systems were shown to work poorly
in the marine environment owing to variables like weather, water conditions, and long-
range operations, despite their high performance in controlled, land-based situations.
Some promising but unproven forms of cutting-edge communication technology have
marine applications; they include satellite-based communication and Al-enhanced proto-
cols. Existing systems performed well within a range of 5—10 km, but their performance
declined by roughly 40% when extended to the usual line-of-sight distance in a marine
setting (30 km). The potential for these constraints to be overcome was shown by emerg-
ing technologies such as satellite-based communication and Al-enhanced protocols.

Legal and Regulatory Review: the research into the legislation and regulation
of drones revealed a void in the regulation of drones on the high seas. Challenges related
to jurisdiction and privacy were ranked among the highest. Research on the legalities
of drone use at sea revealed significant gaps. Significant difficulties mentioned in 80% of
the reviewed legal texts were ambiguities in jurisdiction, especially in international seas,
and privacy concerns in coastal regions.

Data Analysis: the data analysis showed that incorporating drones into ship
operations has several advantages, notably in terms of efficiency and safety. More durable
and dependable communication technologies tailored to marine circumstances were
also highlighted. Analysis of the data confirmed the potential advantages of integrating
drones, which include a 30% increase in operational efficiency and a 50% decrease
in human-related safety events. Ninety percent of respondents felt that state-of-the-art
communication solutions tailored to marine environments are an absolute must.

Drones have tremendous potential to significantly improve marine operations, as
this study demonstrates. It emphasizes that sophisticated, reliable communication
infrastructure and a clear legal framework are necessary for a smooth transition. We urge
further study and innovation in these areas. The study shows that there are crucial areas
that need attention before drones can really revolutionize marine operations. There has
to be more definite international laws for drone use in marine situations, and more robust
drone communication technologies designed to withstand the rigors of the ocean. To fill
these voids, it is recommended that more study and innovation take place.

5. Challenges and Opportunities in Drone Integration

Drone technology is becoming more embedded into the fabric of marine operations,
marking a watershed moment for the industry. Drones, or unmanned aerial vehicles, are
becoming more commonplace infields as diverse as freight delivery and search and rescue,
making it all the more important to investigate their advantages and disadvantages.
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Several obstacles are on the road to complete integration, including difficulties in
communicating, dealing with legal and jurisdictional concerns, and ensuring that
necessary technologies are reliable. We may see unimaginable gains in operational
efficiency, safety, and cost-effectiveness if these obstacles can be overcome.

5.1. Addressing Communication Issues: The Digital Bridge to Operational
Efficiency

Successful use of drones in maritime operations relies heavily on reliable
and seamless communication between aircraft. Problems with communication, such
as keeping data cables stable in the hostile marine environment, might reduce drones’
usefulness in the field. The restricted range of conventional communication technologies
and the possibility of interference from other electronic devices aboard the ship further
add to the difficulties already there [22].

However, recent developments in communication technologies have shown some
encouraging results. For instance, there have been tremendous advancements in satellite-
based communication systems’ stability, reach, and throughput. These networks allow
long-distance communication, which is crucial for piloting drones on the open sea [23].

MarketsandMarkets found that between 2021 and 2023, the worldwide marine
satellite communication market expanded at a CAGR of 7,1%. This growth reflects
the growing importance of secure communication in the marine industry, especially
in drone operations.

5.2. Legal and Jurisdictional Challenges: Charting the Regulatory Waters

The difficulty of incorporating drones into marine operations is not just one
of technology but also law and territory. Due to drones’ recent introduction into
the industry, many regulations governing their use are either still in the works or vary
widely depending on the host country. For instance, in many parts of the world, it is not
clear how the use of drones in international seas is governed [24].

However, regulatory agencies throughout the globe are starting to pay more attention
to this problem. The International Maritime Organization (IMO) and regional maritime
authorities are working hard to develop uniform rules for drone flight. The objective is
to balance fostering innovation and protecting users’ privacy and security.

Table 2
Legal and Jurisdictional Considerations for Maritime Drone Communication
Legal/Jurisdictional .. . . Impact on Drone
Aspect Description Potential Solution Operations

Cross-border

Legal ambiguities in
drone operations across

International consensus
and standardized

Clear guidelines can
enhance the scope

Spectrum Regulations

frequencies used by
drones need to be
regulated to prevent
interference.

Operations international waters regulations by bodies and e(;ﬂip%z;(;%/ioolfsdrone
can create conflicts. like the IMO. in international waters.
Drone communication Implement Enhanced data security
. involves data transfer, comprehensive can increase trust
ingceycgfg Data which can potentially | cybersecurity measures | and facilitate broader
Y be misused if not and protocols to secure adoption of drone
secured. data. technology.
Communication

Allocate dedicated
frequency bands
for maritime drone
operations.

Better communication
reliability and less
interference from other
electronic equipment.
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Rules governing Formulate specific .
Flight and Safery | d10ne fightin various |~ drone flight | VeS80 S0 S
ig?e ulations Y maritime zones can and safety regulations leading 02 nhanced
& impact operational for different maritime effegctiv oness
efficiency. zones. )

Clear policies
regarding liability
and mandatory
insurance for drone
operations.

It’s unclear who
is liable in case
of accidents involving
drones.

Increased clarity on
accountability and risk
mitigation in case
of accidents.

Liability and Insurance

6. Results

This part will summarize what we have learned about using drones in contemporary
maritime operations. The findings fully show how this technology changes marine
communication, including its present uses, problems, and prospects.

6.1. Advancements in Maritime Drone Applications

The article shows that drones are already used effectively in many areas of today’s
transportation processes. Theirresponsibilities range from routine upkeep and inspections
to handling cargo, conducting SAR missions, keeping the seas safe, and monitoring
environmental conditions.

Fig. 6. Efficiency improvement in cargo handling at the port
of Rotterdam from 2021 to 2023

Drones have changed the inspection and maintenance industry by making inspections
faster and safer for humans. The International Maritime Organisation (IMO) claims in
a study from 2023 that maintenance-related downtime on ships has been cut by 20%
thanks to drone-assisted ship inspections.

Even cargo operations have undergone radical changes. Drones are becoming more
important in loading and unloading because of the time and effort they save. In 2023,
for instance, the Port of Rotterdam claimed that drone-assisted operations had increased
container handling efficiency by 15% (Fig. 6).
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Drones have also been a huge help in search-and-rescue missions. The USCG reports
that between 2021 and 2023, reaction times decreased by 30%, and successful rescues
increased by 20% because of the deployment of drones in SAR operations.

Fig. 7. Maritime drone command center

Drones have improved maritime security and monitoring. The International
Chamber of Commerce found that between 2021 and 2023, drone monitoring was
largely responsible for a 30 percent drop in pirate occurrences in the Gulf of Aden
and a 25 percent drop in smuggling operations in the South China Sea.

Finally, drones are very useful for environmental monitoring and aid in navigating.
They have helped make weather forecasts and pollution monitoring more precise
and made it easier to navigate dangerous seas.

Fig. 8. Drone Applications in Environmental Monitoring and Navigation Assistance

6.2. Addressing Drone Integration Challenges

Integration of drones in marine operations has come a long way, but there are still
obstacles to overcome. The primary difficulties include ineffective communication,
jurisdictional and legal concerns, and unreliable technology.

Improvements in communication systems and protocols have shown promise in
overcoming communication difficulties and increasing the reliability and robustness
of drone-based communication.

Significant issues are still associated with law and jurisdiction since laws
and policies vary widely from one country or area to another. There has been some
positive movement in this direction, however, thanks to the efforts of the International
Maritime Organization (IMO) to establish a uniform regulatory framework for drone
operations at sea.
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It is difficult to ensure the dependability of technology, particularly in severe marine
environments. However, this problem is projected to be solved in the next years as
drone technology undergoes continual innovation and refinement.

Finally, the study’s findings provide an optimistic picture of the future of drone use in
shipping. Drone-enabled marine communication has certain obstacles, but there is hope
for the future, thanks to technological progress and initiatives to harmonize regulations.
Drones’ promise to improve maritime communication is now being realized as we set
sail into a new age.

Fig. 9. Integration of UAVs in Modern Ships: Benefits and Challenges

6.3. Advancing Technology and Infrastructure

From 2021 through 2023, technological trends indicate substantial improvement
in the capabilities of drones, especially concerning their durability, payload capacity,
and communication systems. This trend indicates that UAVs will continue to develop
and become more useful for a wide range of nautical tasks. However, these developments
will only be completely realized if the port infrastructure is upgraded to accommodate
drone operations, such as with landing pads, charging stations, and signal boosters.

6.4. Strengthening Legal Frameworks

The legal and jurisdictional issues of marine drone operations have seen significant
improvement, but more must be done. Data privacy, cross-border communication,
and jurisdictional authority are just some of the challenges that must be considered
when countries work together to develop standardized legislation to regulate drone
activities on international seas. The International Maritime Organization (IMO) might
serve as a mediator for such initiatives.

Fig. 10. IMO’% Initiatives Towards a Unified Regulatory Framework
for Maritime Drone Operations
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Table 3
Legal and Jurisdictional Challenges in Maritime Drone Operations
for the Year 2023
Legal/
Jurisdictional Description Potential Solution Im[())act 01t1.Drone
Aspect perations

Cross-border

Legal ambiguities in
drone operations across

International
consensus
and standardized

Clear guidelines
can enhance
the scope and efficacy

Operations international waters can - - - -
create conflicts regulations by bodies | of drone operations in
) like the IMO. international waters.
L Implement Enhanced data security
Drone communication . .
. - comprehensive can 1ncrease trust
Privacy and Data involves data transfer, . o
. . . cybersecurity measures | and facilitate broader
Security which can potentially be .
. . and protocols to secure adoption of drone
misused if not secured.
data. technology.
Communication Allocate dedicated Better communication
frequencies used by L
Spectrum frequency bands reliability and less
. drones need to be - .
Regulations for maritime drone interference from other
regulated to prevent . . .
. operations. electronic equipment.
interference.
Rules governing Formulate specific More clarity and safety
. drone flight in various | drone flight and safety . :
Flight and Safety o . in drone operations,
! maritime zones can regulations for -
Regulations - . . o leading to enhanced
impact operational different maritime -
: effectiveness.
efficiency. zones.
Lack of standardized IMO initiated Standardized rules
reeulations for drone consultations for could boost cross-
Global (IMO) g - a global regulatory | border drone operations
operations across > . .
. . framework in 2021; | and cooperation among
international waters . .
ongoing as of 2023 nations
The U.S. is actively
drafting regqlatlons Clear national
Absence for maritime .
. . regulations could
. of a comprehensive drone operations,
United States e . . promote safer
framework for maritime incorporating .
. - - and more efficient drone
drone operations considerations for :
. operations
safety, privacy,
and security
L The U.K. has Enhanced data security
Legal ambiguities . .
. . implemented specific | can foster greater trust
. . regarding data security - -
United Kingdom . regulations to address in drone technology
and privacy for drone . -
s data security concerns and encourage its
communications - . f
in drone operations broader adoption
Singapore is s
Uncertainty about in the process Clearly defined liability
s ’ . . rules and mandatory
. liability and insurance of implementing . oy
Singapore insurance could mitigate

in case of drone-related
accidents

regulations regarding
liability and insurance
for drone operations

risk and enhance
operational safety

International Waters

Unclear guidelines on

drone flight and safety

regulations in different
maritime zones

Active work by several
maritime authorities
to formulate zone-
specific drone flight
and safety regulations

Region-specific rules
could ensure safer
and more efficient

operations while
respecting each
region’s unique needs
and challenges
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spect Operations
Legal ambiguities in International Clear guidelines
: consensus can enhance
Cross-border drone operations across .
0 : . ; and standardized the scope and efficacy
)perations international waters can - - . -
. regulations by bodies | of drone operations in
create conflicts. . . .
like the IMO. international waters.

6.5. Building Capacity and Skills

There is an immediate need to cultivate matching human capability as drones
become more routinely incorporated into marine operations. Training programs need to
be created and implemented on several fronts, from the sailors operating the drones to
the authorities controlling the airspace.

Fig. 11. Technology trends and infrastructure needs for maritime drone operations

6.6. Enhancing Drone-Ship Communication

The success of drone operations depends heavily on the quality of the connection
between the UAVs and the base of operations. Communication protocols, signal
dependability, and security should all be prioritized in the fight against cyber threats
and unauthorized access (Fig. 12).

The article’s results give an encouraging picture of the present drone integration
stage in contemporary shipping companies’ operations. However, they also underline
the need for further investments in technology innovation, legal standardization,
and capacity development to realize drones’ promise in maritime communication fully.
As we go into this new age of marine operations, the continuing integration of drones is
anticipated to play a big part in determining the course the maritime industry will take
in the years to come.

7. Discussion

The article has thrown considerable light on the tremendous gains accomplished by
the marine industry in integrating drones into its varied activities, and this progress has
been brought to attention. This innovative article draws on prior efforts such as those
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Fig. 12. Enhancements in Drone-Ship Communication Systems from 2021 to 2023

of Colefax et al. (2019), Akram et al. (2020), and Ahn et al. (2019), as well as those
of others, but it also expands into an undiscovered realm of marine applications.

While Colefax et al. (2019) validated the reliability of drone-based monitoring in
marine fauna identification, our work broadened this notion to various applications,
including search and rescue operations, environmental monitoring, and navigation help.
As a result of this growth, the function of drones will become more diverse, which will
result in marine operations that are more effective, sustainable, and safe.

Our results agree with those of Akram et al. (2020), who analyzed the usefulness
of drone-based station deployment for emergency management. We took this a step further
by investigating the use of drones in maritime security and surveillance. The findings
showed a considerable reduction in criminal activities of 25% between 2021 and 2023,
further highlighting the revolutionary potential of drones in marine security.

Thearticlealso goesintothelegal and jurisdictional problems based on the observations
of Ferreira and Mikovac (2022), who discussed maritime law’s implications for using
drones while at sea. Our paper demonstrates that rules should be consistent across all
jurisdictions to use drone technology’s promise fully. It is a subject that still needs to be
explored in the existing body of research.

We expanded on Zhao et al. (2018), who explored combining communication
and control for UAV systems. It allowed us to improve the technical dependability of our
work. We were able to show via our research that the utilization of drones in the marine
sector has substantially progressed due to the introduction of new technology, such
as highly developed sensor systems and protected communication networks. In search
and rescue missions, the reaction times have been cut by 30 percent between 2021 and
2023 as a direct result of these upgrades, highlighting the operational dependability
of drones.

The paper went further by focusing on issues and possible solutions that have been
mostly ignored in the previous research that has been done on the subject. The discussion
on the difficulties associated with communication in marine drone operations reflects
the findings of the study conducted by Kumar et al. (2021) on cooperative communication
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in hazardous contexts. In addition, our research addressed concerns such as time
restrictions, resource limitations, and coordination challenges. We proposed actionable
answers to these problems in order to continue the conversation that had been started
by earlier research.

Finally, expanding on the work done by Li et al. (2022) on object identification
algorithms for drone-based maritime cruising, our study demonstrated how Al-enhanced
drone technology might completely transform marine navigation as well as environmental
monitoring. The article demonstrated how drone technology might identify possible
dangers or monitor marine life with an accuracy improvement of 70 percent since 2021.

To sum up, the paper expands on and extends the insights offered by prior studies,
providing a comprehensive look at the present situation and future possibilities of drone
integration in the marine sector. The results demonstrate that drones have the potential to
revolutionize maritime communication, provide solutions to current problems, and open
up new paths for research. The development of the maritime industry into the future will
be significantly aided by the use of drones in a number of different capacities.

8. Conclusion

New ground has been broken in maritime communication due to the substantial
progress achieved in integrating drones into contemporary ships. As we now stand
at the helm in the year 2023, we can reflect on the preceding few years and recognize
the profound impact that this trip has had on us. Drones have evolved from being
a supplementary tool to an essential component in various marine activities. These
operations include anything from the transportation of goods to the performance
of search and rescue operations.

Introducing drone technology has resulted in a revolutionary upheaval throughout
all aspects of the maritime sector. Drones have become necessary due to technological
developments, such as highly developed sensor technologies, secure communication
systems, and artificial intelligence applications. The maritime sector has not only taken
use of the potential of drones. However, it has also created an environment in which
their utilization may be maximized thanks to improvements in infrastructure, such as
ports specifically designed for drones and strong navigational systems.

However, the journey will not be devoid of obstacles in any way. The marine
business continues to face severe challenges, including the need to achieve regulatory
consistency, improve the effectiveness of training workers, and ensure the reliability
of technological advancements made with drones. In addition, there has been a rise in
demand for drones, which calls for a strategy that is cautious and well thought out to
guarantee safety, sustainability, and respect for maritime ecosystems.

Even while we have made significant progress, we must maintain sight of the fact
that we still have a way to go before we can integrate drones into maritime operations
without a hitch. Despite this, the progress that we have achieved up to this point is
encouraging, and it sheds light on the way that will lead to a future in which drones play
an essential part in maritime communication.

The development of drone technology in 2023 will continue to provide many
prospects for those working in the marine sector. There has never been anything quite
like drones’ revolutionary potential in boosting productivity, safety, and environmental
conservation. It is becoming clearer that unmanned aerial vehicles, or drones, will play
a significant role in the future development of the marine sector.
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In conclusion, incorporating drones into contemporary shipping is not only a process
that is still in progress; it is a demonstration of the unrelenting pursuit of innovation in
maritime communication. We are about to start on a voyage ripe with opportunities,
one in which unmanned aerial vehicles (drones) will serve as our reliable co-navigators
and lead us into a new era of maritime communication.

9. Contributions of Authors

The article "Modern Ships and the Integration of Drones — A New Era for Marine
Communication" was a collaborative effort, with each author contributing to different
aspects of the research. Hayder Imran Al-Helli formulated the problem, conducted
an analysis of the model problem, and processed the analysis results. Nameer Hashim
Qasim was responsible for the methodology and realization respectively to the article’s
aims. Ageel Mahmood Jawad also contributed to the methodology realization and worked
on the text of the preliminary version of the paper with Nameer Hashim Qasim.

All authors have read and agreed to the published version of the manuscript. This
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Anomauisn

Bemyn. 'V npoyeci eazononym ’samnes020 HanunenHs 0dicepeiom meniosoi emnepeii €
noayM’sl, WO YMEOPIOEMbCA 8 PE3YIbMAmi SOPIHHA CYMIUI «KUCEHb — 2OPIOYULL 2A3).
AHx eoprouutl ea3 UKOPUCMOBYIOMb AyemuieH, NPONan-0ymat, 600eHsb, NPUPOOHULL 2a3
Ul iHwi 2a30n00ioHi 8yeneeooni. OOHIEI0 3 HAUBANCIUBIUUX XAPAKMEPUCTIUK NOTYM ‘5
€ memnepamypa, AKa 3a1exdCUmsv 8i0 CHiBBIOHOULEHHS «OKUCTIOBAY — 20PIOYULL 2A3).
Iynvcyrouutl xapaxmep noaym st 3yMOBIIOE HePIBHOMIPHULL PO3NOOLN WiNbHOCHE HOMOKY
YaCMUHOK NOPOWIKY, omoice, iX HepigHomipHe Hacpieants. Tomy po3paxynku meniosux
Xapaxmepucmux CMmpyMeHs HAsPpimux 2a3ié i memnepamypu YaCmuHoK He 2apanmy-
10Mb HANENHCHOI mouHoCmi. J{1sl 00CiOMNCeH A npoyecie meniooOMiHy & 2a30N0POUIKO-
60MY CIMpPYMeHi He0OXiOHO Mamu OaHi NPo WITbHICMb MEeN1068020 NOMOKY, eHMAlbil,
8 s13K0Cmi, Koe@iyicHmu menaio- i memnepamyponpo8ioHoCmi, Wo UHAYAIOMb YMOBU
Ul inmeHncusHicmb nepebicy npoyecy. ¥ 38 3Ky i3 yum ocHo8HY yeazy 8 pobomi npudie-
HO eKCnepuMeHmanibHOMY USHAUEHHIO MEeNaI08UX XapaKmepucmuK noiym ‘s po3nuiosa-
ya nopowiky. Mema cmammi nojsieae 8 eKCnepUMeHmalbHOMy 00CHIONCeHHI npoyecia
Menio0OMiHy 2a30N0POUKOB020 CIPYMEHS, WO BNIUBAE HA YMOBU, AKICMb ma iHMeH-
cugHicmb npoyecy 8iOHOBIEHHA Ma 3MIYHEHHS POOOUUX NOBepXOHb Oemaiell CYOHO8UX
MexHiuHUX 3aco0ie nio uac 8ioHo6108aANbLH020 pemonmy. Pesynemamu. Ha niocmagi
pe3yIbmamis npo8edeHUx meopemudHux i eKCnepuUMeHmatbHuxX 00CHiON#Cenb mepmiy-
HUX napamempie noiym s 6CMAHOBILEHO, W0 NOOYO0BAHO NOJA PO3NOOLTY meMnepamy-
pU ma WinbHOCMi Meniosux NOMoKI8 O0iisl ayemuieHo-KUCHe8020 ma NPonaH-0ymat-
KucHesoeo nonym’s. Bucnoexu. [locnioswcenns mepmiuHux xapaxmepucmux NOaym s
y npoyeci iOHOGNEeHH Ma 3MIYHEHHS NOBEPXOHb Oemalell CYOHOBUX MEeXHIUHUX 3aco0i8
00380J151€ CIMBEPOACYBAMU, WO HA WITbHICMb NOKPUMIMIG | MIYHICTb 34eNneHHsl 3 OCHO-
6010 nepedycim 8NIUBAE CIMYNIHL MEPMIYHOL akmueayii mamepiany, uwjo HANUIOEMbCAL.
Yemanoeneno siocmanw 6io 3pizy conna ma padiyc nepepizy noaym s, Ha Kl 3HAYEHHS
WiNbHOCMI Menio8020 NOMOKY Ma memnepamypa 00Ca2arms MAKCUMATbHO20 3HA-
yeHHA. J[08e0eH0, WO MAKCUMATbHI 3HAYEeHHs WIIbHOCMI NOMOKY ma memnepanmypu
BMIUYIOMbCSL 00 OCE NOAYM 31, A MIHIMAbHI — 00 nepudbepii.

Kntouosi cnosa: zazonopowkosuti cmpyminb, menioguil NOMIK, 2a30N01YM saHege
NOKpUMMsl, CONJO PO3NUNIEAYd, KALOPUMEMPUUHULI 30HO, pobOYi nogepxHi demaini
CYOHOBUX MEXHIUHUX 3ac00i6

© AreeB M.C., Ycrinues C.M., 2023
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Summary

Introduction. In gas-flame spraying, the source of thermal energy is the flame formed
as a result of burning a mixture of oxygen and combustible gas. Acetylene, propane-
butane, hydrogen, natural gas and other gaseous hydrocarbons are used as fuel gas.
One of the most important characteristics of a flame is its temperature, which depends
on the ratio of oxidizer to combustible gas. The pulsating nature of the flame causes an
uneven distribution of the density of the flow of powder particles and, therefore, their
uneven heating. Therefore, the calculations of the thermal characteristics of the jet of
heated gases and the temperature of the particles do not guarantee sufficient accuracy.
To study heat exchange processes in a gas-powder jet, it is necessary to have data on
heat flow density, enthalpy, viscosity, coefficients of thermal and thermal conductivity,
which determine the conditions and intensity of the process. In connection with the
above, the main attention in the work is given to the experimental determination of the
thermal characteristics of the flame of the powder atomizer. Purpose. The purpose of
the article is an experimental study of the processes of heat exchange of a gas-powder
jet, which affects the conditions, quality and intensity of the process of restoration
and strengthening of the working surfaces of parts of ship’s technical equipment
in the process of restorative repair. Results. Based on the results of theoretical and
experimental studies of the thermal parameters of the flame, it was established that
the fields of temperature distribution and density of heat flows for acetylene-oxygen
and propane-butane-oxygen flames were constructed. Conclusions. The study of the
thermal characteristics of the flame in the process of restoration and strengthening of
the surfaces of parts of ship s technical equipment allows us to state that the degree
of thermal activation of the sprayed material has the main effect on the density of the
coatings and the strength of adhesion to the base. The distance from the nozzle section
and the radius of the flame cross-section at which the value of the heat flux density
and the temperature reach the maximum value are established. It is proved that the
maximum values of the flux density and temperature shift to the flame axis, and the
minimum values to the periphery.

Keywords: gas powder jet, heat flow, gas flame coating, atomizer nozzle, calorimetric
probe, working surfaces of parts of ship s technical equipment.

Beryn. [Ipotiec HaHeceHHs TIOKPUTTIB € PE3yIbTaToM TakuX (Di3MKO-XIMIYHUX B3a-
emofiiil y OaratodasHiii cucremi:

— XiMiYHA B3a€MOJiSl B CHCTEMi «TOPIOYMU ra3 — OKHUCIIOBAY», Y PE3yNbTari sSKOi
BUJIUISETHCS KITbKICTh €HEPTil, 1[0 BU3HAYAETHCS CKIIAJIOM CYMIlIli Ta CYyTPOBOIXKYEThCS
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3HAUHUM TiABHIICHHSAM TEMIIepaTypH ra3iB y 30HI peakilii, yTBOPEHHSIM IPOIYKTiB
TOPIHHS, MiJBUIIEHHSM TUCKY Ta IIBUAKOCTI IX MEpEMIilllEHHS B HAPSAMKY PyXy GpOHTY
TIONTyM’S1;

— B3a€EMOJIis MPOAYKTIB TOPIHHA 13 YACTUHKAMH HAIMJIFOBAHOTO Marepiaiy, i Jac
SIKOT YaCTKHU OJIEPIKYIOTh JIESIKY KIIBKICTh TETUIOBOI Ta KIHETHYHOI €HEepril;

— mepexijJ KIHeTUYHOI eHepril pyXy HaNWIIOBaHUX YaCTUHOK y poboTy nedopmarii
3a IX MEXaHiYHOTO KOHTAKTy 3 MmoBepxHero [1; 2].

Ha moBepxHi JieTaii yTBOPIOETHCS HEOOXITHUI II1ap 3aXUCHOTO MMOKPUTTS, BIACTH-
BOCTI SIKOTO 3aJIe’KaTh BiJI KIJIBKICHUX 1 SIKICHUX XapaKTePUCTUK B3aEMO/Ii1.

OCHOBHUY BIUTMB Ha IIIJIbHICTh TOKPUTTIB i MIIHICTh 3UETUICHHS 3 0CHOBOIO 3/IIHCHIOE
CTYIIHb TEPMIYHOT aKTHUBAIIIT MaTepiaiy, 110 HAMHIIOETLCS, TOMY 0a)kaHo, 11100 KOHTaKT
i3 MOBEPXHEIO JieTaji BiA0yBaBCsS B TOYI[l MaKCHMMajbHOTO HarpiBaHHsS 4aCTHHOK [3].

IMocTranoBka npo6daemu. CTpyKTYpHHUH CTaH i BIACTUBOCTI HAIMMJICHUX TTOKPUTTIB
3aJiekarh BiJ TTapaMeTpiB MPOIECy Ta30MoyM IHEBOTO HAIMJICHHS, TOMY JUIS OTpH-
MaHHS IIUJIBHUX TOKPUTTIB 3 BUCOKOK MIIHICTIO 3YEIUICHHS BapTO KOHTPOJIOBATH
BIUTMB Ta30IOpPOIIKOBOTO CTPYMEHsI Ha (i3UKO-MEXaHIuHI BIACTUBOCTI BiJHOBJICHUX
MOBEPXOHb (IOPUCTICTh, MIKPOTBEPAICTh, MII[HICTh 3UETUICHHSI, 3HOCOCTIHKICTD 1 KOPO-
3iifHa CTiHKicTh). DOPMYBaHHS TOKPHUTTS CYNPOBOKYETHCS IHTEHCHBHUM BIUTHBOM
(hakea Ha YaCTMHKH PO3MUIICHOTO MaTepiany Ta iX B3a€MOJIEI0 OJHA 3 OJHOIO B Iapi
Ha MoBepxHi Aerani [4]. Hanpuknaz, 1mo0 MOMINIIUTH MPOIUIABICHHS MOPOIIKOBOTO
Marepiaiy, 0 HaMITIOEThCS, 1 301IBIINTH MIIHICTh 3USTUICHHS MOKPUTTS 3 OCHOBOIO,
HEOOXiTHO 30INBIIUTH TEMIIEepaTypy Ta JAOBKUHY cTpyMmeHs (momym’s)). nst 3MeH-
LICHHS HArPIiBY JIeTall y MPOlleci HATUIICHHS I OKMCIICHHS TIOBEPXHI HEOOX1THO 3MeH-
IIMTHU TETUIOBKIIAJICHHS B IIOBEPXHIO, 10 HAMIIOEThCsI. OKPIiM I[bOTO, BUCOKHI HArpiB
MOBEPXHi, 0 HAMTMITIOETHCS, TIPU3BOAUTH JI0 CTPYKTYPHHUX 3MiH 1 3HIDKEHHS TBEPIOCTI
B 30HI HAITMJICHHS Ta MPUJICTIMX O0JIACTSIX, 10 YaCTO HEMPHUITYCTUMO [5].

Tomy mocmiypKeHHS! TEPMIYHUX XapaKTEPUCTUK Tra30MOPOIIKOBOTO CTPYMEHS HaJia-
I0Th MOXKJIMBICTh QHAJIITUYHO ¥ €KCIIEPUMEHTAIBHO OIIHUTH BILIMB PO3IIOILITY TeMIIe-
paryp nepeTuHy, JOBKHUHH (akesa moyM’sl Ta TeMIeparypy YacTHHOK Ha SIKiCTb BiJl-
HOBJTIOBAHOT TIOBEPXHI.

AHaji3 ocTaHHix nociaimkens i myOaikamiii. Sk 3a3Haganocs B poborax [6; 7],
3a CBOIMH TEPMIYHUMU BIIACTUBOCTSIMH IMPONAaH-0yTaH € HaWOMIKIUM JI0 alleTUIICHY
rasoM. lle miaTBep/UKYyEThCS AaHUMHU poOOTH [8], /e HABEACHO PE3yJIbTaTH OCIIi-
JOKEHHS KUTBKOCTI TEIUIA, 110 BUAUIAETHCS 3aJIEKHO BiJl 00CATY MAJIBHOIO rasy 3a Horo
3TOPSIHHS B CyMIllli 3 KHCHEM.

VY po3paxyHKax TEIUIOBHX XapaKTEPUCTHUK MOIYM sl TEPMOPO3MIIIOBAYiB, BUKOHA-
HUX Ha Mi/ICTaBi 3aKOHIB TIepediry 3aTOIUIEHOTO CTPYMEHS, PO3IVIsIaBCs Oe3nepepBHIMA
nmotik Harpitux rasie [9; 10]. [Ipore cTpoOOCKOMIYHUMU JTOCIIHKEHHSIMH, TIPOBEIC-
HUMH 3 BUKOpHUCTaHHIM Tpmiiany ICC-1, BCTaHOBICHO MYALCYIOUNI XapaKTep MOIyM s1.

[Mynabcyrounii XxapakTep MOAYM’sl 3yMOBIIIOE HEPIBHOMIPDHUN PO3MOMIN HIITBHOCTI
MOTOKY YacTUHOK TOPOIIKY, OTXKe, X HepiBHOMipHE HarpiBaHHS. ToMy po3paxyHKH
TEIUIOBHX XapaKTEPUCTHK CTPYMEHS HAIPITHX ra3iB i TeMIepaTypy YaCTHHOK He TapaH-
TYIOTh HaJIEKHOT TOYHOCTI [3].

VYHacHiIOK HEOJHOPIAHOCTI PO3MOALTY 3a MOIMEPEeYHUM Iepepi3oM Ta30BOTO
CTPYMEHSI TEMIIEPaTypHOTO Ta IIBUJIKICHOTO TIIOJIiB TOPOMIOK, IO HANUITIOETHCS,

81



PO3BUTOK TPAHCIIOPTY
Ne 4(19), 2023

HarpiBa€ThCsl HEOJHAKOBO. Y 3B 53Ky 13 MM rnepudepiiiHi YaCTHHKY HArpiBaloOThCs HE
JOCUThH, IOTPAIUISIHHS 1X Y TIOKPHUTTSI MPU3BOAUTH JIO 3HUKEHHS HOTO SIKOCTI, K 3a3Ha-
4yaeThes B poooTi [11].

VY 3B’43Ky 13 IMM OCHOBHY YBary B po0O0Ti IPUIIJICHO EKCIIEPUMEHTAIbHOMY BH3HA-
YEHHIO TETUIOBHUX XapaKTEPUCTHUK TTOJyM sl TOPOIIKOBOTO PO3IUIIIOBAYA.

@®opMyJTIOBaHHA Wijell cTrarTi. BusHaueHHS TepMOIMHAMIYHUX XapaKTepuc-
THK Ta30TIOPOIIKOBOTO CTPYMEHsI (€HTaJbIIii MOMYM s, IIIJIBHOCTI TEIIOBOTO MOTOKY,
TEMIIepPaTypH TOIYM sl TOILO) JJISi OTPUMAaHHS BiJIHOBIIOBAJILHO-3aXUCHHUX MMOKPUTTIB
3 MIBUIIIGHUMH EKCIUTyaTaliiHIMHU XapaKTepHUCTUKaAMH.

Buksan ocHoBHOro marepiany. 3a3Buuail JOCHTIIPKEHHs BIaCTUBOCTECH HArpiTUX
ra30BUX MOTOKIB MPOBOJIATH 3a IOIOMOTOIO 30HIiB Pi3HOTO TUMy. Y il poOoTi mocii-
JOKEHHSI BUKOHYBAJIA 3 BUKOPUCTAHHSIM KaJOPUMETPUYHOTO 30H/a 32 BiJIOMOIO METO-
JuKoro [ 12], 110 103BOJIsSIE BUBHAYUTH TEILUIOCHEPTETHUYUHI TapaMeTpu 0araToCcTpyMeHe-
BOTO JpKepelia TeIJIOBOT eHeprii 3 motyxHicTio 10 100 kBT.

3MiHa TeMIepaTypH 30Ha MiJ1 yac yBeJeHHs B moixyM st (puc. 1). Jinsnka 1 Ha kpu-
Bili BIZIMIOBIJa€ KOHTAKTY 30H/1a 3 MOJYM’sIM, JISHKA 2 BIAMOBIa€ TOUTUPEHHIO TEIIO-
BOTO TIOTOKY B3JIOBX OCi 30HJa, AUISHKA 3 BH3HAYa€ IMOYATOK IJIABJICHHS JINILOBOTO
TOPIISL 30H/IA Ta XapaKTePU3YETHCS YITOBUTLHEHHSM 3pOCTaHHS TEMITEPATYPH.

Ha nouarky narpiBy (eran 1) 3awac ¢, = 0,35 / a; (1€ o, — Koe(illieHT TeMIEepaTypo-
NPOBIHOCTI Marepiany 30H/a) TEMIIEpaTypa 3MIHIOETHCS 3 JICSIKUM IMPUCKOPEHHSIM.
ITotiM, 3a TEIIOBOrO MOTOKY, 10 BCTAHOBUBCS, 3MiHA TEMIICpPaTypH BiAOyBaeThCs 3a
JHIMHUAM 3aKOHOM JIO TTOYaTKY TUIABICHHS JIMIIbOBOTO TOPIIS 30HAA. Y MUTb TUIABICHHS
MiIBUIICHHS TEMIIEPaTypH YIOBUILHIOETHCS, IPUPICT T MparHe HyJs.

Y po6ori [ 12] 3anpornoHoBaHO BUPA3 JIJIs OMKCY 3MIHU TEMIIEPaTypH 3a BiCCIO 30H/a:

2 2
qt +q_l3><3x —13’ )

I'=—"-— 2
psCils 6L,

Jie p, — MIIBHICTh MaTepiaTy 30HAa, KI/M’;

T — 4ac B3aeMo/ii, ¢;

C. — nmuTOMa TEIJIOEMHICTD MaTepiary 30813, Jk/KrxK;
3

Puc. 1. Kinemuxa naepisy pobouoi 301U KaiopumempusHo2o 30H0a
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X — TIOTOYHA KOOPAMHATA, M.
Hudepennitoemo piBHsHH (1) 32 yacoM T i OTpUMAEMO 3HAUCHHS I'YCTHHH TETLIO-
BOTO IOTOKY:

dT
q=p;ClL—, (2)
dr
ne 4T — smina TEMIIepaTypH 3a 9acoM Ha JIiHIHHINA AisHI ocuuiorpaMu (puc. 1).

3a BI/TIMipHHI/IMI/I dT/dr na niHIMHUX TUITHKAaX OCIUJIOrPaM, OTPUMAaHUX ITiJ] 4ac eKC-
MIEPUMEHTIB, PO3PaxOByBalach IIUIBHICTh TEIUIOBOTO IMOTOKY B Pi3HUX TOYKAX Y3JOBXK
oci Ta 3a paziiycoMm nepepi3y moiiym’s. Y THX e TOUKax MOiIyM’si BUMIPIOBAaBCs JIMHA-
MIYHUH THCK ra3iB (THCK rajJbMyBaHHS) 3a Aonomoror TpyOku [lito Ta pimuHHOTO
TSATOHAIIOPOMETPA.

Jlyis BU3HAYCHHS CHTAJIBIIIT OJIyM’ sl BUKOPUCTOBYBanack Gopmyna dest — Punnena
[13], sixa myast Ta3iB i3 Temneparyporo 2 000 °K ta B’s3kictio v =~ 1 000 M?/c mepeTBOpeHa
TaKUM YHHOM:

q — 4’5 % 10-4 r3—51300,25 (130 _ Poo )0,25 (HO _Hw)’ (3)

ne P — tuck ranpmyBanHs, I1a;

P_ — Tuck na HeckindeHHiH BincTani (atMmochepnnii), I1a;

H, i H — BiAMOBiAHO MTOMI €HTaNbIIIsA TaJbMyBaHHA Ta €HTAJIBIIISA Y IPUKOPIOH-
HOMY mmapi, kJK;

I, — pajiyc 3aKpyrJIEHHS OOTIYHHKA 30HA, M.

ITincraBnenHsM y ¢opmyny (3) 3HaUCHD MIUTEHOCTI TETUIOBOTO MMOTOKY, BUZHAYCHUX
eKCITepUMEHTAIBHO, OYJIO OTPUMAHO PO3IOIII SHTANBIIIT 3a paJiycoM mepepizy Ha pi3-
HUX BIJICTaHAX BiJ COIIIA PO3IMUIIOBAYA.

3a po3paxOBaHOIO EHTANBITIEI0 BH3HAYANACS TEMIIeparypa aneTHIICH-KHCHEBOTO
Ta MPOIaH-0yTaH-KUCHEBOTO TOIyM’ s (puc. 2).

g, MM

(:H: ,6:".9

MM

Puc. 2. Temnepamypni nona nonym ’ss mepmopo3nunto8anrsHo2o nicmonema
ExcriepuMeHnTanbHa mepeBipka OTpUMaHUX 3HAYE€Hb TEMIIEpaTypu MOIyM’s Oyna
BHKOHAHA IIJITXOM BUMIPIOBaHHSI TEMIIEpaTyp 3a qornomoroto Ptl0RA/Pt Tepmoniapu.

Ha mifcraBi oTpuMaHuX TaHUX MOOYI0BAHO ITOJIs TEMIIEPATyPHU Ta HIIIHOCTI TETI0-
BHX ITOTOKIB JIJIS al[ETHJICHO-KUCHEBOTO Ta MPOMaH-0yTaH-KUCHEBOTO TOIyM s (puc. 3).
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AHali3 pe3ynbTariB, OTPUMAHHUX EKCIEPUMCEHTAIBHUM 1 pPO3PaXyHKOBUM IILISI-

XOM, IOKa3ye, 10 JlaHi, MOYNHAIOUN 3 JMCTAHIlT BUMIpIOBaHb 60 MM, BIAPI3HSIOTHCS
Ha BEJIUYMHY, [0 HE TIEPEBHUIIYE CEPEIHBOT TOXMOKU EKCIIEPUMEHTIB, 1 BIJIOBIIAIOTh
pe3ynsraTaM iHIuX aBTopis [14; 15].

g-10%, Bmss

Puc. 3. llinbHicms mennoeoco nomoky mepmopo3nunio8aibHo20 nicmoaema

BucHoBku. MakcumainbHi 3HaU€HHS IMIIBHOCTI TEIUIOBOIO MOTOKY Ta TEMIIEPATYP

JocsratoThes 3 BiipuoM 20-30 MM BiJ 3pi3y coIula Ha pajiyci mepepiszy moxym’ s, o
JIOpiBHIOE 6 MM, TOOTO B 30Hi siapa ((75-78)10° Br/m?). Ha oci moiym’st B bOMy Iiepe-
pi3i 3HaYEHHS TYCTHHH TEIUIOBOTO MOTOKY BABIYI MEHIIIE, y pa3i BijyIaJieHHs BijI coria
BiZIOyBa€THCS MEPEPO3NOALT 3HAUEHb ( 1 TeMIieparypi. MakcuMmanbHi 3Ha4eHHs g Ta T
3MIIIYIOTHCA JI0 OCi IMOITyM s, @ MiHIMaJIbHI — 10 iepudepii.
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IHOKA3HMUKIB YIBTPA®IOJETOBOI'O PEAKTOPA
HA HPOAYKTUBHICTb CUCTEM OYHUIIEHHSA BAJTACTHUX BO/I
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Anomauin

Bemyn. Ilepenecennss wyscopionux opeanizmie i NAmMOSEHHUX MIKPOOP2AHIZMIG
uepez danracmuy 800y nid yac onepayiv nputiomy ma CKUOAaHHs 6aracmy Ha cyOHAx
Mae He2amusHUll 6NIUE HA MOPCbKe cepedoguiye ma 300pos’s model. Mixcnapooni
Hopmu, yemanosneni MidcHapoonow KOHEeHYIEd npo KOHMPOb CYOHO8UX banacm-
HUX 800 1 0ca0is, pe2yiioiomb MAKCUMALbHY KITbKICHb HCUBUX OP2aHIZMIE Y OaNacCmHil
800i, W0 cMEOPE Nompedy 6 aHani3i Mma NOPIGHAHHI KOHCMPYKYIT CUCMEM OYUUYEeH-
Hs banacmuux 600. Mema. Y cmammi onucano 00CRiONCEHHST 6NAUBY NOMYICHOCMI
ma Maco2abapumuux NOKA3HUKIE Yibmpagionemosozo peaxmopa Ha npooyKmugHicmy
cucmem oyuujenns baracmuux 800. Pesynemamu. Y pobomi npoananizosano enepee-
MUYHI NOKAZHUKY ICHYIOYUX CUCTEM OYUUeHHS 6ANACTHHUX 600, SIKI MAIOMb Yibmpaqi-
onemogy cmaoiro owuujenns, Gipm: Alfa Laval, Desmi Ocean Guard, Hyundai Heavy
Industries, Wartsila, Trojan Marinex, Optimarin, Norwegian Greentech. Ha ocnogi
OMPUMAHUX NOKA3HUKIE BUKOHAHA OYIHKA 6NJUGY NOMYNHCHOCMI MaA Maco2adbapumHux
NOKA3HUKIE YIbMpa@ionemosoeo peakmopa Ha HOMIHATbHY NPOOYKMUBHICMb CUCEM
OuULYeHHs. OATNACMHUX 800, OMPUMAHO 3ATIEHCHOCHI CRONCUBAHOT NOMYICHOCHI, 8azu
ma 2abapumuozo 00’emy yIompagionemosoeo peaxmopa 6i0 MAKCUMATbHOI no0ayi
banacmy. Bucnosku. Ompumani pe3yiomamu OOCHIONCEHHS 00360M5Mb. CNPOCMUMU
npoyedypy eubopy yismpagionemogozo peaxmopa nid 4ac npoeKmySamHs CUCMEM
OuULYeHHSL OATACHUX 800, NPOBECTU NOPIGHANHS e()eKMUBHOCMI HASIBHO20 PIGHS Vilb-
mpaghionemogozo ouuueH A U000 THUWUX NOOIOHUX, OMPUMAHI 3ALENHCHOCTE MONCYMb
OYmMuU KOPUCHUMU Y NPOEKMYBAHHT Ma MOOEpHIZayii cucmem ouuyeHHs DATACMHUX 600,
B0HU 003801AMb OLTLUL MOYHO PO3PAXOEYEAMU NOMPIOHY NOMYJICHICMb | Macoeaba-
PUMHI Xapaxmepucmuku yismpaghionemoso2o peakmopa 3aienicHo 6i0 04iky8anoi npo-
OVKMUBHOCMI CUCTNEMU.

Knwuogi cnosa: baracmi 600u, yiempagionemose, 31e3apaiceHs,, NOMy»ICHiCMb,
Mmaca, macozabapumui noxasnuxu, BWTS, echexmusnicmu, ouunyenns.

© Bepecrooii 1.0., Cmupnosa I.M., MacJos 1.3., 2023
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Summary

Introduction. The transfer of alien organisms and pathogenic microorganisms
through ballast water during ballast intake and discharge operations on ships has a
negative impact on the marine environment and human health. International standards
established by the International Convention for the Control and Management of
Ship’s Ballast Water and Sediments regulate the maximum amount of live organisms
in ballast water, creating a need for the analysis and comparison of ballast water
treatment system designs. Purpose. This article describes a study on the influence of the
power and size parameters of ultraviolet reactors on the performance of ballast water
treatment systems. Results. In the article analyzes the energy characteristics of existing
ballast water treatment systems with ultraviolet disinfection stages from companies
such as Alfa Laval, Desmi Ocean Guard, Hyundai Heavy Industries, Wartsila, Trojan
Marinex, Optimarin, Norwegian Greentech are presented. Based on the obtained data,
an evaluation of the impact of the power and size parameters of the ultraviolet reactor
on the nominal performance of ballast water treatment systems was performed, and
dependencies of power, weight, and capacity of the ultraviolet reactor on the maximum
ballast flow rate were obtained. Conclusions. The results of this study will simplify the
process of selecting ultraviolet reactors during the design of ballast water treatment
systems, enable a comparison of the efficiency of the existing ultraviolet treatment
stage relative to others, and the obtained dependencies can be useful in the design and
modernization of ballast water treatment systems. They will allow for a more accurate
calculation of the required power and size characteristics of the ultraviolet reactor
depending on the expected system performance.

Key words: ballast water, ultraviolet, disinfection, power, weight, size parameters,
BWTS, efficiency, treatment.

Beryn. Ilim vac mepexofiB CydaeH 3HIMCHIOIOTBCA oreparii mpuiiomy Oanacty
Ta HOTO CKHJaHHSI, YHACHIIIOK YOT0 MOXKIIUBE IEPEHECEHHS Ta PO3MOBCIOPKEHHS TyKO-
PIAHHUX U1 MBOTO PaliOHY Ta/a00 MAaTOTeHHWX >KMBHX MiKpoopraHizMmiB. Ha 3akoHo-
JTABUOMY PiBHI NMUTAHHS MEPEHOCY MAaTOTCHHUX JKUBUX MIKpOOPTaHi3MiB y OajacTHIN
BOJIi HOpMOBaHI MiXKHApPOJHOI KOHBEHIIIEIO PO KOHTPOIJIb CYTHOBHX OaacTHUX BOJ
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i ocasiiB Ta ynpaBiiHHs HAMH [ 1], 3riHO 3 sikoto 3 8 BepecHst 2017 p. HOBI Cy/JiHA TTOBU-
HHI BiAmoBizaTu cragaapty D2, a icHytoui cyaHa — 110 8 BepecHs 2024 p. (3aJIe:KHO Bif
yacy MOHOBJIEHHS ixHiX ceprudikaris) [2; 3]. Ctanmapt D2 BcTaHOBIIOE MAKCUMAJBHY
JIOITYCTUMY KiTBKICTh XKHUTTE3J]ATHUX OPTaHi3MiB, Ka MOXke OyTH B OanacTHii BOi, IO
3ITUBAETHCA, 30KpeMa W 1HIUKATOPHI MiKpOOH, IIKiUIMBI I 310poB’s moguHu. Dak-
TUYHO II€ 03Ha4ae, 110 10 8 BepecHs 2024 p. cyaHa, 110 3/AiHCHIOITh MIXKHAPOIHE TIa-
BaHH, IOBUHHI OyTH 00JIaIHAHHI CCTEMOIO OUHUIIICHHS 0alaCTHHUX BOJ.

IMocTranoBka npoodaemu. [IpoGiremMa mepeHeceHHs Iy>KOPITHUX OpTaHi3MiB 1 Imaro-
TeHHUX MIKpOOPTaHi3MiB 4epe3 OanmacTHy BOAY ITij 4ac oreparliii mpuiioMy Ta CKUIaHHS
OanacTy Ha CyJHAax € akTyanbHO. OIHUM i3 KIIOYOBUX PillleHb sl BUPIILIEHHS TAKOi
npoOIeMHu € BUKOPHCTAHHS CHCTEM OYMIEHHs OanacTHUX BOJ, 30KpeMa M TakuXx, 110
BHUKOPHCTOBYIOTh YABTpadioneToBuil MeTof 3He3apaxxeHHs. Jly)ke BaXKJIMBI TEXHIUHI
napaMeTpH, SK-0T CHOKMBaHA TIOTYKHICTh 1 MacorabapuTHI XapaKTepPUCTUKU YIbTpa-
(hiomeToBOTO peakTopa, MO BILIMBAIOTH HAa e(PEKTUBHICTH cHCcTeM ounieHHs. [{e cTBo-
proe moTpedy B aHANI3i Ta MOPIBHAHHI KOHCTPYKIIif CHCTEM OUWIIIEHHS 0AaCTHUX BOJI.

AHaJi3 ocTaHHix nocaimkens i myosmikamii. JlocmimpkeHHsIM, sIKi TTOB’ 13aHi1 3 METO-
JaM{ Ta CIOCO0aMHU OUYMILEHHIO 0ajacTHHX BOJ, y 0araTtbOX KpaiHaxX MpHUIUIAEThCS
BeJIMKa yBara Ha Pi3HUX PIBHAX [2—9]: MICIIEBUX — Yy JOCIIHKEHHIX OKPEMHUX YUSHHX
a00 1X KOJIEKTHBIB, (ipM Ta IHCTUTYTIB, AEP)KABHOMY — y TIPOTpaMax PO3BUTKY Ta Aep-
YKaBHUX HAYKOBO-AOCTITHUX POoOOTaxX, MiKHAPOIHOMY — y TpPaHCHAI[IOHAJHFHUX Hay-
KOBO-/IOCJITHUX TIporpamMax i podoTax MiKHapOJHUX opraHizamiii. Tak, y JociipKeHH]
American Bureau of Shipping [2] peanizoBano orisj iCHYIOUMX METOHIB OUHUILEHHS
0anacTHUX BOJ, IX TUIIOBI MiAKIIOYEHHS. Y poOoTi [4] HaBeIeHO 3aJIeKHICTh PI3HOBUIY
CHUCTEMHU OYHMIIEHHS 0anacTy BiJ JEABEUTy CyIHA Ta MOro MmpHU3HAa4YeHHdA, Y poOoTax
[4; 6] mpoBeneHO aHAII3 TEXHIKO-CKOHOMIYHHX ITOKA3HHUKIB OKPEMHX MOJETIEH CHCTEM
OYMINEHHS 0aacTHUX BOJ Ha HOMIHAJIBHHUX pekuMax poOoTu. OIiHIOBaHHS JOIaTKO-
BHX BUTpAT €HEPrii ISl pi3HUX BapiaHTIB CXEMHUX pillleHh 00pOOKH OalaCTHUX BOJ Ha
0OpTy CyaHa MpoBeIeHO B JOCIimkeHi [S]. Bapro Takok 3rajary KOJNEKTUBH BITUH3-
HSHUX JOCHiAHMKIB 13 HarioHanpHOTro yHiBepcuTeTy «Oechbka MOpPChKA aKaJaeMishy
ta HarionanpHOTO yHIBEpCUTETY KOopadneOymyBaHHs iMeH1 aamipana Makaposa, mmparti
SKUX CIIPSMOBaHI Ha BIOCKOHAJICHHS CHCTEM OUYHUITICHHS OamacTHuX Box [5—9].

Benuka KibKicTh JOCIIKEHB OB’ s3aHa 3 OI[IHKOIO BILTUBY MPOAYKTUBHOCTI CHC-
TEMH OUYHILEHHS 0aJacTHUX BOA Ha 11 eHepreTU4Hi MOKAa3HUKU: TaK, HAPUKIIAM, y JOCTi-
JUKEHHI [5] pO3MISHYTO OLIHKY €HEPreTHMYHHMX BUTPAT 3a PI3HUX PEXHUMIB poOOTH
CHCTEMH OYHWIIEHHS, Y poboTax [4; 6] HaBegeHO iH(POPMAIIII0 CTOCOBHO 3aJIe)KHOCTI
CIIOKMBAHO1 TIOTY>KHOCTI Ta Macu OOJaJHAaHHS BiJ MPOTYKTUBHOCTI CUCTEM O0OpOOKH
OanacTy Ayt HOOJUHOKHX (ipM.

He3Baxkaroun Ha BUIE3a3HAYEHI JOCIIHKEHHS, MAJIO YBaru MPUIIISUIOCH (YHKIII-
OHAJIBbHIN 3aJIEXHOCT] MOTYKHOCTI Ta MacorabapuTHUX MOKAa3HHUKIB BiJ HOMiHAJIBHOI
MPOAYKTUBHICTh CUCTEMH OYMIICHHS OaJIACTHUX BOJI, 1[0 TIOB’S3aHO 31 CKIIQJIHOIIAMHU
OTPUMAaHHS TaKUX 3aJIC)KHOCTEH Ha 0a31 TEOPETUUHUX JOCIIPKEHD 1 BITHOCHO HEBEIIH-
KOO KUTBKICTIO CTaTHCTUYHHX JTaHUX HA TIOYATKy BIIPOBAKEHHS CHCTEM OYHIICHHS.

Merta crartTi — BU3Ha4YeHHS HEOOXiTHOI CIIO’KUBAHOI IMOTY>KHOCTI Ta Macorabapur-
HUX XapaKTepUCTHK YIBTPa]ioNeToBOro peakTopa 3 ypaxyBaHHSIM MPOTYKTHBHOCTI
CHCTEMH OYMILEHHs OanacTHHUX BOA i OTpPUMaHHS (YHKIIOHAJIBHUX 3aJIeKHOCTEH Ha
0a3l CTaTUCTUYHUX JJAHUX CHEPTreTHMYHHUX IMOKA3HUKIB iICHYIOUUX CHUCTEM OYMIICHHSI
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OanactHux Boj. 11lo JO3BONMUTH CHIPOCTHTH TMpOLEAYPY BHOOPY CHUCTEM OYHIICHHS
0aJacTHUX BOI, IPOBECTH TOPIBHSHHA €(PEKTUBHOCTI HAsSBHUX CHUCTEM OYHIIICHHS
MO0 IHIMUX TOIOHMX, TOMEPEaHBO OIIHUTH HEoOXiITHI MacorabapuTHI BUMOTH IS
BCTAHOBJICHHSI YNBTPadioneToBoro OYMINEHHS IIiJ] 4ac MOAEpHi3alii icHyrounx abo
NoOyIOBU HOBUX CHCTEM OYMIICHHS 0alacTHHUX BOI.

Bukian ocHoBHOTo Martepiaay. OHUM i3 TONTMPEHUX METOJIIB OUYHIIEHHS OanacT-
HOT BOJIM BiJl MIKpOOpPTaHi3MiB € BUKOPHCTaHHs yibTpadioneroporo (nam — YD) peak-
TOpa, TMPUHIUI Oii TaKoro METOAy 0a3yeThCs Ha 3aCTOCYyBaHHI YIBTPadioseTOBOTO
BUTIPOMIHIOBaHHS AJ1s 3HUIIIEHHS MiKpoopraHi3miB y Bozli. OcHOBHI etamnu i YO peax-
TOpa Taki: BUpoOieHHs YO BUIPOMIHIOBAaHHS 33 AOINOMOTOIO JIaMIl, SIKi BUPOOJISIOTH
BUIIPOMIHIOBaHHS 3 KOPOTKOIO JIOBKHHOIO XBHJII B yibTpadioneToBomy Aianazoni “C”
(UV-C); npoxomkeHHst Boju uepe3 YO kamepy? jie BcTaHOBICHI YD j1aMIii, eHACiI0K
4oro ynbTpadioseToBe BUMPOMIHIOBAHHS MTPOXOIUTH Yepe3 BOLY Ta B3AEMOJIIE 3 MIKPO-
opraHizMaMu; 3HUIIICHHS] MiKpOOpraHi3MiB yHacHinok pyitHysanns JJHK ymerpadiomne-
TOBHM BHUIIPOMiHIOBAHHSIM.

KonctpykTtuBHe BukoHaHHA Y® peakTopiB AJISl CUCTEM OYMIICHHS OalaCTHUX BOX
Mae 0COONMBOCTI: BUKOpHCTaHHA Y@ JaMIl i3 MOIOBKEHUM TEPMiHOM CIY»OH; CTili-
KicTh YO jtaMit 10 3MiHM THCKY, BiOpalliif i KoJIuBaHb; ontuMizaiis Y® peakropis ajis
00pOOKH BENMKOTO OOCSTY BOAW; HAasBHICTH aBTOMAaTH30BaHOI CUCTEMH KEpyBaHHS Ha
0a3i ynpTpadioneToBUX CEHCOPIB, 10 MOHITOPUTH PiBEHh BUIIPOMIHIOBAHHS Ta 3a0e3-
neuye edexktuBHy podoTy Y® peakropa, 30KpeMa i BUaCHE BUSBICHHS OTpeOU 3aMiHN
JIaMIT; BUKOPUCTAHHSI MaTepialiB, sIKi € CTIHKUMH A0 Koposii. Buimesasznaueni oco-
OJMBOCTI MO-Pi3HOMY KOHCTPYKTHBHO Peaji3ylOThcs B Pi3HOMaHITHUX (ipMax, OKpiM
[BOTO, I YCKIIAIHIOIOTHCS €PrOHOMIYHUME OCOOJMBOCTSIMU Ta HAsSBHICTIO YHIKalb-
HUX TIaTeHTOBAHUX, 1HOII 3aCEKPEUCHNX, KOHCTPYKTUBHHX PillleHb. 3a3HaueHI YNHHUKH
3YMOBIIIOIOTh CKJIQ/IHICTh TEXHIYHOI OI[iIHKH €(PeKTHBHOCTI CUCTEM OYHIICHHS OaacT-
HHUX BOJI, YCKJIaJHIOIOTh IPOLIEAYPH 1X 0OpaHHs, MPOEKTYBaHHS Ta MOAEPHi3aLii.

Jnist OLiHKY BIIMBY MOTY)KHOCTI Ta Macora0apuUTHUX MOKa3HHUKIB YyiIbTpadionero-
BOTO PEaKTOpa Ha MPOAYKTHUBHICTh CUCTEM OYMIICHHS OaJlaCTHUX BOZ OYJIO OIparibo-
BaHO Ta MPOaHaIi30BaHO KOHCTPYKIIIO Ta TEXHIYHI XapaKTEPUCTUKH ICHYIOUHX Mozeeit
CHCTEM OYHMIIEHHS 0aJacTHUX BOJ pizHOMaHITHUX ¢ipm, a came: Alfa Laval — momenn
“Pure Ballast 3 [10], Desmi Ocean Guard — Ray Clean BWTS [11], Hyundai Heavy
Industries — Eco Ballast [12], Wartsila — Aquarius UV System [13], Trojan Marinex —
Trojan Marinex [14], Optimarin — Optimarin Ballast System [15], Panasia — GloEn-
PatrolTM [16], Norwegian Greentech — NGT BWMS [17].

Ilix gac aHamizy TEXHIYHUX XapaKTepUCTUK YD peakTopiB po3misaaiach came CIo-
JKUBaHa MOTYKHICTh YIBTPa]ioneToBoro peakropa, sika BKa3y€e Ha eJIEKTPUYHY TOTYX-
HICTbh, IO BUTPAYA€THCS YIBTPadioNeTOBUM PEaKTOPOM IIif] yac HOTo poOoTH.

Tpeba 3a3Ha4MTH, 110 B iHPOPMAILIii IPO CHIOKUBAHY TOTYKHICTb YIBTPagioIeTOBOTO
peakTopa B iIHCTPYKUIsX 1 Mpe3eHTalisX QipM € HEBU3HAYCHICTh, TOMY LIO JIesKi QipMu
BKa3yIOTh MaKCUMaJIbHO MOYJIMBY MOTYHicThb [10; 11; 13—16], inmmi ¢gipmu — ocepe-
HeHy TOTYXHICTh [10]. Takok MOTy»KHICTh MOXe OyTH HaBeIeHa 3a Pi3HUX 3HAYCHB
ynsrpadioneroBoro nporryckanas (UVT) Bogu: 62% [11], 65% [12], 85% [11], okpim
BOTO, AesiKi (ipMH BKa3yIOTh JIMINE 3aralibHy MOTYXXHICTh OOJIaHaHHSA 0e3 KOHKpe-
TH3allii MOTYXKHOCTI yibTpadioneroBoro peakropa [12; 13; 17], 110 BHOCUTh TOXUOKH
B JIOCJTi/PKEHHSI.
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OTtpuMaHi pe3ysbTaTd 0OPOOKU CTATUCTHYHUX JaHUX CHOKMBAHOT MOTYXHOCTI YD
peakTopa Ta NpOIyKTHBHICTH CUCTEM OYHINECHHS 0aJacTHUX BOJ MOKa3aHO Ha pucC. 1.

Moryxuicts YO

peaxTopy, KBT }};2::02)1,82?2 °
300 -
250 s
200 / *
150 . e
100 - s ‘e
50 (i
0 ‘ ' ' T T T )
0 500 1000 1500 2000 2500 3000 3500

IMonaua Ganacry, M3/rox

Puc. 1. Bnaus nomyosicnocmi ynempagionemoso2o peakmopa Ha npooyKmueHICmb
cucmem ouuUyerHs OAracCmHux 600

Ha puc. 1 mpocrexyerbes MpSMOIPOTOPITIHHAN 3B’ SI30K MAaKCUMAIBHOI CITOJKHUBA-
HOT oTy»HOCTI Y® peakTopa Ta IPOXyKTHBHOCTI CHCTEM OYHIIEHHS OalacTHHUX BOII,
Ha koxxHi 100 M*/rox momaui 6agacty HeoOximHO 7,2+16 kBT moty:kuHOCTI Y® peaxropa,
JIiHIS TPEHAY MOXKe OyTH OITHCaHa 3aJIeKHICTIO:

N =0,1058-Q,, xBr, (1
ne, N — noryxnicte YO peakropa, kBT;

Q,, — HOMiHaJIbHA Moja4a GamacTy, M*/roj.

Otpumany 3ayexHicTh (1) MOXKHa BHKOPHCTOBYBaTH Ui HaJaHHS TONEpPEIHBOI
OLIIHKK HEOOXiAHUX BUTPAT ENEKTPUYHOT MOTYKHOCTI i1 CUCTEMH OYMIICHHS OanacT-
HUX BOJ 3 YO peakTopoM IiJl 4ac MojepHi3allii icHyrounx abo moOy1oBU HOBUX CYJICH,
a TAaKOXK B aHAJIi31 CHEProe(PEKTUBHOCTI CUCTEMHU OUMILEHHS 0alacTHUX BOJ, TIOPIBHIO-
104 peanbHi 3HaYeHHS 31 3HAYEHHSIMU, OTPUMAaHUMH 32 3aiexHicTio (1).

Y Mexax JOCIiPKEHHS TaKokK OYyJIO MPOBEACHO aHalli3 CTATUCTUYHHUX JaHUX Maco-
rabapuTHUX TOKa3HUKIB Y@ peakTopa CHCTEMH OYMIICHHS OalacTHUX BOJ, SK-OT
Maca ta 00’em YO peakropa, oTpuMaHi pe3ynbraTd 00pOOKH TaKuX JaHUX HABEICHO
Ha puc. 2 Ta 3.

Maca YO ~

PeaKTopy, Kr y= 0],{326_6%)7(8*6-51615,21 -
600 . _—0
500 = o

y = 8,1925x05772 -
400 2=0,8071 B
300
b3
200 P = @
100 L2
0 200 400 600 800 1000 1200 1400 1600

IMomaua Ganacry, M3/rox

Puc. 2. Bnaus npodykmuenocmi cucmemu o4uuerHs: OaiacmHux 00
Ha sacy YD peakmopa
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r;gapmw ofiem ¥ =0,00000120x” - 0,00006567x + 0,46042382
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Puc. 3. Bnaus npodykmugrnocmi cucmemu o4uujeHHss OaracmHux 00
Ha eabapumnuil 06 ’em Y@ peakmopa

AHaJi3 OTpUMaHKX JaHUX Ha PUC. 2 Ta 3 TIOKa3ye, 110 3aekKHICTh Baru YO peakropa
BiJI IPOAYKTUBHOCTI CUCTEMHU OYHILCHHS OallaCTHUX BOJ 32 HEBEJIMKHUX Toa4 Oanacty
(Q,< 400 m’/romn) Moske OyTH OMmHMCaHa CTYNEHEBOIO 3aIEKHICTIO (pHC. 2), 32 OiTbIIMX
3HAUYCHB MMoJa4i 0aJacTy MPOCTEIKYETHCS MPSIMOTIPOTIOPITiiiHA 3aJIeKHICTh Bard BiJl IPo-
JYKTHBHOCTI CHCTEMH OYHMINCHHS OalacTHUX BOJ, JIiHISA TPEHIY MOXKe OyTH OmmcaHa
3aJIKHICTIO:

m = 115,2+0,3662-Q kT, 2)
ne, m —maca YO peakropa, kBT.

l'aGapuTHwmii 06’eM Y® peaktopa 3i 30UIBIICHHIM MO1a4di 6anacTy 30UTBIIYETHCS 3a
KBaJ[PaTUYHOIO 3aKOHOMIpHICTIO (pHc. 3):

V =10,00000120-Q*_ —0,0000657-Q,, + 0,46 »’, 3)
ne V—o00’em YO peakropa, KBT.

[Tapabomigaa 3aKOHOMIPHICTb, IMOBIPHO, 3yMOBJIEHA THM, III0 € MiHIMaJTbHAN HE00-
XITHUHN Jac s 3He3apaKeHHs, SKAW 3anexuTh Big 3HadeHs UVT Bomu, kxoedimienTa
OMIPHOCTI OakTepiit 1 HeOOX1MHOT AKOCTI 3HE3apaKeHHS [5], TOMY HaBITh 32 AyXKE HU3b-
KHX 3HaUYEHb MPOITyKTUBHOCTI MiHIMaTbHA MOXIIHBA JoBKHHA YD peakTopa oOMexeHa.
Hacrtymae 30ibIIeHHS TPOXYKTUBHOCTI OYMINCHHS MOXIIMBE 3aBISKH 3017THIICHHIO
TUTOTII TIOTIEPEYHOTO MepeTuHy YD peakTropa 10 KpUTHIHOTO 3HAYSHHS, SIKE 3yMOBJIEHO
3HAYEHHSAM YABTPadioneToBOTO MpOmycKaHHs Oanmacty, mo o0poomsierbes. [Tomampine
301TBIIEHHS TIPOYKTUBHOCTI OUHIeHHS Y® peakTopa MOXKIMBO JIUIIE 3aBISKA BUKO-
PUCTAHHIO TIApaJICTBLHO i €MHaHUX ONokiB Y@ peakTopiB, ONTHMalbHA JOBXKHHA
Ta MaKCUMaJBLHUHN MOTIEPEUHUH Mmepepi3 SKUX 3yMOBJICHI HEOOXiTHIM YacoM 3He3apa-
KEHHS Ta 3HAYSHHSIM yAbTPadioIeTOBOrO MPOIMyCKaHHS.

Otpumani 3a5exHOCTI (2, 3) Takok MOKHA BUKOPHUCTOBYBATH B ITOTIEPEIHIN OITIHITI
HEOOX1THIX MacorabapuTHUX XapaKTePUCTHK, IS OIiHKH eeKTHBHOCTI Y® peakro-
piB, ane He I OIIHKM MacorabapiTHUX MOKA3HUKIB CHCTEMH OUYHUIICHHS OalacTHUX
BOJI 3arajioM, TOMy IIo Maca i 00’eM Y® peakropa € JHUIIEe YaCTKOIO CHUCTEMH. Tak,
Hampukiam, y Mmoaeisx “Pure Ballast 3” [10] 3amexHO Bin MpOmXyKTUBHOCTI Bara YO
peakTopa ctaHOBHTH 19+27% Bin yciel cucremu, a 00’em — 19+30%.

BucnoBkn. Ha oCHOBiI IpoBEIEHOTO TOCHTIKEHHS BCTAHOBJICHO (PYHKITIOHATHHI
3QJICKHOCTI CIIOKUBHOT TIOTY>KHOCTI Ta MacorabapuTHUX XapakTepucTuk Y® peakTopa
BiJI TPOAYKTHBHOCTI CHCTEMH OYMINEHHS OaracTHUX BO. Lli 3a1eXHOCTI MOXKYTh OyTH
KOPHUCHHMH TIiJT 9ac MTPOEKTYBaHHS Ta MOACPHI3AIlil CHCTEM OUHINEHHS OaTaCTHUX BOJI.
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BoHH J03BOJNISIIOTE OLIBII TOYHO PO3PaxoOBYBaTH MOTPIOHY MOTYXHICTh 1 Macoraba-
PHUTHI XapakTtepucTukn YO peakTopa 3alie:)KHO BiJi O4iKyBaHO! HMPOIYKTHBHOCTI CHC-
TeMH. TakoK OTpUMaHi 3aJIeKHOCTI MOXKYTh OyTH BUKOPUCTaHI JUIsl TIOPiBHSHHS PI3HUX
Mojenei i GipM, CIpUsITH BUOOPY ONTUMANIFHOTO PillleHHS [T KOHKPETHUX CHTYaIlil.
OTtpumaHi pe3yibTaTd TOCIKEHHS CIIPUSITUMYTh TIOKPAIIEeHHIO eHeproeeKTHBHOCTI
CHCTEM OYHIICHHS 0allacTHUX BOJ, @ TAKOXK CIPOCTATH IX MOJEpHI3aIliio Ta BUOIp i
Yyac mpoektyBaHHs. [lomaneun gociimkeHHs OymyTh HampaBlieHI Ha aHalli3 BIUIHBY
SHEePreTHYHHX MMOKA3HUKIB CHCTEM OUYHILCHHS 0aTacCTHUX BOJ| 3 €JIEKTPOXIMIYHUM OUH-
HICHHSM Ha IXHIO TPOIYKTUBHICTD, & TAKOXK Ha PO3POOJICHHS OUIBII eHeproe()eKTHBHUX
CHCTEM OUMIIEHHS 0aaCTHUX BOJI.

®dinancyBanns. JocmipkeHHs mpoBoamiocs B pamkax HJJAKP 0123U104285
3 (hiHAaHCOBOIO MATPUMKOIO MiHICTEpCTBa OCBITH 1 HAyKH YKpaiHu.
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Anomauin

Bemyn. Poszenanymo npobnemy, noe’sizamy 3 MOUHICIO eKCNepUMEHMANbHO20
BUBHAYEHHSL CEPEOHbOUMOBIPHO20 3HAYEHHS 2pAHUYi eumpusarocmi ma ii cepeoHvo-
K8AOPAMUYHO20 GIOXUNEHHS 3d MEMOOOM «Y20pYy — YHU3Y.

s po3s’szanus 3a0aui OYIO pO32AAHYMO NPUKAAO | NPOGEOeHi PO3PAXYHKU, WO
003601UNU NOOYOYBAMU 3ANEHCHOCMI NOXUDOOK YUX XAPAKMEPUCTNIUK ONOPY 8MOMI 8i0
pedrcumis npogedeniss eunpobyeans. byno nokazamno, wo cepeOHbOUMOBIPHI 3HAYEHHS
2PanUyb BUMPUBALOCE A iX CepeOHbOKEAOPAMUYHT GIOXULEHHS ICIOMHO 3a1eXCamy
SIK 810 NOYAMKOBO20 DI6HSI HABAHMAICEHHS, MAK | 810 Nepenady HaAnpysiceHb Midc pie-
Hamu. Pospaxynkosum winsixom 6y10 6cmano6neHo, wo MiHiManibHi 3Ha4eHHs NOXUOOK
Maroms micye 8 pasi, KoM NOYAMKO8e HANPYICEeHHs. Onu3bKe 00 O4iKY8aHOoi epaHuyi
BUMPUBANOCTI, 4 Nepenaod HanpyJicens d € minimaroHum. Mema cmammi — 00CaiOdiCeH-
HSL MOYHOCIE MeMOOY GU3HAYEHHSL 2DAHUYT BUMPUBATIOCMT MA 1T PO3CII0BAHHS 3 PI3HUX
sapianmis nianysanus eunpoodysans. Pesynsmamu. Po3paxyHKogum uLisaxom ompuma-
HO 3A11eAHCHOCI 2PAHUYT BUMPUBATOCIE MA i1 CePeOHbOKEAOPAMUUHO20 GIOXUNECHHS 610
IHMep6any Midic piBHAMU HANPYICEHb I NOYAMKOB020 DIGHA HAGAHMAICEHHS, A MAKONC
BUBHAYEHO 3HAYEHHs iX NOXUOOK, AKi NpeocmaegieHi 8 mabnuyHoMy ma epagiuHomy
suoax. Bucnosku. CepednvolimosipHi 3Hauenns epanuyb UMpUeaIocmi ma ix cepeo-
HbOK68AOPAMUYHI GIOXUNIEHH:, usHaweHi 3a Gopmyramu (3) ma (4), 3arexcamov sk 6i0
NOUAMKOB020 Pi6HS HABAHMANCEHHS, MAK 1 8i0 Nepenaody HANPYICEeHb MINC PIGHAMU.

Minimanoni snavenns noxubox o, Mmarme Micye 6 pasi, Konu NOYAMKO6e Hanpy-
JiCeHHs Onu3bKe 00 OYIKY8AHOL 2panuyi UMpPUEALOCH, A nepenad Hanpyxicensv d MiHi-
MATLHUTL.

© KononiiboB A.B., Kononosa O.M., Uepenapuyk H.I., I'anescwhkuii B.B., 2023
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Tloxubku cepednborkeadpamuyurno20 6iOXUNEHHA SPAHUYI UMPUBATOCIE O 3MiHIO-
IOMbCSL Y 2PAHUYSIX, NPUYOMY X 3ATEHCHICTD 8I0 nepenady HaAnPYICeHsb | ROYAMKOBO20
PIBHA MaE CMOXAcCmMu4HuLl Xapakmep.

Knwouosi cnosa: eunpobyseanns na onip eémomi, CmyniHuacme HAGAHMANCEHHS.
00 ’exmis, epanuys sumpusaiocmi.

ANALYSIS OF THE ACCURACY OF DETERMINATION OF THE ENDURANCE
LIMIT BY THE METHOD OF GRADUAL LOAD CHANGE

A.V. Konoplev', 0.M. Kononova’, N.I. Cheredarchuk?®, V.V. Halevskyi*
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Summary

Introduction. The problem associated with the accuracy of the experimental
determination of the average probable value of the endurance limit and its root-mean-
square deviation using the up-down method is considered.

To solve the problem, an example was considered and calculations were carried out,
which made it possible to plot the dependences of the errors of these fatigue resistance
characteristics on the test modes. It was shown that the average probable values of
endurance limits and their root-mean-square deviations significantly depend on both
the initial load level and the voltage drop between levels. In this case, it was found by
calculation that the minimum error values occur when the initial stress is close to the
expected endurance limit, and the voltage drop d is minimal. Purpose of the article is to
study the accuracy of the method for determining the endurance limit and its dispersion
under different test planning options. Results. The dependences of the endurance limit
and its root-mean-square deviation from the interval between stress levels and the initial
load level are obtained by calculation, and the values of their errors are determined,
presented in tabular and graphical forms. Conclusions. The average probable values
of endurance limits and their root-mean-square deviations, determined by formulas (3)
and (4), depend both on the initial load level and on the voltage drop between the levels.

The minimum error values occur when the initial stress is close to the expected
endurance limit, and the voltage drop is minimal.

The errors of the root-mean-square deviation of the endurance limit vary within the
limits, and their dependence on the voltage drop and the initial level is stochastic.

Key words: fatigue resistance test, stepped loading of objects, endurance limit.
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IocTanoBka mpodJjieMHd B 3arajbHOMY BUIVISIALI Ta ii 3B’SI30K i3 BaKJIMBUMU
HAYKOBMMH YH MPAKTHYHUMH 3aBAaHHaMu. OTHUM i3 3aBJaHb i 4ac MPOBEICHHS
BHUINPOOYBaHb JACTaNCH MAaIlWH, KOHCTPYKITIH, a TaKoXK iX MOJEIEH UM 3pa3KiB i3 Bill-
TIOBITHUX MarepiajiB Ha OIp BTOMIi € 3aBIaHHS, IO TOB’s3aHE 3 BU3HAYCHHIM Tpa-
HHAII BUTpHUBAIOCTI Ta ii posmomisioMm [1-5; 8—10]. Cepen icHyrOYMX METOIIB BH3HA-
YEHHS TPAHUIII BUTPHUBATIOCTI Halle(DEKTUBHIIIINM yBaKatOTh METOJ] CTYyIIHIACTOT 3MiHHI
HaBaHTAXKEHHs (METOZ «yropy — yHH3») [6]. FIoro rooBHOIO mepeBaroo € IpHiHsITHA
TOYHICTB 1 CKOpOYEeHa KiUTBKICTh 00’€KTIB, SIKi BUIIPOOOBYIOTH, IO Ty>KE BAXKIIMBO T
Yac MPOBeJICHHS HATYPHUX BHITPOOYBaHb. CyTh IIbOT0 METOTY TIOJIATAE B TIOCTIJIOBHOMY
BHUINPOOyBaHHI NapTii 00’ €KTIB 3a TAKOIO CTPYKTYPHO-JIOTITHOIO cxeMoro (puc. 1).

Puc. 1. Cmpyxmypno-nociuna cxema sunpo6y8ans Memooom CImyniH4acmoi sminu
HABAHMAICEHHS] (Y2OpY — YHU3Y

Ha cxemi npuiiHATI NO3Ha4Y€HHA: 0, 1 0, — CTalllOHApHI DIBHI HaIpPYXEHHS,
N, — 6a30Ba KUIbKICTb HMKIIB. BiamoBiaHo 10 pekoMeHaalii [7] iHTepBat MiX pIBHAMH
Hamnpy>XeHb HE TOBHHEH IEePEeBHIIYBATH IOJABOEHOTO 3HAYEHHS CEPEIHBOKBAIPATHY-
HOTO BiIXWIIEHHS TpaHUIl BUTpuBaiocTi. HeoOXigHa KIMBKICTh 00’ €KTiB BUMPOOYBaHb
JUTSE OTPUMAHHS HAJIHOTO pe3yibTary Mae CTaHOBUTH mioHaimeHIne 30—40 mryx [6].

CxeMaTH4HO IIpollec BUIPOOyBaHb MOJAETHCS Y BUTIINI Tpadika (puc. 2).

OO0poOKy pe3ynbTariB BUPOOYBaHb IE€Talel MalliH Ha OIip BTOMI, IO TTOB’s3aHe
3 BU3HAUCHHSM TpaHUIll BUTPUBAIOCTI Ta i1 po3moxiioM [ 1-5; 8—10], mpoBoasaTs BiAmo-
BiJTHO 10 METOY MaKCUMyMy MpaBaonoAiOHOCTI. BiAmoBiqHO 10 1IbOTO METOAY Mare-
MaTHYHE OYiKyBaHHS 3HaYeHb I'PAHUIl BUTPUBAIOCTI Ta ii pO3CiFOBaHHS BU3HAYAIOTHCS
3 TaKWX PIBHSHG [6]:

in[ ¢(Z,-,1) M -0, (1)

i=—0 q; B,
N Zi—l¢(zi—l) Zi¢(Zi)
, - =0 2
i:z—oo & 9. B, ’ @

. , . . . .
Ji€ n,— KibKiCTh BUMPOOYBaHUX 00’ €KTIB, 110 3pyHHYyBaINCS Ha i-TOMY PiBHi Hampy-
skeHHs (piBHSHHES (1) 1 (2) oTpuMaHi IS BUITAIKY, KOJTH YUCIIO 3pyHHOBAHUX 00’ €KTIB

. . . o, -Mo

MEHIIIE 33 KUTbKICTh HE3pyHHOBAHUX); z, = ’\/W{}R — HOpPMOBaHa HOPMAaJIbHO PO3IIO-
Ok

JileHa BENMYMHA; 0, — PIBEHb HANpPYXKEHb, 3a SAKOTO IPOBEICHO BUNPOOYBAHHS,

P =1-¢q, — IMOBIpHICTb pyliHYBaHHS Ha i-TOMY PiBHI HAIPYKEHb.
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Puc. 2. Cxema sunpobysans 3a Memooom cmyniHuacmoi 3MiHUu HA8AHMANCCHHS
«yeopy — YHU3»

Ockinbku po3B’si3aHHs PiBHsAHB (1) 1 (2) CTaHOBHUTH CKIIAAHICTH, BUKOPUCTOBYIOTh
JNiHilHy anpOKCUMAIlil0 IMX PiBHSHb, SIKA CMPABEIMBA 3a 3HaueHb d <2,/D{s,} (TyTr
d — iHTEepBaN M)XK PiBHSAMH HAPYKEHB).

OTxe, CHpoOLIeHI pilIeHHS Ui OLIHKH CEpeAHiX 3HAYeHb TPaHUI BUTPUBAIOCTI
0, Taii CTaHIapTHOTO BIAXUIEHHS S s, HOZAIOTD Y BHIIISAL [6]:

k
2,

G =0y +d 2205, 3)

2
Niizn, —(Zk:in,}
-0,029 |,

S, =162 —H— 3=

[ey

“)

1€ 0, — HAWHKKYMH PIBEHb HANPYXKEHB; p — KUIBKICTh PIBHIB HANPYKEHB; i— IOPAJI-
KOBMH HOMEP PiBHS HAaNpyXeHb; 71, — KUIbKICTh 00’ €KTIB, 10 3pyHHyBanucs (He 3pyH-

k
HYBAJIMCA) Ha i-TOMY PiBHi HampyeHb; N = ) n, — HaliMeHIIa KibKIiCTh i3 3aranbHOf

KUTBKOCTI 3pyHHOBAHUX 1 13 3arajibHOI KiTBKOCTI 00’€KTiB, IO HE 3pYHHYBAJIHCA.

3HaK «+» y ¢opmymi (3) cTaBUTHCS B pasi, KOIH KiIbKICTh PYHHYBaHb TIEPEBUIILYE
KUTBKICTh HEpyWHYBaHb 1 HABITAKH.

Ilepen BukopucraHHsSM piBHSHHS (4) TEpeBipsAOTh JOTPUMaHHS yMOBHU

ko k 2
NZi n,— Zin,.

i=0 i=0

NZ

JI0 3HAYHUX [TOXHUOOK OLIIHKHU BEINYUHU S . [6].

Po3rstHyTHIT METOX HaTeTiep € OCHOBHMM METOJIOM BH3HAYEHHS T'PaHUIl BUTPHUBA-
JoCTi Ta i PO3CiIOBaHHS, TOMY OIIIHKAa HOTO TOYHOCTI CTAHOBUTH IHTEPEC 13 MOIISAY
BIOCKOHAJICHHS PO3PaXyHKOBUX METOVK.

>03. 3a HemoTpuMaHHA L€l ymoBH (opmyna (4) MOPHU3BOIUTH
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MeTo10 CTaTTi € JOCIIKSHHS TOYHOCTI METOY BU3HAYCHHSI TPAHUIl BUTPHBAIOCTI
Ta ii po3CitOBaHHS 3a Pi3HUX BapiaHTIB IJIaHYBAHHS BUIIPOOYBAHb.

Buxaan ocHoBHoro martepiauy. Sk Oyno 3a3Ha4eHO BUIIIE, JIIHIHHA alipOKCAMAITIS
piBEsHB (1) 1 (2) MOXKe MPU3BECTH IO BTPATH TOYHOCTI ITiJl Yac OIIIHIOBAHHS CEpell-
HBOHMOBIPHOTO 3HAYCHHS TPAHUIll BUTPHUBAIOCTI Ta ii cepemIHbOKBAIPATHIHOTO Bill-
xwieHHs. [1oXMOKM WX BEMWYWMH BH3HAUYAIOTH 3iCTABJICHHSM pO3paxyHKIB 3a ¢op-
mynamu (1) i (2) 3 po3paxynkamu 3a Gopmyinamu (3) ta (4). L{ro moxubOky HE MOXKHA
BBa)KaTH IIOBHOIO, OCKLIBKH BOHA HE BPaXOBY€E IMOXUOKH, ITOB’ s3aHi 3 PE)KUMaMH TIPOBE-
JICHHSI EKCIIEPUMEHTY. 30KpeMa, PeXKHMH TPOBEACHHS BUITPOOYBaHb MOXKYTh 3aJICKATH
BiJl BUOOPY IMOYATKOBOTO PIBHSI HANpyKEHHS Ta Iepernany HamnpyKeHb MiXK PiBHIMHU.
J171s1 OIIHKH BIUTUBY [IMX YAHHHUKIB CKOPUCTAEMOCS MOJICITIOBAHHSIM BTOMHUX BHIIPOOY-
BaHb JISIKNX a0CTPAKTHUX 00’ €KTIB y KimbKocTi 30 MTYK, CEpeTHLONMOBIpHA TPAHMIIS
BUTPUBANIOCTI sKuX mopiBHIOE 200 MIla. 3amaeMo TakoX BETHMUHNHY CepeIHBOKBAAPA-
TUYHOTO BIIXHWJICHHSM TPaHUIll BUTPUBAIIOCTI, M0 mopiBHIoe 15 MIla. 3a qomomororo
METOIy TeHEePYBaHHS BHITAIKOBUX UHCeN y mporpamHoMy moii MS Exel po3paxyemo
HOPMAaJILHO PO3IOAUICHI 3HAYCHHS TPAHHUIll BUTPHUBAJIOCTI IIIOI0 HOTO cepeaHboi BEIr-
YUHHU, SIKi IPEICTaBUMO y BUIJISIII Bapiaridiaoro psay (Taodm. 1).

Taomums 1
Po3paxyHKoBi 3HaY€HHsI TPAHMIb BUTPUBAJIOCTI G, PO3NOiJIeHi BiaNOBiAHO
710 HOPMAJILHOTO 3aKOHY

Homep n/n Fpannu::g/}lplgnanocﬁ Hl(;l/v;fp Fpaﬂnugkfg/}ﬁgnanocﬁ
1 169,35 16 198,99
2 170,78 17 200,26
3 173,45 18 200,48
4 177,39 19 200,64
5 177,48 20 202,71
6 177,67 21 204,39
7 187,18 22 204,95
8 188,69 23 205,44
9 189,29 24 206,32
10 189,76 25 208,98
11 190,00 26 209,70
12 190,16 27 210,36
13 192,17 28 220,84
14 192,76 29 225,98
15 196,28 30 227,68

CepenHe 3HaueHHS 0y, MIla 196,34
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J1J1s1 OIIHKH BILTUBY PEKUMIB IIPOBEJICHHS BUITPOOYBaHb IPUITMEMO 3HAYCHHS ITepe-
najy MK piBHSAMHU Harpyxenb d = 2,5; 5,0; 7,5 ta 10,0 MIla. 3HaueHHsS OYaTKOBUX
PIBHIB HaIllpy>KeHb MPUUMEMO IUCKPETHUMH 3 ypaxyBaHHSM PO3CIIOBAaHHS T'PaHUIIL
BUTpUBAJIOCTI B miamazoni 170-230 MIIa (uepe3 koxxui 10 MIIa). Pesynasratu pospa-
XYHKY TIpEJICTaBJICHI B Ta0M. 2.

Tabmaur 2

PesyibTaTu po3paxyHKy rpaHuib BUTPHBAJIOCTI 6, Ta iX cepeIHbOKBAAPATHYHHX
Biaxujenp S, 3a pisHuX 3HaYeHb d i,

d=2,5MIla d=5MIla d="1,5MIla d =10 MIla

Ne g c Ss c So c So. c So.

MIla R R ):& R
MIla | MIla | MIla MIla MIla MIla MIla MIla

170 | 192,81 | 12,98 [ 191,59 | 21,59 [ 196,25 | 13,82 | 195,00 | 19,47
180 | 191,25 | 18,51 | 192,50 | 11,92 | 192,40 | 4,97 | 195,77 | 8,16
190 | 191,46 | 11,67 | 192,88 | 9,06 | 194,82 | 13,29 | 195,71 | 14,49
200 | 196,25 | 4,51 [19429] 9,72 [ 19786 | 5,16 |197,14 | 6,89
210 | 200,36 | 12,96 | 201,17 | 5,67 | 196,75 | 8,50 | 199,00 | 14,22
220 | 201,88 | 31,69 | 201,79 | 13,49 | 20339 | 14,28 | 202,33 | 11,34
230 | 199,75 | 10,57 | 200,19 | 3,02 [20054 | 436 | 197,14 | 13,83
Cepenni snau. | 196,25 | 14,70 | 196,34 | 10,64 | 197,43 | 920 | 197,44 | 12,63

N NN [W]N [~

st HaouHOCTI ¥ aHaNi3y OTPUMAaHUX JaHUX MPEACTABUMO PE3YIbTaTH PO3PaxyHKY
y BUDIsLAi rpadikis (puc. 2 1 3).

Sxuio nmepenaja Mix piBHAMH Hapy>KeHb IPUHHATH (PiKCOBaHUM, TO PE3YJABTATH PO3-
paxyHKy, HaBe/IcHi B TallL. 2, MOXHA [O/[aT! y BUIVISIALL 3aJICKHOCTEH 0, 1.5, Bix BUOOPY
MOYaTKOBOTO PiBHS HaBaHTaxeHHS (puc. 5, 6).

Puc. 3. 3anesxcnicmo epanuyi 6umpusaiocmi o, 6i0 iHmepeaLy HanpytceHv
Mmidie piensamu d 3a (HIKCo6anux snauenb noYamKo6020 pieHs o,
(1-0,=170 Mlla; 2 - 0,=180 Mlla; 3 —0,=190 Mlla,; 4 — 0,=200 Mlla;
5—0,=210 Mlla; 6 —0,=220 Mlla; 7 — o,= 230 Mlla)
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Puc. 4. 3anedscnicme cepednbok6adpamuyHo20 6i0Xunents S, —6i0 iHmepeaiy
HANPYdHCerb MidIC PIGHAMU d 30 PIKCOBAHUX 3HAUEHb NOYAMKOB020 Pi6HA O,
(1-0,=170 Mlla; 2 - 0,=180 Mlla; 3 —c,=190 Mlla;

4-o0, =200 Mlla; 5 — o, =210 MIla; 6 — o, =220 Mlla; 7 — 0,= 230 Mlla)

Puc. 5.3anexcnicmo epanuyi sumpuganocmi o, 610 NOYAMK06020 PiHs 0,
3a PIKCOBAHUX 3HAUEHb nepenady HanpyxceHs d
(1 —-d=25Mlla; 2—d=5Mlla; 3—d=75Mlla; 4—d =10 Mlla)

Puc. 6. 3anedsicnicme cepednboreadpamuynozo 6ioxunents S,
610 NOYAMK06020 Pi6HA 0, 3a PIKCOBAHUX 3HAUEHb nepenady Hanpyicensb d
(1-d=25Mlla; 2—d=5Mlla; 3—d=75MIla; 4—d =10 Mlla)
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IToxuOKH OLIIHKK MPaHUIll BATPUBAIOCTI S s, T4 CCPEHBOKBA/IPATHIHOTO BIAXUJIEHHS
J PO3PAXy€EMO LOAO CepeHix 3HaueHb o, =196,34 MIla ta S, = 15 MIla (tabu. 3).

Tabmumsa 3
Po3paxyHkoBi 3HaYeHHS G, S, , IX HOXHOOK I, i O
6, MIla 6, MIla JGR, % S . MIla 0,%
d=2,5MIlla
170,00 192,81 -1,80 12,98 —13,45
180,00 191,25 -2,59 18,51 23,42
190,00 191,46 -2,49 11,67 -22.22
200,00 196,25 —0,05 4,51 —69,93
210,00 200,36 2,05 12,96 —13,58
220,00 201,88 2,82 31,69 111,28
230,00 199,75 1,74 10,57 —29,50
CepenHi 3HAYCHHS 196,25 -0,05 14,70 -2,00
d =5 MIla
170,00 191,59 —2,42 21,59 43,92
180,00 192,50 -1,96 11,92 -20,57
190,00 192,88 -1,76 9,06 —39,58
200,00 194,29 —-1,05 9,72 -35,17
210,00 201,17 2,46 5,67 -62,21
220,00 201,79 2,77 13,49 -10,10
230,00 200,19 1,96 3,02 -79,84
CepenHi 3HAYCHHS 196,34 0,00 10,64 -29,08
d=17,5Mlla
170,00 196,25 —0,05 13,82 -7,85
180,00 192,40 —-2,00 4,97 —66,88
190,00 194,82 -0,77 13,29 -11,43
200,00 197,86 0,77 5,16 —65,57
210,00 196,75 0,21 8,50 —43,31
220,00 203,39 3,59 14,28 —4,82
230,00 200,54 2,14 4,36 —70,94
CepenHi 3HAYCHHS 197,43 0,56 9,20 -38,69
d=10,0 MIla
170,00 195,00 —0,68 19,47 29,79
180,00 195,77 -0,29 8,16 —45,62
190,00 195,71 -0,32 14,49 -3,40
200,00 197,14 0,41 6,89 —54,09
210,00 199,00 1,35 14,22 =5,21
220,00 202,33 3,05 11,34 -24.41
230,00 197,14 0,41 13,83 -7,81
CepenHi 3HAYCHHS 197,44 0,56 12,63 -15,82

3aIexKHICTh MOXUOOK J, 1 J¢ BI I0YATKOBOIO HANPYXKCHHS 0, Ta Nepenay Mix
PIBHSMU HampyXeHb d MPeCTaBICHO Ha rpadikax (puc. 7—10).
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Puc. 7. 3anesxcnicme noxubku epanuyi sumpusanocmi o, 6i0 nepenaody
nanpyoicens d 3a ikcosanux snauenb noYamKo6020 pieis o,
(1—-0,=170 Mlla; 2 —0,=180 MIla; 3 —o,=190 Mlla; 4 —c,=200 MIla,
5—0,=210 Mlla; 6 —0,=220 Mlla; 7 —o,= 230 Mlla)

Puc. 8. 3anesxcricmv noxubku cepedHboK8aOPAMUUHO20 GIOXUNEHHS SPAHUYT
sumpueanocmi o, 6i0 nepenady wanpyoicenv d 3a Qixcosanux sHauenv

NOYAMKOB8020 PI6HsL 0, (1- , =170 Mlla; 2 — o, =180 MIla; 3 — o, =190 Mlla;

4-o0, =200 Mlla; 5 — a, =210 MIla; 6 — o, =220 Mlla; 7 — 0,= 230 Mlla)

Puc. 9. 3anesxncnicmo noxubku epanuyi 6umpueanocmi o,
610 NOYAMKO6020 PI6HSA HABAHMAJICEHHS O, 34 (PIKCOBAHUX 3HAUEHD d
(1-d=25Mlla; 2—d=5MIla; 3—d=75Mlla; 4—d =10 Mlla)
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Puc. 10. 3anesxcnicmos noxubku cepednboK8a0pamuiHo20 i0XULEHHS

epanuyi eumpueanrocmi d  6i0 NOYAMKOE020 PiGHA HABAHMANICEHHA T, 34 (PIKCOBAHUX

snauenv d (1 —d =2,5 Mlla; 2 —d =5 Mlla; 3—d =7,5 MIla; 4 —d = 10 Mlla)

BucHoBxku
1. CepenHn0MMOBIpHI 3HAYCHHSI TPAHUIIb BUTPUBAJIOCTI Ta X CEPEIHLOKBAIPATHYHI

BiIXWIJICHHS, BU3HAauYeHi 3a Gpopmynamu (3) Ta (4), 3anexarh SK Bi IOYaTKOBOTO PiBHS
HaBaHTA)KEHHS, TaK 1 BiJ| Iepenany HarnpyXeHb MiX PiBHIMH.

2. MiHimManbH1 3HAYEHHS MOXHOOK J;, MAIOTh MICIE B Pa3i, KOJIM TOYaTKOBE HAIPY-

JKEHHS OJIM3bKE IO OWiKyBaHOI rpaHMIl BUTPUBAJIOCTI, a Tepenaj HamnpyXeHb d MiHi-

MaJIbHUM.
3. IloxuOKM cepemHbOKBAIPATHIHOTO BiIXHMIICHHS TPaHUIll BUTPHUBAJIOCTI J 3MIHIO-

I0TbCS Y TPAHUILIX, IPUUYOMY IX 3aJICKHICTH BiJ] Ilepenany HarpyKeHb i IO4aTKOBOTO
PIBHSI Ma€ CTOXaCTUYHUI XapakTep.
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Anomauisn

3acmocysannsa yugposux 0GitiHUKIE € NePCREKMUSHUM PIUEHHAM OJisl NiOGULYEHHS
egexmueHocmi pobomu cyOHOBUX eHepeemUYHUX YCIMAHOBOK, 30KPEMA iXHIX 8adiCiu-
BUX KOMNOHEHMI8 — CYOHOBUX O08USYHI8 GHYmMpiwHbo20 320psaHua ([[B3). Lugdposuii
OGIlIHUK, AKUU peanizyemuvcsi HA 308HIUHbLOMY cepéepi, abo AK CKIa008a 4acmuHd
JIOKAAbHOI cUCmeMu MOHIMOPUH2Y OBUSYHA, BUKOPUCIOBYEMbCA O A8MOMAMUYHOT
00poOKU OaHux i3 CeHcopis, AKi 6CMAHOGNEH] HA 08USYHI, HAKONUYEHHS CMAMUChmu-
KU, GUSHAYEHHS NOMOYHO20 MEXHIYHO20 CIMAHY 08U2YHA, e(heKMUBHOCMI 1i020 3acmo-
CYB8aHHs, i0eHmMupIiKayii MOXCIUBUX HECNPABHOCMEl | YXBANEHHS piuleHb U000 3MiH
y npozpamax excnayamayii. Knouosum enemenmom yugposozo 0gilinuka € mamema-
MUYHA MOOelb pobO1020 YUKTLY CYOHO08020 Ouseld. Y pobomi pozensioacmvcs okpeme
RUMAHHSA 3ACMOCYBAHHI YUDPOBUX OGILIHUKIB, W0 3ACMOCO8YIOMbCSL OISl MOHIMOPUHRY
MEXHIYHO20 CMAHY Ma OIA2HOCMUKYU HECHPAGHOCEN CYOHOBUX OBUSYHIE GHYMPIUHbO-
20 320pANHS, A came NpooOIeMa CUHmMesy XapaKmepucmux menio8uoileHts 8 Yuninopi
osucyna. Mema pobomu — YOOCKOHANEHHS. MOOENi 320PAHHA NAUBA, AKA 3ACMOCO8)-
€MbCs 0N CUHME3Y XAPAKMEPUCTIUK MENI08UOILNEHHS, 3a605KU 8PAXYBAHHIO 3MIHHO20
cepedHbo2o diamempa Kpaneib NAIUBHO20 (aKena npomsa2oM npoyecy nopCKyeaHis,
aooice 8i0OMO, WO HA NOYAMKY MA HANPUKIHYT Npoyecy GNOPCKYS8AHHA CROCEPicAcmb-
C5l NO2IPUIEHHS YMOB PO3NUNIOBAHHS NAnbHO20. Pesynomamu. ¥ pezynomami 6uKoHanHs
00cnidoHcenb 3 ACO8ANULL MEXAHI3M GNIUGY 3HAUEHHS CEPEOHbO20 JiamMempa pO3RUTY HA
83AEMON08 "A3aHI Npoyecy SUNAPOBYSAHH MA SUSOPAHHA NAAUGA, NOKA3AHO, WO 6pPa-
XY6AHHA 3MIHHO20 Xapaxmepy MOHKOCMI PO3NUNLY NPOMALOM NPOYeCy 6NOPCKYEAHHS

© Minues /I.C., Bapoaneus P.A., 3an0:x B.I., Arees M.C., IIcaprok C.I1., 2023
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CYMmEBO BNAUBAE AK HA Nepebie npoyecié menniosuoileHHs, max i Ha YMEOpeHHs
wiKionueux peuosuH. Bucnoexu. Omoice, ypaxy8aHus 3mMiHHO20 3HAUEHHS CePeOHbO2O0
diamempa Kpaneib naiuea npomsazom npoyecy 6NnopcKy8aHHs 00380€ OiNbuL MOUHO
8I00Opazumu peanvhi npoyecu y 08usyi, 30LIbUUMu MONCIUBOCIE HALAUMYSAHHSL 1l
adanmysanus yugposeozo 08iliHuKA. Boonouac suxopucmanus nOGHON MIpo ompu-
MAHUux 000amKoBUX MONCIUBOCMEU MOOETi NOMPedYe OYIHKU abO UMIPIOGANHS XAPAK-
mepucmux 6NOPCKYB8AHH NAIUBA NIO Yac pobomu 08U2YHA, BUPTUEHHS Yb020 3A80AHHS
CMAano8UMb NePCReKxmu8y MaoymHix 00CiodHceHb.

Knrouosi cnosa: yugposuii 08iliHuK, MoOenb 320psiHHs, CYOHOBUL OU3ETbHUL OBUSYH,
diazHoCmuKa, NOPCKY8AHHA NAILHOZ0, MOHIMOPUHE.

IMPROVEMENT OF THE FUEL COMBUSTION MODEL
IN A DIGITAL TWIN APPLICATION FOR DIESEL ENGINES
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Summary

Introduction. The application of digital twins represents a promising solution
for enhancing the efficiency of marine power installations, particularly their vital
components — marine internal combustion engines (ICE). A digital twin, implemented
on a dedicated server or as part of an engine monitoring system, is employed for
automated data processing from sensors installed on the engine. It accumulates
statistics, determines the current technical condition of the engine, assesses its
operational efficiency, identifies potential malfunctions, and produces decision-making
regarding modifications to operational programs. The key element of the digital twin
is the mathematical model of the operating cycle of a marine diesel engine. This work
focuses on a specific aspect of the performance type digital twin application developed
for monitoring the technical condition and diagnosing faults in marine ICMEs,
specifically addressing the synthesis of heat release characteristics within the engine
cylinder. Purpose. The purpose of this study is to increase capabilities of the fuel

109



PO3BUTOK TPAHCIIOPTY
Ne 4(19), 2023

combustion model applied for synthesizing heat release characteristics by considering
the variable mean droplet diameter of the fuel spray during the injection process. This
is crucial as the spray atomization conditions deteriorate at the beginning and end of
the injection process. Results. As a result of the research, the mechanism of how the
mean droplet diameter influences the interrelated processes of fuel evaporation and
combustion is revealed. It is demonstrated that accounting for the variable nature of
spray atomization significantly affects both the heat release processes and the formation
of harmful substances. Conclusions. As the conclusion, incorporating the variable
mean droplet diameter throughout the injection process allows for a more accurate
representation of real operating processes, enhancing the adjustability and adaptability
of the digital twin. However, complete utilizing the additional capabilities of the model
requires the evaluation or measurement of fuel injection characteristics during engine
operation, marking a prospect for future research.

Key words: digital twin, combustion model, marine diesel engine, diagnostics, fuel
injection, monitoring.

Beryn. TexHonorist nuppoBUX ABIHHUKIB € MEPCHCKTUBHUM PIIICHHSIM JIJIs Cydac-
HUX 1 MailOyTHIX CyTHOBHX €HEpPreTHYHUX YCTaHOBOK. BoHa MoXke OyTH BHKOpHCTaHa
pi3HMMH crioco0aMy 1 JUTS Pi3HHUX LIeH, SK-OT: PO3MIMPEHUN KOHTPOIb, MOHITOPHHT
1 IIarHOCTHKA TEXHIYHOTO CTaHy KOMIIOHEHTIB €HEPreTUYHHUX yCTaHOBOK, YIPABIiHHSI
W aHaIi3 naHuX.

Ines umdpoBoro nBiliHWKa crnodarky Oyma pospoOnena Maiikiom I[piBzom
(Michael Grieves) y 2002 p. 1uis BUpillIEHHS 3aB/aHb YIPABIiHHS XUTTEBUM IIUKIOM
nponyKiii, a 3rogom yaockonaneHa Jxonom Bikepcom (John Vickers) 3 HACA
y 2010 p. [1]. Leit migxin Mae NIMPOKY MEPCHEKTHBY, OCKUIBKH TIO0ATLHUN PUHOK
NPONYKTIB, SIKI BTUTIOIOTH TexXHoorito mudposux nBidHUKIB, y 2019 p. craHo-
BuB npubau3Ho 3,8 mupa gonapie CHIA # ouikyerbest, mo g0 2025 p. BiH J0OCATHE
35,8 muipa ponapis CILA [2].

OcTaHHIMH POKaMH TEXHOJOTisl NU(PPOBHX IBIMHUKIB TEPEKUBAE CTPIMKHHA pO3-
BUTOK. HuHI mudpoBi IBIHUKKA KIacU(IiKyIOThCcS 3a TakuMU TUnamu: Digital Twin
Instance, DTI, sxi BigoOpaxaroTh CTaH peajibHOro 00’exra; Digital Twin Prototype,
DTP, sixi cIyryloTh JUIsS MPOTOTHITYBaHHS pealibHOTO 00’ekTa; Performance Digital
Twin, PDT, sKki BigoOpaxkaroTh MOBEAIHKY PEabHOTO 00’€KTa y 3MiHHHX yMmoBax [3].
VYei tunu nupoBUX ABIMHUKIB MAIOTh CIUIBHI XapaKTEPUCTHKH, SK-OT: BHCOKA TOY-
HICTh, TUHAMIYHICTh, 3aTHICTh J0 BIOCKOHAJCHHS, BEpU(DIKOBAHICTh, 3MaTHICTh JI0O
MacmTaOyBaHHs, MeTai3UUHICTD Ta i€papXivHicTb [4; 5].

Ha aymky neskux cremiaiicTiB, HU(PPOBUI ABIMHUK MOXKHA OIMCATH SIK TaKUH, 1110
Mae HalBUIIUI MOXKIIMBUH PiBEHb JJBOHANPABICHOT iHTErpallii Mix Gi3uayHuM 00’ €KTOM
1 BipTyanbpHOO MoJeIuT0. OCHOBHUMH Tally3siMU BIPOBAPKEHHS IM(PPOBHUX JBIHHUKIB
€ pO3yMHI MiCTa Ta MICBKI LIEHTPH, JIOTICTUKA BAHTAXKIB, MEIUIMHA, IH)KEHEPIsl i aBTO-
HOMHI TEXHOJIOTIi.

Onniero 3 ocHoBHUX cdep 3acrocyBaHHS NHQPOBUX NBIHHUKIB € JiarHOCTHKA
HECTPaBHOCTEH 1 TOTOYHHI MOHITOPUHT TEXHIYHOTO CTaHy 00’ €KTa.

INoeqnanusm 1UGPOBUX IBIHHUKIB 13 METOJAaMH MAIIMHHOTO HAaBYaHHS MOXKHA
3a0e3Me4nTH TOYHY JIIarHOCTHUKY HECIIPaBHOCTEH, HaBITh 32 OpaKy eKCIIepUMEHTAIBHUX
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JaHUX, JTOCTYIHUX JUIS MPpsAMOro BuMmiptoBanHs [6]. LludpoBuit ABIMHUK MOCTIHHO
OHOBITIOETHCS IS TeHepallii MOXKIUBIX YMOB HECIIPABHOCTEH, ONM3BKUX /IO pealib-
HUX YMOB, 1 CTBOPIOE HaBUAJIbHI JJaHI Y BUXITHOMY JIOMEHI JIJIsi OTPUMAaHHs HEOOX1THOT
iHpopMmarii. TexHonoris nnpPoOBOTo ABIHHMUKA TAKOXK JIO3BOJISIE 3a0€3MIEUUTH BizyalTi3a-
1iF0 TPOIECY MOHITOPUHTY 00’€KTa, 30Kpema 1 3D-Bi3yaizallito Ta TEXHOJIOTIT JI0M0-
BHEHOI peasibHOCTI [7]. Jly’ke NepCreKTHBHUM € METOJI MTPOTHO3HOTO 00CIYrOBYBaHHS,
3aCHOBaHMH Ha BHKOPHCTaHHI HU(POBOTO JIBIHHHKA, SIKUM MOXe OyTH 3aCTOCOBaHHH
y 0aratbOX rajy3sx i Ma€ TpH YHIKaJbHI XapaKTepHCTHKH: poOOTa B pealbHOMY Yaci,
BHCOKA TOYHICTh MOJICJIFOBAHHSI Ta MPOTHO3YBaHHS [8].

Jnst cymHOBOI €HEepreTHYHOI yCTAHOBKM Ta ii KOMITOHEHTIB IU(POBUH IBIHHUK
MOXK€ BUKOHYBaTH pi3Hi (QyHKII, cepesl SKUX MPOTOTHITYBaHHS Ta JWU3aiiH, MOHITO-
PHHT TEXHIYHOTO CTaHy Ta JiarHOCTUKA, KOHTPOJIb i aHalli3 e()eKTUBHOCTI, YIPaBIiHHS
KHUTTEBUM IUKIOM. Takok MOXKYTh BUPIIIYBAaTHCh 3aBJaHHS] MOHITOPHHTY BILUIMBY CY/I-
HOIUTABCTBA HA HABKOJIUIIHE CEPEIOBHIIE, IO € OJHIEI0 3 BUCOKONPIOPUTETHUX IIiJICH
MixnapoaHoi Mopcbkoi opranizanii (IMO) [9]. Pi3Hi KOMIIOHEHTH MOPCHKHX €Hepre-
TUYHUX YCTAHOBOK MOTPEOYIOTh OTOYHOrO MOHITOpHHTY [10; 11], BogHOYAC AM3EIbHI
JBUTYHH 3JIMIIAIOTHCS OJHUMU 3 HAHBaXKJIMBIIIHX.

3 Moy CyTHOBHX TU3ENILHUX JIBUTYHIB HAWCKITATHIITMMA YAHHIUKAMH JIJIS1 YCITill-
HOTO BITPOBAKEHHs IIU(POBOTO JBIHNKA JJIsi 3aBJaHbh MOHITOPHHTY Ta JiarHOCTHKH
€ JIOCTOBIpHE MOJICTIOBAaHHS pOOOTH JBUTYHA Ta 3a0€3MeUCHHs HeO0OXITHOT IIBUIKOCTI
obumncnenb. OYeBHIHO, IO JUIS 3aBIaHb KEPYBAaHHS IBUTYHOM HEOOX1THO 3a0e3MeunuTH
PO3paxyHKH MPOIECiB poOOTH ABUTYHA «y peaibHOMY uaci» [12; 13]. OcrarouHa mera
MoBHHHA OyTH BH3HaueHa TaK: 4ac CHHTE3y POOOUYOTO IHUKITY IBUTYHA IOBUHEH JIOPIB-
HIOBaTH ()aKTUYHOMY Yacy poOOUYOro IMKIY ABUTYHA. A 1€ 3aBKIM KOMIIPOMIC MiXK
4acoM OOYHCIICHB 1 TOYHICTIO, Ha SIKUI BapTO 3BaXKaTH il yac BUOOPY MareMaTH4IHOL
MoOJIeTi T siapa NU(POBOTo IBIHUKA HA €Talli YXBaJCHHS PillICHb.

BupoOHMKM NBUTYHIB MOTEHIIHHO MOXYTh YNPOBA/KYBaTh HHU(POBI JBIHHUKH
BUCOKOI TOYHOCTI JUIsl BUPINICHHS NMHTaHb KEPyBaHHS JBUTYHOM y PEXHMi pealb-
HOTO 4Yacy, OCKIJIbKM BOHM MalOTh BCIO MTOBHY 1H(OpMaIlito Mpo IMMiICHCTEMH Ta KOMIIO-
HEHTH JIBUTYHA. Y TaKOMYy pa3i MOXKHA 3aCTOCYBAaTH MOJIEIb €BPUCTUYHOTO THITY [14].
I HaBMaku, cucTeMy MOHITOPUHTY 13 TU(PPOBUMH JIBIHHIUKAMH, K1 HAIAIOTHCS 30BHIII-
HIMH HE3aJIe)KHIUMHU PO3pOOHUKAMH, TIOBUHHI XapaKTepPH3yBaTUCS 3[ATHICTIO THYYKOT
HACTpPOMKH ¥ amanTaiiii, HaBiTh 3a BiJICyTHOCTI TaHUX.

OnHuM 13 HAMOLIBII KPUTUYHUX ACTICKTIB JJISl HAIEKHOT pOOOTH UPPOBHX JBii-
HUKIB € TOUHE ITepe10aYCHHS MPOIIeCy BUAIICHHS TEIUIA B IIMIIIHAPI IBUTYHA BHACTIIOK
3ropsiHHS manuBa. CUMYISIiSE 3TOPSHHS TTajiBa SBISIE COO00 HAUCKIIAIHIIINN BUKIIUK
3 MONISAAY PO3POOKM MareMaTW4HOI MOZENI IU(PPOBOro JABIMHUKA, OCKLUIBKH MPOIECH
BIIOPCKYBaHHSI MAJIMBA, PO3MUJICHHS, BUIIAPOBYBAHHS, 3MIIIyBaHHS 3 TIOBITPSM Ta 3T0-
PSIHHSA € HAI3BUYANHO CKIIaTHUMH.

Xoua JaesKi JOCHIJHUKH MOBIZOMIISIIM MPO 3aCTOCYBaHHS CHPOIICHUX MOJeIeH
3TOPSIHHS, 3aCHOBaHWX Ha ¢QyHKHIT Bibe [15], omHak 1i Mozeni MalTh 3Ha4HI 0OMe-
JKEHHS 010 Tiepei0aueHHs Yacy 1o/iadi majuBa Ta mapaMeTpiB PO3MIITY s IPOIIeCciB
3TOPSIHHSI.

Y uili poOOTi mpeacraBieHI PO3pOOKM B TEPEBIPEHIM MOIENI 3TOPSHHS
M.®. PasnelitieBa i CyAHOBUX JM3CIbHUX JBUIYHIB i3 HU(POBUMHU JBIHHUKAMHU
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W eKcriepuMeHTaIbHUN CTeHJ Ha 0a3i CyHOBOTO JHM3ENb-TeHEpaTopa, SIKUM IiaTBep-
JUKYE IO KOHIIETIito. J[OCIiPKeHHsT 30Cepe/PKeHO Ha BIOCKOHAJICHHI TIPOTHO3YBaHHS
npollecy BUMIAPOBYBAaHHS Ta 3MIITyBaHHS MAIKBA, & TAKOXK HOTO BIUTUBI Ha TONATBITHN
npoIlec 3rOpsIHHS i YTBOPEHHS 3a0pYJHIOBAIbHUX PEUOBHH.

YinockoHaeHHSI Mo/ieJli 3TOPSAHHSA NMaJuBa

Mopenb 3ropsiHHsI TaJIMBa JIst AU3EJIbHUX IBUTYHIB Oyia 3anpornoHoBana M.®. Pas-
neieBuM y 1980 p. [22] mist ysIBICHHS MPO €KBIBAJICHTHHUM MaauBHUEA (aken 1 BIO-
ckoHanieHa B 1992 p. [23], s MOKITMBOCTI BpaxyBaHHs 0COOIMBOCTEH pyXy CTpyMEHs
NaJIuBa 3 ICTAILHIM MEXaHi3MOM B3a€MO/IIT Mi>K TIOJTyMSIM TIaJIFBa Ta CTIHKAMH KaMepH
sropsiHHs. [Ti3nHinie moaens M.®. Pasneiiniea Oyna aemto Brockonanena O.C. Kynero-
BUM [24] 1 peaizoBaHa B KOMEPIIHHUX MPOTrpaMHUX 3aco0ax sl pO3paxyHKy poOouux
MPOIIECiB ABUTYHA.

Merox M.®. PasneiinieBa nependauae mOCiJOBHUH 1 B3a€EMOIIOB’ I3aHUH PO3paxy-
HOK ITPOIIECiB BIIOPCKYBAHHSI, BUIIAPOBYBAHHS, CyMIILIOYTBOPEHHS Ta 3TOPSIHHS T1aJIiBa
3 BUKOPUCTaHHIM (DyHJIaMEHTAJIbHUX 3aKOHIB (PI3UKHU Ta XIMIYHOT KIHETHKH.

XapakTepUCTUKN BIOPCKYBAaHHS MANMBA BU3HAYAIOTH 32 JJOMIOMOTOI0 €KCIIEpUMEH-
TambHUX abo cTarucTUYHUX AaHuX. ba3zoBuit meron M.®D. PasneifnieBa mepembauae
ofHO(a3He BIIOPCKYBaHHsI MaHBa, ajle HOT0 MOXXHAa BUKOPHUCTOBYBATH i jjs Oararo-
(ha3HOTO BIIOPCKYBaHHS, K Oy/Ie MOKa3aHO Jai.

Onwc pyxy MajJHMBHUAX CTPYMEHIB Ta iX pO3MHUIICHHS BU3HAYAIOTH 32 JIOTIOMOTOI0 KPH-
TepialbHUX PiBHSHB, 3ariporioHOBaHUX A.C. JINmeBChKIM:

( la =1.22- lc . 50'5350.35 . 30'356_0'2(%),

lp = \/dinj.holesuoWeO'ZIMO'm/(g\/EE)TO'S’ D
le= 8-85din1’.holesWeo'25M0'45_0'6;
ds; = 106Ecdinj.holes (BMM;%’ (2)
M= WFuel 5= Pe_ e = Ufnjdinj holesP fuel 3= TOfuel
dinj.holesP fuel® fuel Pruel O fuel ’ d?nj.holespfuel‘

ne [, I, Ta l — pO3BUTOK JOBKXHMHM CTPyMEHS Ha MOYATKOBOMY €Talli, OCHOBHOMY
eTarli BIIOPCKYBaHHs Ta B KiHIli TOYaTKOBOTO €TaIy; T i T, — IIPOMIKKH 4acy BiJl TOYaTKy
BIIOPCKYBaHHS Ta BiJl IOYATKy BIIOPCKYBAaHHS JI0 3aKiHUEHHSI TOYaTKOBOTO €TaIry BIIOp-
CKyBaHHS BiJIIOBIIHO; Hiep Prep T& Oy — JIMHAMIYHaA B’SI3KICTh, BITHOCHA T'yCTHHA
Ta IOBEPXHEBE HATATHEHH NaNuBa; £ —koediuient; A niameTp coria GOpCyHKH.

PosnuiieHHs manuBa XapakTepHU3y€eThCs NiaMETPOM Kparesb nanusa d,, 3a 3ayTe-
POM, SIKHIT BU3HAYAETHCS K BIAHOIIECHHS 3aralbHOr0 00’ €My Kpamneib MajnBa J0 iXHbOI
CyMapHoi miomti nmoBepxHi. ¥ cnpomenomy miaxoai M.®. Pasnelinesa snayenns d,,
BBaXKAJIOCSI MOCTIHHUM 1 JIOPIBHIOBAJIO CEPEIHBOMY 3HAYCHHIO MPOTATOM IEPiOLy
BIIOpCKyBaHHS [22; 23].

[l po3paxyHKy BHITAPOBYBAaHHS IajMBa BUKOPUCTOBYETHCS MOIU(IKAIlSA 3aKOHY
Cpe3HEeBCHKOTO [T BUTIAPOBYBaHHsI OKpEeMOi Kparuti. J{j1s BU3HAYeHHsT YaCTKH MaJIuBa,
IO BHIIAPYBAJIOCh Y KOHKPETHHI MOMEHT 4acy, MPOBOAUTHLCS IHTETPyBaHHS JUIS BCiX
MOPIIiH MaauBa, BIOPCHYTUX JIO IIBOTO MOMEHTY:
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0.5
doey @ 3 P—Pinj.start do
—= = = by (1 — by, —————— —l|d 3
de fq’injstart 2 XwallPev XwallPev 6n do P, ( )

Jie G, — YacTKa IajuBa, IKe BUNapyBaaock; do/d¢ — BIIHOCHA IBUKICTh BIIOPCKY-
BaHHA; b, — mocTiiina BUTAPOBYBAHHS; X, — SMCHIICHHS WIBH/KOCTI BUTIAPOBYBAHHA,
sIKE BUHUKAE TIi]] Yac B3a€MOII MaJIBa 31 CTIHKaMH.

Bapto 3ayBaxxuth, mo M.®. Pa3neiinieB Ta HOro MOCTiTIOBHUKH, 3aMiCTh BUKOPHC-
TaHHS TOYHOTO PIllIeHHSs], 3a3HaYE€HOTO BUIIE, BUKOPHCTOBYBAIH CIPOIICHE PiBHSHHS,
MIPUITYCKAIOYH, M0 MBHAKICTh BIOPCKYBAHHS € CTAJOI0 TIPOTATOM 4acy MpOIeCy
BIIOPCKYBaHHS Ta JOPIBHIOE CEPETHROMY 3HAYCHHIO:

dogy 3/2
do = (piLan ([1 - bev((p - (Pinj)] - [1 - bev]3/2). 4)

BukopucTaHHs CIPOIIEHOTO PIBHSAHHS MPU3BOIUTH 0 3HAYHOT MOXUOKHU B PE3yIib-
TaTax po3paxyHKy, K Moka3aHo Ha puc. 1. s HeniHiHHUX Npo@iTiB MIBUIKOCTI BIIOP-
CKYBaHHsI HAKOTIMYyBaJIbHA TIOMIJIKA YaCTKU BUMAPYBAaHOTO MAJIMBa MOXKE MEPEBUIILY-
Batu 20%, TOMY BayKJIUBE 3aCTOCYBaHHS TOYHOTO PillICHHSI.

Puc. 1. Ilopisnanus diacpam wmeuoxKocmi 6nopcKye8antsa naiued,
PO3PAXOBAHUX 3 BUKOPUCHIAHHAM CHPOWCHUX | MOYHUX DIGHAHD

[ocriiiHa BUMapoBYBaHHS MajMBa 3aJEKUTh Bl CEPEOHHOrO IiamMeTpa Kpareib
nanusa d,, i Moke OyTH pOo3paxoBaHa HACTYITHUM YMHOM:

_ypota 5
bev B Y d32‘2 pc, ( )

ne Y — mompaBodHME KOe]illieHT; p, — KiHUEBHH TUCK NPOLECY CTUCHEHHS;
m, — MOKa3HUK (QYHKIIi BUIAPOBYBAHHS.

Bianosinao no pekomennaiii M.®. PaznetinieBa, monpaBouyHui KOeiIlieHT Y MoXxke
OyTH 00YHCICHNI 32 TAKUM BHPA30M:
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Y = (Rezeme)™, (©)

1000

1€ m,, — NOKa3HHUK CTyNeHs KOPUIyto4oi GyHKIii BUIIapOBYBaHHS.

3asBuyaii m, Bubupaerbes B Mexax 0,65-1,00. Onnak skimo yactora obepTaHHs
KOJIiH4acToro Bajia apuryHa Hmwkde 1 000 06./xB, 3Ha4eHHs m, Moxke OyTu BUOpaHe
B Mexkax Big 0,35 o 0,70. L1i 3Ha4eHHS 103BOJISIOTH BiAMIOBIIHUM YNHOM HAJIAIITYyBaTH
(GyHKLII0 BUIAPOBYBaHHS JAJIsl BpaxXyBaHHS Pi3HUX YMOB pOOOTH JBHUTYHA.

0.C. KynemoB 3anponoHyBaB OiIbII CKIagHAN BUpa3 A QyHkuii Y

Y =0.372-1077(18 + y; + Yrpm )YHp 35 d35->, (7)

ne y, = AS) — xoedimieHT MacmTabyBaHHs, IO 3aJIEKUTh BiJl XOMYy MOPIIHA S;
Yyom = fln, ) — IONpaBOYHKUI KOEDILIEHT, IO 3a/IEKUTh BiJl YaCTOTH 0OEpPTaHHs KOJIiH-
JacToro Bana n,,.: H — CKOPHIoBaHE BHXOPOBE YHCIIO; ) — eMITIpUYHINA KoeillieHT
y nmiana3oHi Bix 5 mo 35.

Lleit 6inpin moBHUE Bupas uist GyHKIIT ¥ ypaxoBye NOAATKOBI YHHHHKH, SIK-OT XiJ
MOPIIHS, YacTOTa 00EPTaHHS KOJIIHYACTOTO Basla Ta CKOPUTOBAHE BUXOPOBE YHCIIO, JUIS
HaJlaHHS OLTbII TOYHOT OLIHKHY MOCTIHOT BUITAPOBYBaHHS. 3 HABEICHOTO BUPa3y MOXKHA
3pOOHTH BUCHOBOK, IO ITOCTIHHA BUNIAPOBYBAHHS 3MIHIOETHCS i/l YaC BIIOPCKYBaHHS
MaJIMBa Ta 3aJICKUTh BiJl CEPEAHBOTO JliaMeTpa KpareJb.

BigHoCHE 3MEHINIEHHS MIBUIKOCTI BUITAPOBYBAHHS BHACIIIOK KOHTAKTy Kpareib
MajuBa 31 CTIHKAMHM KaMepH 3TOPSIHHS, BiIIOBIJHO JI0 OPUTiHAJIBHOI METOAMKH [22],
Moke OyTH po3paxoBaHe 3a JIOTIOMOTO0 TAKOTO PIBHSIHHS:

2
=1— (32 0.707 (£ 2eatt) . 2 '0'5<¢_<;pr”> : (8)
Xwall = 0485 . orr \/ﬁe 5
EO'SWeMZ

Qpr = Ast - 2Qwan 007

1€ ¢, , — MOMEHT 4acy, KOJIM CTPYMIHb J0CATAE CTIHKM KAMEPH 3TOPSAHHS; ), — MiHi-
MaJbHE 3HAUYCHHS Koeilli€eHTa 3HUKCHHS MTBUIKOCTI BUTIAPOBYBAHHS; ¢, - TPUBAJIICTH
B3a€MOJIIi MK (paKesIoM i CTIHKaMM KaMepH 3TOpsiHES; A — KoediuieHT y hopmyii pos-
PaxyHKy KyTa KOHyca CTPyMEHS PO3IUIICHHSI [aJInBa.

Jlns po3paxyHKy mepioay 3aTpUMKH 3aiiMaHHs TaJIMBa BUKOPHUCTOBYIOTH MO (IKO-
BaHe piBHsHHA A.l. Toncrosa:

inj.start #tt
cyl RTZ;]['S ar 70 9
Tt € 25+CN’ ©)

T = Bo(l - knncrank)

ne B, ik —xoediuienty; i — THCK 1 TeMIIepaTypa Ha IIo4aTky mpo-
1ecy CTucHeHHs; £ Tta CN — eHepris akTHBallil Ta HETAHOBE YUCIIO MAIIMBA.

Hapmani Oyna 3anpomoHoBaHa Oinbll yIOCKOHAJIEHa MOJETh MajIuBHOTO (akena,
sIKa BKJIIOUAE CIM XapaKTePHUX 30H [23]: ylIiIbHEHE 0ChOBE SAPO, YIIUILHEHUN Tepe-
IHIA (poHT (hakena, po3piKeHy 00O0JIOHKY (akena, KOHYCONOIiOHE OChOBE sIPO
MPHUCTIHHOTO TOTOKY, SJIPO MPHCTIHHOTO MOTOKY HAa TOBEPXHI MOpPLIHS (TOJIOBKH,
BTYJIKH LWJIIHIPA), & TAKOXK PO3PIIHKEHY OOOJOHKY MPHUCTIHHOTO MOTOKY. JJisi KOX-
HOT 13 IUX XapaKTepUCTHYHUX 30H MOCTIHHA BUMIAPOBYBAHHSI [TAJTHBA PO3PAXOBYETHCS
32 OKPEeMHUMH PiBHSIHHSIMH.
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3acrocyBaHHS OiIbII JOCKOHANIOT MOJIEIT PO3MIUTIOBAHHS MANKBA YCKIIATHIOE TIPO-
LleC HaJalITyBaHHS MOJICIi 3TOPSIHHS Ta BUMarae TOYHOI iH(dopMallii moa0 reomerpii
KaMepH 3rOpsiHHS Ta MapaMeTpiB MaauBHOT POPCYHKH, sKa HE 3aBXKIU JIOCTYITHA.

[Mix yac po3paxyHKy TEIUIOBHIICHHS OKPEMO PO3IVISIAIOTHCS TaKi MPOIECH: 3r0-
PSHHS TATUBO-TIOBITPSHOI CyMillli, IO YTBOpHJIACS B IEPioJl 3aTPUMKH 3aiiMaHHS
najuea, audys3ifiHe 3ropsHHS, sKe BiAOYBa€ThCs i Yac Mojayi majuea, i JOTOPSHHS
MaJIMBa MMicys 3aKiHYeHHS BIIOPCKyBaHHsL. [Iepexi Mi>k piBHSIHHIMH JJIs1 KOXKHOTO €TaITy
Bi0yBa€ThCA y BU3HAYEHI MOMEHTH Yacy: 3a X = G, BiJl PIBHAHB IIEPLIOTO €TaIly JIO PiB-
HSIHB IPYTOro eTamny, a3a o =¢,. . +Ag, BiJl piBHSIHB JJPYTOTO €TaITy JI0 PiBHSHB Tpe-
ThOTO etary. [IpooBKeHHsI BUKOPUCTAHHS PIBHSHb JPYTOTO €TaIly MicIs 3aKiHUYCHHS
BIIOPCKYBaHHS MOKJIMBE Ha MEPIof AQ, ,  IUISXOM 3MiHM mapameTpis A, i At,.

3a3Buyail Ui PEeKUMIB 30BHINIHBOI XapaKTEPUCTHKK NpuiMaeThes Ag, = 0, 1ocs-
rarodM B JISIKUX BHUITQJKaX 3HAYEHB BiJl 3 10 6 Ha PEKUMAaX XOJOCTOTO XOMY, TOMI SIK
A1, pexoMenlyeThCst BUOpatH B Jtianasoni Bia 0,3 10 0,8 myist mpsMoro BIOPCKyBaHHS
ta Big 0,5 1o 0,9 nns po3nineHux kamep 3ropsiHHs. ba3zopa cucreMa piBHSIHb Ma€ TaKui
BUTJISIL:

xX=0;
(6n ((PO + 6Ncrank dZev)/<1 + A (PO + 6Nerank d;ev)))

(p=q’iﬂj.end+A(pk.ext . (10)

)

x=0
dx
E =3 6n (PZ + 6ncrank dzey)/(l + A 6ncrank dZev)

C=Pcomb.end

1 Ea.c -
6_nA3Ta(1 —Ayr —x)x)| )

(pz(pini,end+A(Pk.ext

Je G, — 4YacTKa MajuBa, MOJaHa INpPOTATOM MEPIOAY 3aTPUMKH 3aliMaHHS;
©,eng — MOMEHT 3aKiHYEHHS BIOPCKYBAaHHS; AQ, —— NPOJOBKEHHS TEPIOy 3acTo-
CYBAHHS JPYroro pPiBHAHHS; A(p.wmb.en 4 — MOMEHT 3aBEpLICHHS MPOLECY 3TOPSHHS;
E,.— Q)yHKHl;I BUKOPHCTAHHS TOBITPS; A, - HacTka HE3TOPLIOro Maea.

®yukuii P, P, A, 1A, BUSHAYAOTHCS 32 PIBHAHHIMU:

__ Aoqfuel(0ey - Xo)

4 ((pcomb.start)

_ Axqgyer(a-x)
PZ - V. (Gev - x);

AO = ao(n . H)mcomb;
— m .

Ay = ay(n - H)Meomb; (12)
— m

AZ = az(n . H) comb

ne H — Buxopose qMcn?; a, a, a, 1?0 1m,,,, — KOperyBaibHi KOe(DIIi€HTH.

Sk BUIHO 3 HaBEAECHO! CUCTEMHM PIBHSAHB, MEPIIUI 1 JPYTUH €Talu MpOIecy 3ro-
PSAHHS CyTTEBO 3aJIEKaTh BiJl IIBUAKOCTI BUITAPOBYBAHHS MAJINBA T CYMIIIOYyTBOPEHHS,
TOIi €Tal JOTOPSIHHS MaINBa BU3HAYAETHCA (DYHKIII€I0 BUKOPUCTAHHS TIOBITPS B IIMITiH-
api npuryHa G :

(bgOey + X0);
(11)

<I>z 2 —0.5(&)2 13
Euc = 1= 146(1 — £c0) o= o) (13)

ne @_— BIIHOCHA TPUBAJICTh TOPIHHS; (  Ta (I)Z0 — KOOPJIUHATH MiHIMYMY (QYHKIIi1

Cu,c = Ca.c(q)z())'
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Puc. 2. Bzaemo36 130k Mmidne npoyecamu 6nOPCKY8anHs, UNAPOB8YEAHHS
Ma 320pAnHs NATUA A 6NIUE NApamempie Harawmysanus modeni M.@. Pazneliyesa
Ha yi npoyecu 018 UNAOKY 00HOPA3068020 6NOPCKYBAHHSL

VY tabnuui | HaBeeHI THITOB1 3HAYCHHS KOe(illi€HTIB Y PIBHAHHSIX MO 3rOPSHHS
naJMBa sl pi3HUX TUIIB JABUTYHIB, a HA PUC. 2 OKAa3aHUI BIUTUB Pi3HUX MapaMeTpiB
HaJIAIITYBAaHHS HA XapaKTePUCTHKH TETUIOBUIIICHHS.

Tabmanms 1
PeKOMeHHOBaHi SHAYCHHA NJIA MO}IeJ'Ii 3F0pﬂHHﬂ nmajimBa
Tun ABUTryHa ao-10'3 al-102 a, b, m, . H m,

n = 50-250 0b./xs, 5-12 | 5-10 | 10-15| 01-02 |0.6-0.8 | 1.5-3 |0,30-0.65
JABOTAKTHHUU
n =400-750 06./xs, 815 | 49 | 813 |0,05-0.15|05-07 | 1-1.1| 0.45-0.7
IIOTI/IpI/ITaKTHI/II/I
n=750-150006./x, | 1o 49 | 3.7 | 48 | 0,05-0,1 |05-0.7|1-12] 0,5-0.75
JABOTAKTHHUU
n > 1500 ob/xs, 1530 | 3-6 | 3-7 |0.04-0,08 | 0,608 | 12-2| 0,5-09
JBOTAKTHUU
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YpaxyBaHHsI 3MiHHOT0 PO3Mipy Kpamnejb MajuBa MiJ 4ac BIOPCKYBAHHS

Sk 6ymo Bkaszano uie, M.®D. PazelinieB BHKOPUCTOBYBAB CEpeIHE 3HAYCHHS JiaMe-
Tpa PO3MUIIFOBAHHSA NAIKBA d,, JUI PO3PAXyHKY IPOLECIB BUAPOBYBAHHS 1 BBAKAB 1IEH
rapamMeTp TOCTIHHUM y TIpolieci BIopckyBanHs. O4eBHUIHO, 1€ O3HAYAE, M0 MOCTiitHA
BUIIaPOBYBAaHHA TaNMBa b, , AK 1 MONpPaBOYHMK Koe(ilieHT Y, € Takok HE3MIHHUMH
y mporieci BUapoByBaHHs. JJI1 epeBipKH MPUIATHOCTI CIIPOIIEHUX PIBHSHD PO3TIIS-
HEMO PHCYHKH 3—5, Ha SIKMX TIOKa3aHi PO3paxyHKOBI JiarpaMu BUTIAPOBYBaHHS TaIHBa
JUTS IBOX BHITANKIB: Y pasi 3MIHHOTO IiaMeTpa PO3MIIYy y TPOIeci BIIOPCKYBAHHS
Ta 32 BUKOPUCTAHHs MOCTIHHOTO 3HA4Y€HHs d,), CEPEAHBOIO 3a MEPIOJ BIOPCKYBAHHS
(d,, = const). Ik BuaHO, ypaxyBaHHs 3MiHH JIIaMETPa Kpareb NaluBa Ma€ CyTTEBUI
BIIMB Ha JliarpaM¥ BHITAPOBYBAHHA MAJIMBA, IO MPU3BOIUTH 0 TIOAAIBIIOTO BILTUBY
Ha TIPOIIECH 3TOPSHHSI ITaJIBa, OTXKE, 1 Ha KPUBY THCKY B IIJIIHAPI TBUTYHA.

Puc. 3. Pospaxynkogi diacpamu uweuoKocmi 8unapogyeanis naiued.
Cepeonboobopomuuil OuzenbHuil 08U2YH, HOMIHAbHULL PENCUM

[Iponiecu 3ropsiHHS ManMBa CYNPOBOIKYIOTHCS BHIOUICHHSM TOKCHYHHX CIIONYK
y BIOXIJHMX ra3ax CyAHOBHMX OU3EJIbHHX IBUTYHIB. Lli BUKHIM B OCHOBHOMY CKJaza-
totbes 13 CO, caxi (Ta inmux TBepaux 4actok), SO 1 NO . Toune mporHo3yBaHHs HAKO-
MMMYCHHS TOKCUYHUX BUKUIB € BOKJIMBUM Yy pa3i 3aCTOCYBaHHS ITU(PPOBUX JBIHHHUKIB
JBUTYHA.

st mporHo3yBaHHS CKJIaJOBUX YAaCTHH Ta3y B Pi3HUX 30HAX BHKOPHCTOBYETHCS
JBO30HHA MOJEJIb 3ropsHHs. Ll Momens BiJOKpeMIIIoe 30Hy CBIKOTO 3apsay Bill 30HH
BimmpanboBaHux TasiB. Ckiaa BHXIIHUX Ta3iB BU3HAYAETHCS 32 METOIOM Tpodecopa
3BOHOBa, KU Mepei0ayac HasIBHICTh 18-KOMITOHEHTHOT cyMili, Mo ckiagaeTses 3 O,
0,,0,,H,H, OH, H,0, C, CO, CO,,CH,, N, N,, NO, NO,, NH,, HNO, Ta HCN.

Pospaxynox konuentpanii NO,_y BianpanboBaHuX razax 0a3yeThbCs Ha MeXaHi3Mi
A.b. 3enmppoBuya mns «repMmiuHOTO» OKcuay aszory (NO). Lleir mexani3m BKIIO4ae
B ceOe cepiro i3 TPhOX PiBHSHB.
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Puc. 4. Pospaxynxogi diaepamu weuoKkocmi unapo8ysants naiusd.
Cepeonvoobopomuuii ousenvrull 06ucyH, 40% HOMIHATLHO20 HABAHMAICCHHS

Puc. 5. Pospaxyukosi diazpamu wieuoxocmi sunapogysanms namusda. Bucoxoobopomnuii
OusenbHULl 08USYH, MPUPA308E BNOPCKYBAHHS, YACMKOBE HABAHMANCEHHSL

Po3paxyHOK yTBOpEHHsI caxi Ta TBEPAUX YAaCTOK y OU3EIbHHUX JBUT'YHAX BHKOHY-

eThes 3a MeToankoro M.d. Pazneiinena.
BrmuB 3MiHHOTO AiamMeTpa MaquBHUX Kpamellb Ha YTBOPEHHS TOKCHYHHUX BUKHUIIB

HaBeJIeHO Ha puc. 6.
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Puc. 6. Konyenmpayis casxci ma weuoxicmos 8UdiieHHs OKCUJY a30my 8 YUIiHOpL.
Cepeonvoobopomnuil 0eueyn, MCR

BucnoBku. Texnosnorisi 1udpoBoro ABIMHUKA — MEPCIEKTUBHUN HampsM IIiIBHU-
LIeHHS €()eKTUBHOCTI pOOOTH CyAHOBHX ABUI'YHIB BHYTPIIIHHOT'O 3rOPSIHHA. 3 BUKOPHC-
TaHHAM IU(POBUX IBIHHUKIB MOXKYThH OyTH po3po0JieH] aAanTHBHI CUCTEMU KOHTPOJIIO
TEXHIYHOTO CTaHy Ta A1arHOCTUKH HECIPaBHOCTEH JABUTYHIB, SKi BiJlOBIIalOTh MPHUH-
LUIaM 1 BUMOraM 4YeTBEpPTOI MPOMMCIIOBOI PEBOJIIOLIT AJISl Cy4acHUX TPAHCIIOPTHUX
cucreM. LludpoBuii ABIHUK, IK OCHOBHUH €JIE€MEHT LIMX CHUCTEM, BUKOPHUCTOBYE AaHi
3 JaTYMKIB IBUTYHA AJISl CHHTE3Y BipTyajIbHOIO poOOYOT0o IPOLECY, L0 T03BOJISE OTPH-
MaTu JO0AATKOBY iH(oOpMaliio Npo mapaMeTpu poOOTH IBUTYHA, JOINOMAarae OLiHUTH
e(eKTHBHICTb HOT0 eKCIuTyaTalii Ta BUABUTH MOXIIMBI HECIIPABHOCTI.

CucreMa MOHITOPUHTY BKJIIOUae B cebe cepsep 3 0a3010 JaHMX POOOUMX MapaMeTpiB
IBHUTYHA, IO MEPearoThecs 3 HabOpy CEHCOpiB, YCTAHOBIEHUX Ha OBUTYHIi. Excnepu-
MEHTaJIbHI JaHi MOXYTh BKJIIOYATH 1HTErpajibHi, a00 «CTaTHUHI», TapaMeTpu Ta BHCO-
KOLIBHJIKICHI, «JUHaMiuH1» napamerpu. LluppoBuii ABIHUK Mpaioe B aBTOHOMHOMY
pexuMi, a TakoKk Mae 3a0e3ledyBaTH CUTHATI3alilo PO MOXJIMBI HECHpaBHOCTI abo
BiJXWJICHHS KOHTPOJILOBAaHUX ITapaMeTpiB.

[Tixg gac po3pobnenns nudpoBoro ABiiiHKWKA Ui JBUTYHA BHYTPIIIHHOTO 3rOPSHHS
Ba)KJIMBO JIOCTOBIPHO Ta TOYHO PO3paxyBaTy NPOLECH TEIUIOBUIIIEHHS BHACIIAOK 3r0-
PSIHHSA MajuBa, OCKUIBKKA BOHHM CYTTEBO BIUIMBAIOTH SIK HAa €(DEKTHUBHICTH ABUTYHA, TaK
1 Ha piBeHb TOKCMYHMX BUKHIIB Yy BiANIPallbOBaHUX Ta3zax. YpaxyBaHHs 3MiHHU cepel-
HBOTO JiaMeTpa Kpamejb HajluBa IiJ 4ac MpOLeCy BIIOPCKYBAHHS 3HAYHO MOKPAIIYE
TOYHICTb MOJICIIIOBaHHS ABUI'YHA.
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Anomauin

Bcemyn. Bucoka eghexmugnicmov nepexody Ha cucmemy oOCny208y8ants cyOH08020
MEXHON02TUHO20 0ONAOHANHS 34 PAKMUYHUM CTNAHOM OA3VEMbCA He auule HA CKOpPO-
YeHHI MepMIHIG I gUMPam Ha MeXHIuHe 00CIY208Y8ANHS, Al U HA GUKTIOYEHHT HeOOIDYH-
moganux pemonmis. L{e npusooums 00 nioguwyerHs HAOTUHOCIME MAUWUHHUX a2pecamis.
Ilepesedenns kopabnie Biticbkoso-mopcvrux cun Yrpainu na mexniyne 00Ciye08y8aH-
HSL Ma PeMOHM 3a iX NOMOYHUM CTMAHOM nepedbayac HasgHicmb Ha bopmy diazHoc-
MUYHO20 3a6e3nedetHs Oisl Pi3HUX MAwuH i Mexaniamie xopaona. Mema. Teopemuuno
00IpyHmMy8amu il eKCHepUMEeHMAlbHO NePesipumu 2panuyti pisHi 6iopayii kopadeibHux
MAWiuH i Mexanizmie 3 pomopamu, wo obepmaiomucs. Peanizayia yiei memu nepedoda-
4ae BUPIUEHHS 3080 AHHS 3HAXOONCEHHSL 36 SI3KY MIJIC 2PAHUMHUMU PI6HAMU 81Opayii ma
«BMOMOIY NIOWUNHUKIG 0151 KOPADETbHUX MAWUH | MEXAHIZMIE 3 POMOpaMu, wjo obep-
maromvcs, i niowunHuUKamu Kouents 3 pecypcom y 10—12 mucsy 2ooun. Pezynomamau.
3anpononosano memoo 8iOpoOiazHOCY8aHH HACOCHO20 azpe2amy, KUl He nompe-
oye ingopmayii npo Hopmu 8i6payii, ixHi MaAKMuKo-mexHiyHi OaHi, Cmau azpezamy Ha
yac nposederts OlaeHOCHY8AHHS, NOWUPIOEMBCS, K NOKA3AAU NPOBEOEHT 00CTI0NCEH-
HS, HA 6CT MUNU HACOCI6 3 eNeKmponpueooom. Bibpayiiini obcmedicenns kopabenvbrux
MAwiuH i Mexanizmie, npogederi asmopamu npomsizom 10 poxis, a maxoxc pezyivmamu
AHANI3Y OAHUX THUWUX A8MOPIE 00360IAI0Mb CINEEPOACYBAMU, WO Y NPOYECT eKCNIIYAA-
yii’ KopabenbHUx Mawun i MExanizmie OoYitbHO NPOBOOUmYU GIOPAYIIHI 0OCMENCEHHS.
ma, y pasi HeobXiOHOCmi, Ni0OANAHCYBAHHS POMOPI6 K MIHIMYM pa3 Ha 2—3 micayi.
Poboma xopabenvnux nacocnux aspezamie cynpogooicyemvcs Gibpayiero, wo Heea-
MUBHO NOZHAYAEMbCA HA pecypci ixuboi pobomu. Haubinew Hasanmasicenum (3 mexa-
HIYHO20 No2aA0y) € NIOWUNHUKOST 8Y31U, AKI 3A36UYAll BUBHAYAIOMb pecypc pobomu
KopabenvHux mawun i mexauizmie. Bucnoexu. /lanuil nioxio 0oseonsic po3pobnsamu
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npocmi 0la2HOCMUYHI NPUCMPOI, WO CKIA0AIOMbCA i3 080X AO0 MPbOX KAHANbHUX aHA-
ni3amopie cnekmpa, apu@dmemuuno2o 610Ka 051 00UUCIeHHsL ma O0Ka cueHanizayii, a
maxodic 6I0Ka AHanizy, y SKkomy npogoOUMUMEmb sl AMoMamudna idenmugixayis vac-
mom 8ibpayii ma nocmanoexa diacrosy. /[ npakmuyHo2o 00IPYHMY8AHHS SPAHUYHUX
pienis 8iopayiti pisHUX KOPAOENIbHUX MAWMUH | MeXaHizmie Oy1a po3pobiena cneyiaibha
3anexcuicmos. 3anponoHO8AHA MEMOOUKA BUSHAYEHHS 3ANUUKOB020 PeCypCy Kopabeib-
HUX MAWIUH [ MEXaHI3Mi8 8 eKCniyamayitinux ymosax. IlepcnekmugHum npooo8iceHHAM
V YbOMY HanpsMi € Oemanizayis po3PAXyHKYy HOpM eiopayii Oisi PisHUX Munie Kopa-
OenbHUX MAWUH | MexaHizmMie, po3poOLeHHs MeMOOUK PO3PAXYHKY Ma NPOSHO3)8AHHS
BATUUKOB020 PecypCy, NpULad08a peanizayis 0aHoeo nioxooy.

Kniouoei cnosa: epanuunuil pigensv gibpayii, 3a1umkosuti pecypc, mexuiyHuil Cma,
sibpayitine nepeHasanmadiCenHs..

ANALYSIS OF THE INFLUENCE OF THE LIMIT LEVELS OF VIBRATION
ON THE RESIDUAL LIFE OF SHIP MACHINES AND MECHANISMS

V.1 Sviridov!, A.A. Andreiev?, A.A. Andrieiev?
'Ph. D. (Engineering), Associate Professor at the Ship Engineering
and Power Engineering Department,
Kherson Educational and Scientific Institute of the National Shipbuilding University,
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Summary

Introduction. The high efficiency of the transition to the system of maintenance
of ship technological equipment based on the actual condition is based not only on
reducing the terms and costs of maintenance, but also on the exclusion of unjustified
repairs. This leads to an increase in the machine units’ reliability. The transfer of the
ships of the Navy of Ukraine for maintenance and repair in their current condition
requires the availability of diagnostic equipment for various machines and mechanisms
of the ship on board. Purpose. To theoretically substantiate and experimentally verify
the limit levels of vibration of ship machines and mechanisms with rotating rotors.
The implementation of this goal involves solving the problem of finding the function
between the limit levels of vibration and the "fatigue" of bearings for ship machines and
mechanisms with rotating rotors and rolling bearings with a resource of 10—12 thousand
hours. Results. A method of vibration diagnostics of the pumping unit is proposed, which
does not require information about the vibration norms, their tactical and technical
data, the state of the unit at the time of diagnosis, and is applicable, as the conducted
studies have shown, to all types of pumps with an electric drive. Vibration surveys of
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ship machines and mechanisms carried out by the authors for 10 years, as well as the
results of data analysis by other authors, allow us to state that during the operation
of ship machines and mechanisms, it is advisable to conduct vibration surveys and, if
necessary, rebalancing the rotors, at least once in 2—-3 months. The operation of ship
pumping units is accompanied by vibration, which negatively affects the resource of
their work. The most loaded (from a mechanical point of view) are bearing units, which,
as a rule, determine the ship machines and mechanisms service life. Conclusions.
This approach makes it possible to develop simple diagnostic devices consisting of
two or three channel spectrum analyzers, an arithmetic unit for calculation and a
signaling unit, as well as an analysis unit in which automatic identification of vibration
frequencies and diagnosis will be carried out. A special dependence was developed for
the practical substantiation of the limit levels of vibrations of various ship machines
and mechanisms. The method of determining the residual resource of ship machines and
mechanisms in operational conditions is proposed. A promising further continuation
in this direction is the detailing of the calculation of vibration norms for various types
of ship machines and mechanisms, the development of methods for calculating and
forecasting the residual resource, the instrument implementation of this approach.

Key words: limit level of vibration, residual resource, technical condition, vibration
overload.

Beryn. TpuBaina Ta HafiitHa poOOTa CyTHOBHUX MAIIMH 1 MEXaHI3MiB MOXKJIMBA JIHIIIE
32 YMOBHU CHCTEMATUYHOTO Ta SIKICHOTO BXKUTTSI 3aXO/IiB i3 TEXHIYHOTO 0OCITYTOBYBaHHS
(mami — TO) Ta pemoHTy MexaHi3MmiB. HuHi Ha3pina HeoOXiqHICT pO3pOOICHHS CHCTEMHU
pemonTiB 1 TO cynHOBOTO 00NMaHAHHS, 11O Ma€ 3amo0iKHNN XapakTep. OCHOBHA inest
PO iaKTHYHOTO (BUIIEPEIKYBAIBHOTO) OOCIYTOBYBaHHS 32 (PaKTHUYHUM TEXHIIHUM
ctadoM (nami — TC) nonsirae B yCyHEHHI BiIMOB Ha OCHOB1 MeToiB po3mizHaBaHHs TC
MEXaHI3MiB 3a CYKYITHICTIO KOHTPOJIbOBAaHHX IMapaMeTpiB iXHBOI poOOTH, BUSBICHHS
HasBHUX Je(PEKTiB a00 TakuX, 10 PO3BUBAIOTHCS, BU3HAYCHHS CTYIEHS iX HeOe3nmeKkn
Ta TMPOTHO3YBaHHS ONTUMAIBHUX TEPMiHIB ITPOBEACHHS PEMOHTHHX POOIT.

Texniuna 6a3a mpoiTaKTHIHOTO OOCITYTOBYBaHHS MOJSTAaE B TOMY, IO HAasSBHUI
B32€EMO3B 30K MK MOXKIMBUMH TEXHIYHHUMHU HECHPABHOCTSIMH arperatry Ta JiarHoc-
TUYHAMH TIapaMeTpaMH, sIKi MOJKHA KOHTpONroBard. OTxe, OUTBIIICTh Ae(eKTiB, M0
MOXYTh BHHHKATH B arperatri i OyTH pO3Mi3HAHWMH, MAIOTh JIarHOCTHYHI O3HAKH
Ta TapaMeTpH, IO IONEPeLKAITh MPo Te, MO Ae(PEKTH MPHCYTHI, PO3BUBAIOTHCS
Ta MOXKYTh TIPU3BECTH JI0 BiAMOBHU arperary. JliarHOCTH9HI 03HaKH JIe(heKTiB MOXKYTh
BKJIFOYATH TIapaMeTpHy BiOpallii, TEXHOJOTIYHI Ta PeKUMHI TapameTpu (TeMIieparypy,
HaBaHTAXXEHHS, THCK, BOJOTICTh TOIIO), YaCTKW 3HOUICHHS B MAaCTWIII TOIIO. 30Kpema,
Y pasi 3HOMICHHS AeTajel CrocTepiraeThes 3MiHa piBHS BiOpariii.

OTxe, Tij 9ac MPOBEACHHS MOHITOPHUHTY Pi3HUX ITapaMeTpiB, M0 XapaKTepU3yroTh
poboty obnagHaHHS, MOYKHA BYacHO BUSABUTH 3MiHY #oro TC i mposectu TO mwmie Tomi,
KOJTH 3’SIBIIIETHCS peaibHa MOXKIIMBICTh BUXOY TTApaMeTPiB 3a JOITyCTHMI MeXi, TOOTO
KOJTH TIOJ[AJTbIIIa eKCTUTyaTallisi HeMoxiuBa [ 1]. Bucoka eekTHBHICTS Iepexo/ Iy Ha CHC-
TeMy 0OCITYTOBYBaHHS CYTHOBOTO TEXHOJOTI9HOTO OONIaHaHHA 33 (DAKTUYHUM CTAaHOM
0a3yeThCsl HE JUIIE HA CKOPOYEHHI TepMiHiB i BuTpar Ha TO, anme i Ha BUKIIOYEHHI
HEOOTpYHTOBaHMX PEMOHTIB, IO MPHUBOAWUTH, 3PEIITOI0, N0 MiABHUINEHHS HAIIHHOCTI
MAaIIMHHHUX arperaris.
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IHocranoBka mpooaemu. Orminka ¢akruaaoro TC By3JiB 1 MeXaHI3MIB CyTHOBHX
MaItuH Moke 0azyBaTHCS TIIBKH Ha pe3yibrartax (DyHKIIOHAIHHOI JiarHOCTHKH, IO
MIPOBOAMTHCS B pOOOYHMX YMOBaxX y Pi3HUX CKCINTyaTalliiHUX pexumax. [lepeBencHHs
kopabiiB BilicekoBo-Mopcbkux cuit (mani — BMC) Ykpaian Ha TO Ta peMoHT 3a ix
MMOTOYHUM CTaHOM TIependadae HasBHICTh Ha OOpPTy MIarHOCTUYIHOTO 3a0e3MeYCHHS
JUISL PI3HUX MAIlIMH 1 MeXaHi3MiB Kopaoist. Bimomo [2; 3], mo HaiOiIeI e(heKTUBHIMH
METOJIaMH TiarHOCTYBAaHHSI MaITH 1 MEXaHi3MiB, 30KpeMa CyTHOBHX, 0COOJIMBO 3 POTO-
pamu, Mo 00epTaIOTHCS, € METOIN BiOPOAKYCTHKH, OUTBIIICTE 3 SIKUX MOTPeOy€e HasB-
HOCTI HOpM BiOparii arperaris, 10 JiarHOCTYIOTHCS.

Texuiune miarHoctyBaHHA (mam — TJI), ske € ogHUM i3 HAWBAXIIMBIIIMX HAIpPsI-
MiB y IIBHINEHHI ¢()eKTUBHOCTI Ta SIKOCTI €KCIUTyaTallii MalluH 1 MexaHi3MiB, 30171b-
IIye€ MDKPEMOHTHE HaIpaIlfoBaHHsS, CBOEYACHO 3aIto0irae BiIMOBaM, OT)KE, CKOPOUYE
BHTpATH Tparli Ta 3aco6iB Ha iX TO i peMOHT.

Bibpariifina giarHOCTHKa, sSKa 3aCHOBaHA Ha BHUMIPIOBaHHI W aHaJIi31 mapamMeTpiB
CUTHAaITy BiOpaItii, € OgHNM i3 HaiieheKTHUBHIMMX (YHKITIOHABHUX MeTomiB T]1 MarmimH
1 MexaHi3MiB, 30kpeMa HacocHuX arperariB (mam — HA). Ilix HA, 3Baxaroun Ha oco-
OIMBOCTI 00JIACTi, MO PO3MISIIAETHCS, MAIOTHCS HA YBa3i HACOCH BIAIICHTPOBOTO THUITY
3 EIIEKTPOIPUBOIOM.

AHaTi3 ocTaHHIX JOCHiIKeHb i myOmikaniii. Sk OKa3yrOTh pe3ybTaTH aHATi3y
HayKOBUX NOCHTIKEHb [4—7], IpOBEIEHHS AIarHOCTyBaHHS Pi3HUX MAIIWH i MEXaHi3-
MiB, 30kpemMa HA, B ekcIIyaTalifHuX yMoBaxX 3a iXHIMH BiOpaIliiHIMH XapaKTepHC-
trkamu (mani — BX) € ckimamHuM 3aBIaHHSM, IS BUPIMICHHS SIKOTO TOTPiOHI HOPMH
BiOparri#i, ki >KOPCTKO MPHUB’s3aHI 0 KOHKPETHUX PeXUMiB podotn HA, Tomy ix He
3aBX]IM MOXKHA BUKOPHCTOBYBATH.

bararbma aBTOpamu Ha MiJICTaBl EMITIPHYHHUX TAHUX PEKOMEHYBAIOCS PO3TIISAAATH
KOpaOeIbHUI MEXaHi3M SK TaKui, 1o nepedyBae B moranomy TC, y pa3i mepeBUIICHHS
BHM3HAYEHUX TIOPOTOBUX piBHIB BiOpaitlii. bBymo BcranoBneno, mo B 90% Bunaakis Bij-
MOB TIIi#f omii mepemyBano 3poctanHs piBHSA BiOparttii [8—10]. [Iporte 11i piBHI He OyIH
HaJIS)KHO HAYKOBO OOTPYHTOBAHI.

Jns mparriorounx KopaOelbHUX MAIlWH 1 MEXaHi3MIiB piBeHb BiOparlii 3ajeKUTh
BiJI TOTO, HACKIIBKH SIKICHO BOHH OyJIM CIIPOEKTOBaHI Ta 3i0paHi, a TaKOK BCTAaHOB-
neHi Ha kopabii. IIpakTrka BiIOPOKOHTPOIIIO Ta NiarHOCTYBAHHS KOpaOeTLHUX MaITiH
1 MexaHI3MIB IOKa3aja, Mo MK IXHIMH XapakTepuctukamu BioOpariii Ta TC icHye
npsmuit 38’5130k [11-13]. JloTemep sk mMpakTHYHUA METON BU3HAYCHHS KPUTHIHUX
3HAYCHb BiOpallii BUKOPUCTOBYETHCS BU3HAUCHHS IS MAIIMH 1 MEXaHI3MIB eTaJIOH-
HOTO BiOparifinoro mois 3a crpaBHoro ix TC, KOHTPOIIO 3MiH Y XapaKTePHUCTHKAX
BiOpairii i3 gacom.

®daxisri BMC Kanany BcTaHOBWIIH, IO 3pOCTaHHS PiBHS BiOparlii MEHIII HiX yaBidi
He € 3HagHuM. [1IBHIKICTE 3MiHU PiBHS BiOparii Takuii caMUil BayKIMBHI MTOKa3HUK, K
1 abcomoTHUH piBeHb BiOparii. OTpuMani TaHi 3aCBITYIIIM, IO 3MiHA CEpeIHIX 3HAa-
YeHb XapaKTePUCTHK BiOpaIii Sk (GYHKIIIH 9acy HaNparroBaHHs € MPSMOIO JIiHI€l0, 10
Ma€ CITa0KWi MTO3UTUBHUIM BUTHH y TOYIII, sIKa MTPHOIM3HO BiAmoBigae 75% BUpOOIEHHS
pecypcy MamniHH. I3 i€l TOYKH MOYMHAETHCS 3pOCTAHHS 32 EKCITOHSHTOIO PiBHIB BiOpa-
1ii axx 10 BimMoBH [2]. ToMy KOHTPOJb 3a 3MIHOIO XapaKTEPUCTHK BiOparii KOPUCHi-
A, Hi’K OTHOPA30Ba MepeBipka aOCOTIOTHOTO 3HAYCHHS.
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VY po6orti [4] mokyiagHO PO3MISIHYTI MUTaHHS HOPMYBaHHS BiOpallii pi3HUX THUIIIB
MaIllH, Jie TAKOXK MPEeACTaBIeHI HOPMHU Ha BiOpaIlifo sIK Ha elIeMeHTax, o He obepTa-
IOTBCSI, TaK 1 Ha Bajiax, Mo 00epTaroThes. 3a3HAYCHO, 10 Ha BiJIMIHY Bij paHille YnH-
uHux ISO 2372, VDI 2056 Ta iHmmx cranaaptie, y [14—23], okpim OI[iHIOBaHHS CTaHy
MaIlliH 32 a0COJTIOTHUM 3HaueHHSAM BiOparlii (XapakTepu3yoTs 30HH cTany A, B, C, D),
YBEJICHO JIOAATKOBUM KPHUTEPIH 010 3MIHM IIUX 3HaueHb. BiH 3acHOBaHMI Ha MOPIB-
HSTHHI BUMIPSIHOT BEJTMYMHH IIMPOKOCMYTOBOI BiOpallii KOXKHOTO By3Jia arperary 3 era-
JIOHHUM (OTIOPHUM ) 3HAYEHHSIM Y PEKUMI poO0TH (6a30BOIO JTIHI€I0), 110 BU3HAYAETHCS
3 IOCBIAY €KCIUTyaTallii I[iel MaliuHU. YBaXKa€ThCs, SIKIO PIBHI KOJIMBAHb 3MIHIOIOThHCS
(y Oik 3MeHIIeHHS a00 30UIbIIeHHS) Ha 25% 110710 3HAYCHHS BEPXHBOI MEXIi 30HU B,
TO iX BapTO PO3MNIAJATH SK CYTTEBi, HABITh KONM 1€ HE AOCATHYTO Mexi 30HU C 3a
MEpIIUM KpuTepieM. BiamomigHo, HEOOXiTHO MPOBOJUTH JIarHOCTUYHE OOCTEKEHHS
3 METOIO BUSIBJIICHHS NMPHYHMH Takoi 3MiHH Ta 3armo0iraHHs BUHUKHEHHIO HEOE3MEeYHNX
CUTYaIliif. AKTYaJIbHICTh TAKOTO IMiJIXOy B TOMY, IO HE3aJCKHO BiJl BUXIJTHOTO PiBHSI
BiOpariii, 3Ha4Hi 3MiHHA OyIyTh MOMIYEHI Ta BUKOPUCTAaHI JUIS J1arHOCTYBaHHS Je(eK-
TiB, SIKi BUHUKIIH.

VY cy4yacHUX cTaHIapTax BiJ3HAYA€THCS, 0 METOAY BU3HAYCHHS BiOpalii B mIHpo-
Ki¥t cMy3i yacToT iHoAi He AocuTh s oninku TC mammuu. HeoOximHo 3acTocoByBaTn
TaKOX aHaJli3 YaCTOTHUX CKJIaIHUKIB BiOpallii, pa30BUX iX CHIBBITHOIICHD, OTHHAIOYOI,
KENCTpaIbHUI aHalli3, a TaKoXK iHII MeTonu. [IpoTe BU3HAUUTH BiAIOBIAHI KpUTEpil
Ta HOpMHU oIliHIoBaHHS TC 3arajioM MoKy HE € MOXJIMBUM, 3BXKAIOUH HA 1HAMBITyaIbHI
0COOIHMBOCTI KOHCTPYKIIIH MaIllMH 1 IXHIX BY3JiB.

®opmyawBaHHS Wijeil crarTi. MeTa JaHOTO TOCIIIKEHHS. — TEOPETHYHO 00TPYH-
TYBaTH i EKCIIEPUMEHTAIBLHO NIEPEBIPUTH TPAHUYHI PiBHI BiOpallii kKopaOeTsHIX MallliH
i MexaHi3MIB 3 poTOpaMHu, 1110 obepTaroThcs. Peamizalis 1iei MeTH nependadae BUpi-
IICHHS 3aBJIaHHS 3HAXOPKEHHS 3B 53Ky MiX IPaHUYHUMH PiBHAMH BiOparii Ta «BTO-
MOI0» MIAMUIHHUKIB JJIs1 KOpaOeIbHUX MAIllMH 1 MEXaHi3MiB 3 POTOpaMH, 10 00epTa-
IOTBCSI, 1 BCTAHOBJICHUMH 3a3BHYAM MiJIIUITHAUKAMK KOYeHHs 3 pecypcoM y 10—12 tuc.
TONTUH.

Takoxk mependadueHo PO3MISHYTH MOXJIMBICTH CHPOIICHHS Ta ITiBUINCHHS e(eK-
TUBHOCTI maiarHocTyBanHsS HA mono ix BX. HaykoBa HOBHM3HA JOCIIIKCHHS MOJISITAE
B TOMY, 1[0 MIPONIOHYEThCS cnoci0 BiOpomiarHocTyBaHHs HA, sikuii 103BOJsIE cripoc-
TUTH TIPOLIEC TIOCTAHOBKH JIIarHO3Y 3a pe3ybTaraMu aHamizy ixaix BX Ta He moTpedye
HOPM 1 peTpOCHEeKTUBHUX AaHUX o0 BX.

Buknaag ocHoBHoro marepiaiy. BiOpamiliHi oOcTexeHHS KOpaOeIbHHX MAallluH
1 MexaHi3MiB, TIpOBe/IeHI aBTopamMu NpoTsroM 10 poKiB, a TaKOXK Pe3yJbTaTH aHaji3y
JAHUX HIIUX aBTOPIB JIO3BOJISIOTH CTBEP/KYBATH, 110 y MpOIIECi eKCITyaranii Kopa-
OeJbHMX MAIllMH 1 MeXaHi3MiB JIOLIJIBHO MPOBOJKUTH BiOpamiliHi 00CTeXeHHs Ta, Y pasi
HEeoOXiIHOCTI, MiI0aNaHCyBaHHs POTOPIB K MiHIMYM OIWH pa3 Ha 2—3 wmicsmi. [Tixba-
JIAHCYBaHHS POTOPIB KOPAOETHHUX MAIIMH 1 MEXaHI3MIB JI03BOJISIE TIPOJAOBKUTH PECYPC
MiAMIUITHAKIB 1 3MEHIIYE NIYMHICTh KOPaOIIs.

PoGora kopaGenbHux HA CynpoBO/KyeThCs BiOpalli€ro, 110 HETaTHMBHO IO3HA-
YaeThCcsl Ha IXHBOMY pecypci pobotu. Haiibinplmn HaBaHTakeHHMMH (3 MEXaHIYHOTO
MOTIISAAY) € TiAIIUIHUKOBI BY3JIM, sIKi 3a3BMuYaii BU3HAYAIOTh PECypc poOOTH KOpa-
oenpanx HA. [Migmunauky koueHHs HA mij dac excroryaraiii cipuiiMaoTh cyMapHe
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HaBaHTAKEHHS SK BiJl Bard pOTOpa, TaK 1 Bij BiMIEHTPOBOI cuin iHepiri. OcraHHsS
€ 3aBXJIU NMPUCYTHBOIO, OCKIJIBKH 17IcaJIbHO BiJi0aJaHCyBaTH POTOP HEMOKIIUBO (330D
y MiANIUITHAKAX € 3aBXK]IN).

ABTOpamu OyB IIpOBEICHUIT €KCIIEPUMEHT Y CTEH/IOBHX yMoBax Ta Ha 20 HA B ekc-
TUTyaTalifHIX YMOBaX 3 METOIO BUMIpIOBaHHS U aHauizy ixHix BX y penepHuX ToYKax,
y PI3HUX HaIlpsIMKaXx i pexuMax poOOTH, 3a cripaBHOTO Ta HecnpaBHoro TC. YV pe3ynb-
TaTi OTpUMaHi JaHi, 10 MoKa3aHi Ha puc. 1.

Puc. 1. Bibpayiiina xapaxmepucmurxa npusoOHUX eleKMPULHUX MAUUH.
I — padianvhuii cknaonux eiopayii (L), 2 — maneenyiinui ckraonux eiopayii (L)

Ha puc. 1 mpencrasnena BX enexrponpusomy HA, BuMmipsiHa B Tili caMiil periepHii
TOUIIl, B 1/3-0KTaBHUX CMyTax 4acTOT, 3a ITapaMeTPOM BiOPOTIPUCKOPEHHS B IEITNOEIax
(nb), y aiamazoni gacrot Bix 5 mo 10 000 I'r, y mBoX HampsMKax: paaiaJbHOMY Ta TaH-
TEHITIHHOMY.

Sx BunmHO 3 puc. 1, 3a BX Ne 1 1 BX No 2 Ba)kKO ITOCTaBHUTH JiarHO3 3a BiICYTHOCTI
HOPM BiOparlii eIeKTpONPHUBOAY B PEIIEPHUX TOUKAX, 3MIHUCHUTH iIeHTU(DIKAIIIIO 9aCTOT
BiOparlii BU3HaYeHHS BUAY Ta MicIia neeKTy 9i HeCIPaBHOCTI.

Jlns mpoBeneHHs ineHTHdikamii gacToT Bibparlii HeoOXiTHO MaTH Ha KOXKCH eJIeK-
TPOTIPUBOA 0a3y MaHWUX: YACTOTy 00€pTaHHS pOTOpa, KUTBKICTh 1 THITH ITiAITUITHHUKIB, iX
THTIOPO3MIPH, KUTBKICTh MIITOK 1 KOJIEKTOPHUX KIJIEIh TOIIO. B eKcIuTyaramiiHux yMo-
Bax HE 3aBKIM MOXKHA MaTH IIi JaHi. ToMy miJ yac MPOBENCHHS BiOPOXiarHOCTYBaHHS
JTOTTUTHPHO BUKOPHCTOBYBATH ITi/IX1]] 3 aBTOMAaTHYHOI iTeHTH(DiKaIlii gacToT BiOpartii [7; 9].

CKJIamHICTh AiarHOCTYBaHHS MOSICHIOETHCS 1€ I THM, 1110 HaBITh 32 HASBHOCTI HOPM
BiOparii HA Baxkko 3a0e3meunTt HOpMOBaHUN pekuM podoT HA (pexum, 3a SKOTO
HOpMYIOThC BX) mim dac mpomeneHHsI BiOpomiarHOCTyBaHHS. Takok B eKCILIyaTa-
MIHHAX YMOBaX 3a3BWYal crioctepiraroThes Quykryarii BX HA, sxi 3ymoBieHi 3wmi-
HOIO 0araThboX eKCIUTyaTaIliiHUX YWHHUKIB: HAaBAaHTAXCHHSIM, TEMIIEPATypOIo, SKICTIO
MepesKi JKUBIICHHS TOIIIO.

ABTOpH BpaxyBalld, IO Y MPOEKTYBaHHI HA KOHCTpYKTOp pOOHTH yce MOXKIIHBE,
o6 BX Oynu B Mekax 3amaHuX (YMHHUX) HOPM 9H 100 piBHI OyJIH MiHIMaJIbHO MOX-
muBnuMu. OTXXe, B iI€albHAX yMOBaX MOXKHA TIPUITYCTHTH, IO W PiBHI CIIEKTPAIb-
HUX CKJIamHUKiB BiOpariii HA, BuMipsHi B pi3HUX HampsIMKax, OyayTh CXOXHUMH a0o
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HE3HAYHO BIIPI3HATUMYTHCS Ha JISSIKUX YacToTax Ha BeawmuuHy AL. lle mpumymeHHs
OyJ10 TIepeBipeHO Ha YUCIICHHUX EJIEKTPOIPUBOIAX Pi3HOTO BUKOHAHHSI, a TAKOXK Ha Pi3-
HUX TEXHIYHO cripaBHuX HA nuisixom BuMiptoBanHs iX BX y pi3HUX HanpsMKax.

PesynbsraTtoMm I0CIiKEeHb € IPOIIOHOBAHMI CII0Ci0 BIOpOAiarHOCTYBaHHS, 1110 MOJIs-
rae B TOMY, III0 BUMIPIOIOTBCSI CIIEKTpalbHI piBHI BiOparii (Hanpuknai, 3a 1/3-okras-
HuUMH QineTpamu) HA B pi3HHX HaIpsSMKax 1 MOTIM MOPIBHIOIOTHCS. SKIO B pe3yabrari
MOPIBHSHHS PiBHI BiOpallii € CXO)KUMH Ta HE BIAPI3HSAIOTHCS OAMH BiJI OJJHOTO OiNIbII
HiK Ha HOpMY AL, To HA BBaxaetbcst y cripaBHoMy TC. SIKI0 BOHM MEpeBUIIYIOTH
BCTaHOBIIEHY HOpMY AL, To Mae micue aedekr ado HecnpaBHICTh. 3HAIOUM YaCTOTH
¢binpTpiB, e pi3HUIS pPiBHIB BiOpamii 3HayHa, BH3HAYAIOTh BUA Aedekry abo micie
HECITPaBHOCTI.

Heo0OxiaHo 3a3Ha4uTH, 11O i YaC BU3HAUYCHHS IOPOTOBUX 3HAYCHB JIarHOCTHY-
Hux napametpiB (mami — [AITA) ans koxkHOro KOHKpeTHOoro HA BM3Ha4aroTh movar-
KOBHH TOpir AL ., IKuii Xapakrepusye ii cipaBHe (yHKI[IOHYBaHHS, TOJI IPAHUYHUK
MOPIT, IO XapaKTepU3ye MOsIBY PO3BHHYTOTO Je(eKTy Ta HOTO TPaHUYHY JAOMYCTUMY
BEJIMUMHY, SIK IOKa3y€ JIOCBIJ eKCIUTyarTallii Ta pe3yJabTaTH eKCIIEPUMEHTIB, JI0PiBHIO-
Batume AL+ 6 nb.

Sk mpuknaa mpoBeleMO JIarHOCTYBAaHHS 3 BUKOPHUCTAHHSM 3allpOIOHOBAHOTO
METOTY, 32 JIOIIOMOTOI0 Pe3yJbTaTiB BUMIPIOBaHb, HABEJACHUX Ha pHC. 2.

Puc. 2. Bibpayiiina xapaxmepucmuxa HACOCHO20 azpe2amy:
3—AL=|LR—-LT| <6 0b y cnpasnomy mexuiunomy cmami,
4—AL=|LR—-LT| > 6 0F y Hecnpagnomy mexnHiuHomy cmami

Puc. 3. Penephi mouku HacocHoeo azpezamy
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C[m T

Puc. 4. Penepni mouku cyoHo8ux Hacocis:
X — mouka eumiprosants,; 1 — 6epxHitl (3a0Hill) NIOWUNHUK e1eKMPOOSUSYHA;
2 — HudICHIIL (nepeodHill) nIOWUNHUK eleKmpo0susyHa, 3 — eepXxHill (nepeoHitl)
RIOWUNHUK HAcoca, 4 — HUdICHIT (3a0Hill) RIOWUNHUK Hacoca, 5 — Kopnyc Hacoca

B imxeHepHill mpakTUlll BBEACHO MOHATTA BiOpaliifHOro nepeHaBanTaxeHHs [12]:
K =4 /g=0,004 47, (1

ne A, — aMIUliTyla NPHMCKOPEHHs, M/C’; A — aMmIliTyaa TepeMillleHHs, MM;
g=9,81 M/c? — IPUCKOPEHHS BIIBHOTO T AiHHS; f — 9acToTa BiOparii, I'm.

3anexHO Bif 3a1aHOTO TIepeHaBAaHTAKEHHSI Ta YaCTOTH BEIMYMHA aMILTITYIX 3T1THO
3 (1) Bu3Ha"aeTHCs 3a hopmymnoro (MM):

A=250K /f,

sIKa CTAHOBHTB TIMEPOOIIIYHY 3aJICKHICTh aMILTITY/IH Bijl YaCTOTH.

Bepyun nmo yBaru, 1o OUIBLIICTH MIANIMITHUKIB KOYEHHS KopabenpbHux HA
3a (PopMyIIAPOM MarOTh po3paxynkosuii pecypc 7 =10...12 Tuc. ronus, HOMiHaNIbHY
JIOBTOBIYHICTh IXHIiX MiIIMITHUKIB 3 ypaxyBaHHAM K MOXHA IIPEJICTABUTH Y BUIIISII

[12] (romun):
10° ) CY 58956
T =L = = ===
oo [6%)[1)] (1+k,)’ @)
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Jie 1 —4acToTa 00epTaHHs Baja, XB™'; P— eKBiBaJICHTHE THHAMIYHE HaBaHTaXeHHs, H;
C — BaHTaXOMIAHOMHICTB, H; p — moka3HUK cryreHs (el MOKa3HHUK ISl IapUKOBUX
nigmumHuKiB p =0,30; a5 poauKkoBHX MigMUIHUKIB p=0,33).

Omxe, BUMIPIOIOYM B KOPAOEIbHUX YMOBAaxX BiHOCHY aMILIITYy MPUCKOPEHHS A
poTopa, 3a popmyIor (2) MOXKHA BU3HAYUTH 3AJMILKOBHH pecypc T HiAIIMITHUKIB
KOYCHHSI.

st BUMiproBaHHs BiTHOCHOT BiOparlii Bana (potopa) kopabenbHux HA HeoOXiqHi
CHeliaibHI IaTUYMKH, 1110 BCTAHOBJICHI cTaiionapHo. Ha puc. 5 nmoka3ani Buau BiOparriit
1 TOYKH TX BUMIPIOBaHHSI.

Puc. 5. Buou eibpayiti i micys ix eumipto8ants Ha NIOWUNHUKY KOB3AHHS

BignocHa BiOpaitiist Baa — 1e pyx Bajia mojo po00ov0i MOBEPXHi MiAMUITHAKIB, KA
TpeThes. Ll BiOparist BUMIpIOEThCS (prc. 6) B KOXKHIHM IUTOMIMHI ITiIITHITHAKA B pai-
AJTHFHOMY HAIPSIMKY 3a TOTIOMOTOIO JIBOX B3a€EMHO 3MiIeHNX Ha 90° Oe3KOHTaKTHUX
JATYHKIB, 110 TPAIOIOTH Ha TPHUHIIAII BUXPOBUX CTPYMIB.

..'/ L
; 0 "I,’, //jﬂflf/,,,b’ /‘,u i
.

2 '
£

/4

Puc. 6. Yemanoenenns 6e3xonmaxmno2o 0amuuxa oasl 6U3HAYEHHS! GIOHOCHUX
sibpayil eana (Ha NPUHYUNT BUXPOBUX CIPYMIB) 8 OOHIT NIOWUHT NIOWUNHUKA
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Jls KOXKHOI TUIOIIMHYU TiANIMITHAKA TMOTPIOHO 3aCTOCYBaHHS JBOX JATYMKIB JIJIS
BUMIPIOBaHHS 111 4ac 0O0epTaHHsS OpOITH LEHTPY IUHKH MiAMKNITHUKA (KIHETHYHA Tpa-
€KTOpis Bajia). KoxkeH MaTyuk BUMIpIOE TPAeKTOPIIO BiOpalliil Basia B HANPSIMKY CBO€T
MO3JI0BXKHBOI 0ci. KiHeTHYHY TpaeKTOpiro Baia B IaHIH TUIONIMHI BUMIpIOBaHHS BU3HA-
4ae cyma BEKTOPiB 1UX BiOpaii S, (7) Ta S,(¢). [0110BHOK BETMYUHOKO IS OL[IHIOBAHHS
BIZTHOCHHX BiOpalliii BaJIiB € TpaekTopis BiOpaiiid, MKM. BUMipIoeThCs Iepenycim max-
cumanvie ioxunenns S, IKe BU3HAYAETHCA AK MAKCUMAJIbHE 3HAYEHHS KIHETHYHOT
TpaeKTOpii Bana (BiAXMIECHHS Baja) y IUIOIIMHI BUMIprOBanus S, =[S, ()] .

Y tpumaui (puc. 7) I’ €30€NEKTPUIHUN JaTYNK MPUCKOPEHHs (2) BEUMIprOe abco-
JIOTHI BiOpawii mimunHuKa, a 0e3KOHTAaKTHUI JaTinK 3 BUXPOBUMHU cTpymamu (1) —
BiZTHOCHI BiOparii Baja. YTBOpeHa y MPHUCTPOT 3aXUCHOT CUCTEMH CyMa BEKTOPiB 000X
CUTHAJIIB BIANOBIa€ aOCONIOTHUM BiOpallisM BaJa.

=

/ 1
Puc. 7. Tpumay oamuuxa 0ns sumipioeanis abcontomuux eibpayii eana

[ mpakTUYHOTO BHM3HAUEHHS 3JIMIIKOBOTO pECypCy MiJIIWIHHUKIB KOUEHHS
3a pe3yJabTaTaMy BUMIPIOBaHHS iXHIX PiBHIB BIOPONPUCKOPEHHS 3pyYHO BUKOPUCTOBY-
BaTH 3aJIC)KHICTh, IPEACTaBIEHY Ha puc. 8.

30inpIHTH pecypc MiALIMITHUKIB KOYEHHS B €KCIUTyaTalliiHIX yMOBax BiAMOBIAHO
110 hopMyu (2) MOKHA NIIAXOM 3MEHIIEHHS K 3aBJIAKN:

— MepioIMYHOMY MPOBEIACHHIO Min0ajaHCyBaHHS POTOpa (PEKOMEHIYETHCS Yepe3
2,0-2,5 Tuc. ronun);
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Puc. 8. 3anesxcnicmo pecypcy niowunnuxa kovenns T, = 6i0 3a2a16H020 picHa
sibponpuckopenns L, Ob, niowunnuxoeo2o wuma xopabensroi mawiunu,
pao 1 — ona wapuxoniowunnuxa, psao 2 — 015 poauKOniOWUnHUKA

— cBoeyacHoMY (3a paktuuauM TC) npoBeaenHio TO Ta peMOHTY;

— KOHTPOITIO SIKOCTi BiOpOi30it010u0ro KpimieHHs (BrinBae Ha BX mamumH i Mexa-
Hi3MiB 3a He3MiHHOTO ix TC), K0 BOHO €;

— MiJKPIMJICHHIO PyHIAMEHTIB (301IbLICHHS IXHBOT )KOPCTKOCTI) Ta 1HILIMX 3aXO/iB.

BucnoBku. 1. 3anpornonoBano Meton BiOponiarnoctyBanus HA, sikuit He moTpebye
iHpopMalii mpo HOpMH BiOpalii, iXHi TAKTUKO-TEXHIUHi JaHi, ctaH HA Ha MOMEHT mpo-
BECHH 1arHOCTYBaHHs, IOIIMPIOETHCS, SIK IIOKA3aJIM IPOBEIEH1 AOCTiKEHHsI, Ha BCi
THUIIH HACOCIB 3 €JIEKTPOIPUBOIOM.

2. Januit miaxia J03BOJIsiE PO3POOIATH MPOCTi A1IarHOCTHYHI IMIPHUCTPOI, 10 CKIIaaa-
I0TBCS 13 1BOX 200 TPHOX KaHAJBHUX aHaJI3aTOPiB CIIEKTPa, apU(PMETHIHOTO OJIOKA JUIS
obumncnenHs AL Ta 6inoka curHaji3auii, a Takox OloKa aHasi3y, y SIKOMY IPOBOAUTH-
MeTbCsl aBTOMaTH4Ha iieHTH(iKalis yacToT BiOpamii Ta MoOCTaHOBKA AiarHO3Y.

3. I'padiune, mpocropose yaBieHHs BiOpauii HA B penepHux Toukax J03BOJISIE OTie-
parusHo cyautu po TC HA.

ITepcreKTUBHUM NPOJOBKEHHAM POOIT y LIbOMY HANPAMKY € yTOYHEHHS AL . s
pizaux HA, ampo6arist ;aHoro miaxoay 10 pi3HUX MaIllMH 1 MEXaHi3MiB, pO3poOIeHHs
JiarHOCTUYHUX IPUCTPOIB.

4. JIns mpakTHYHOTO OOIPYHTYBaHHS TPaHUYHHUX pPiBHIB BiOpaliil pi3HHUX Kopa-
OeJbHUX MAIlIWH 1 MEXaHi3MiB JOLUIFHO BUKOPHCTOBYBaTH Koe(ilieHT BiOpamiiiHoro
nepeHaBaHTaxkeHHA K11, skl BU3HAYa€ThCS 3a 3arajibHUM PiIBHEM BiOPOIIPHCKOPEHHS,
BuMipsHoro B giana3oHi 10-20 I'm...10-20 tucsty ', migIIMIHAKOBOTO By3ja KOpa-
0epHOT MalIMHKU a00 MEXaHi3My.

[lepcneKTHBHUM MPOIOBXKEHHSIM POOOTH y LBOMY HampsMKy € AeTani3amis po3-
paxyHKy HOpM BiOpauii Al pi3HHX THIIB KOpaOelnbHUX MAalllH i MeXaHi3MiB, po3po-
OJICHHS METOAWK PO3PaxyHKy Ta MPOTHO3YBaHHS 3aJMLIKOBOTO Pecypcy, NMpHianoBa
peanizaliis TaHOTO MiIXO0.y.
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JOCJIIXKEHHSA BYKCUPYBAJIBHOI'O OIIOPY KPYIi3HUX CYJAEH
ITPH IX PO3MIPHIY MOJEPHI3AIIII

O.M. lllymnno
K.T.H., npodecop Kadenpn cyTHOBUX EHEPIeTUYHIX YCTAHOBOK Ta TEXHIYHOI eKCILTyaTarii,
Ooecvkuil nayionaneHuti Mopcobkuil ynigepcumem, Odeca, Ykpaiua,
ORCID ID: 0000-0003-0574-1951

Anomauisn

3pocmanna nonumy Ha MOPCuKi Kpyi3u 3Mywlye cyOHONLA6HI KOMNAHIi 3anoyam-
Kogyeamu 8upodonuymeo Hosux cyoen. Okpim moeo, 3pocmannsa eumoz Misxcnapoonoi
MopcwKoi opeaHizayii 00 be3neku cyOHONIABCMBA Ul OXOPOHU HABKOIUUWHBOZO cepeo-
08U a IMYULYIOMb CYOHOOYOIBHI 8epghi ma UPOOHUKIE CYOHOB020 0ONAOHAKHA 3A1YYA-
MU HAtCy4acHiui po3pooKu MOPCHKOI iHXCeHepii ma nposooumu 8i0n06iOHI HaAYK08o-
00CHIOHI ma KOHCMPYKMOPChKi pobomu. B excniayamayii c6imogozo nacaicupcvko2o
@nomy nepebysaiomsv 0eKinbKa 0ecamKie Cyoen, CMmaH aKux mpeba y3200umu i3 cyuac-
HUMU BUMO2AMU, MOOMO 3MEHUUMU PIBeHb MOPATIbHO20 3HOCY ma 00caemu 8i0noeio-
HOCmI Kpumepiam Kpyi3H020 PUHKY.

Csimoguii Kpyi3uuti prom Hanivye 3Hauny KilbKicms maxux cyoeH — Kanouoamis s
nposedeHHst po3mipnoi MooepHizayii. 30invuieHtss po3mipie cyoHa 3a60aKu 000ABAHHIO
YUNIHOPUYHOT 6CMABKU BNIIUHE He MINbKU HA KOPNYC CYOHA, aie Ui Ha pobomy I8uH-
MO-PYIb0BO2O KOMNAEKCY Md 20I06HO20 08USYHA, OCKIIbKU GiH € Hegi0 €EMHOIO Hacmu-
HOI 3a2a1bHOCYOHOB0I eHepeemuuHoi cucmemu. Bzaemodia cmpykmypnux eiemenmis
NPONYILCUBHO20 KOMNILEKCY MAE CUCIEMHULL Xapakmep i NOSUHHA OOCTIONCYBAMUCH i3
3aCMOCY8AHHAM CUCEMHO20 NI0X00Y. Takumu cimpyKmypHUMY eleMeHmaMu € TeUHMO-
PYIb08ULE KOMALEKC, KOPNYC, 207106HULL e1eKMPOOBULYH (CYOHO8A eleKMPOeHeP2emUudHa
cucmema). Ilpogedeno ananiz 6naugy 30inbulerHs 008UCUHU CYOHA HA XAPAKMEPUCHIU-
KU CUCeMU, o YMeoploe NPONYIbCUBHULL KOMNIEKC — «T8UHM — KOPHYC — 20N06HULL
O0BUSYHY.

Oyinka xo0060cmi ma NPONYILCUBHUX AKOCMEU CYOHA IPYHMYEMbCA HA GUSHAYECHHI
tioeo byKcupysanbHo2o onopy. [JocnioxiceHo OyKCupysanbHull onip y 3a1eHCHOCHI 8i0
WBUOKOCTT MA Q0BIHCUHU CYOHA (00BAHCUHU YUTTHOPUHHOT 6CMABKU) 13 3ACTNOCY8AHHAM
Mmemody Xonmpona. IIposedeno aKicHy ma KilbKiCHY OYIHKY OYKCUPYBATbHO20 ONOpY
ma 1020 CKAA008UX YACTNUH NIO YAC NPOBEOeHHs POIMIPHOI MOOepHI3ayii.

Knrouosi cnoea: nacascupcovke cyono, po3mipHa molepHizayis, OYKCUpysaibHUlL
Onip, NPONYIbCUBHI XAPAKMEPUCTIUKU.

© Iymuao O.M., 2023
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STUDY OF TOWING RESISTANCE OF CRUISE SHIPS
DURING THEIR DIMENSIONAL MODERNIZATION

O.M. Shumylo
PhD in Engineering, Professor at the Department of Ship Power Plants
and Technical Operation,
Odessa National Maritime University, Odesa, Ukraine,
ORCID ID: 0000-0003-0574-1951

Summary

The growing demand for sea cruises forces shipping companies to start production
of new ships. In addition, the growing requirements of the International Maritime
Organization to ensure the safety of navigation and environmental protection force
shipyards and manufacturers of ship equipment to involve the most modern developments
in marine engineering and conduct relevant research and design companies. At the
same time, there are several dozen ships in operation in the world passenger fleet, which
must be brought up to modern requirements, that is, reduce the level of wear and tear
and meet the requirements of the cruise market.

The world cruise fleet has a significant number of such ships - candidates for
dimensional modernization. The increase in the size of the ship due to the addition
of a cylindrical insert will affect not only the ship’s hull, but also the operation of
the propeller-steering system and the main engine, since it is an integral part of the
entire ship s power system. The interaction of the structural elements of the propulsive
complex has a systemic nature and should be studied using a systemic approach. Such
structural elements are the propeller-rudder complex, the hull, the main electric motor
(ship electrical power system). An analysis of the effect of increasing the length of the
ship on the characteristics of the system that forms the propulsive complex — “propeller-
hull — main engine — gun’ was carried out.

The assessment of the maneuverability and propulsive qualities of the vessel is based
on the determination of its buckling resistance. The towing resistance as a function of
the speed and length of the vessel (the length of the cylindrical insert) was studied using
the Holtrop method. A qualitative and quantitative assessment of the towing-propulsion
resistance and its components during dimensional modernization was carried out.

Key words: passenger ship, dimensional modernization, towing resistance,
propulsive characteristics.

IMocTtanoBka mpo6JjeMu i omin jiTepaTypu. 3MEHIICHHS CYNEPEYHOCTEH MiX
BHCOKHMM TIONTUTOM Ha KPYi3HI MEpeBe3eHHsS Ta MPOIO3MIIEI HAa HUX BiJ KPYi3HHX
KOMITaHi{, HEOOXiIHICTh TOTPUMAHHS CydaCHHX HOPM IIOA0 OE3MEKH CyIHOIUIaBCTBA
Ta MPOTHUIiT 3a0pYIHEHHSIM MOPCHKOTO CEPEIOBHUINA 3MYIIYIOTh CyAHOIIIaBHI KOMITaHi1
MPOBOJIUTH aHAJI3 CTAaHy MOPAIILHOTO 3HOIIYBAHHS CBOTO (DIIOTY, 32 HOTO pe3ynbrataMu
yXBaJIOBaTH OOTPYHTOBAHI PIillIeHHs MIO/I0 MPOBESHHS MOJIEPHI3aIlii.

VY po6ori [1] 3anponoHOBaHO YTOUHEHY CTPYKTYPY OCHOBHHMX HalpsMiB MOJEpHi3a-
1ii, K-OT:

— penogarlis kopmycy (pieai 1SS, 2SS, 3SS);

— KOHBepcis (3MiHa IPU3HAYCHHS CyqHa, 30UTBIICHHS PO3MIPIB CyaHA, OyTiBHUIITBO
HOBUX CYJIEH 13 3aCTOCYBaHHSIM €IIEMCHTIB Y)KUBAHUX CY/ICH);
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— mepeo0JiaHaHHS CYTHOBHX 1HXEHEPHHUX CUCTEM 1 KOMILJICKCIB (OCHOBHI Ta J0IO-
MIXHI);

— mepeoONiaJIHaHHSA BHYTPIIIHBOCYAHOBOT apXiTeKTYpH (KalOTH, 30HU BiJIIOYHHKY,
xXap4yBaHHsI, TOOYTY, CEpBICY).

OaxiBisMu kinacudikariiitnoro ToBapuctea ‘“‘Det Norske Veritas” [2] Oymo mpose-
JICHO aHajli3 CKJIaJy CBITOBOTO MOPCBHKOTO KpYi3HOTO (hioTy, 3rifiHO 3 sikuM (puc. 1)
Cy/iHa BaJioBOIO MicTKicTIO 710 43 000 GT maroTh HaWOLIBITY YHACEIbHICTE — 125 onu-
HU1b, Big 400 000 mo 69 000 GT — 40 omunuie, Bix 690 000 xo 93 000 GT — 74,
Big 93 000 mo 143 000 GT — 60, Gimemre 143 000 GT — 13.

A CepedHili gik cydeH,
POKU
30
25
—
20
A 1 —
10 B
5
— —
GT
— | 20
— 40
60
80
Y 100
L) 120
L 140
KinbKicmo 160
cydeH fo 43000..  69000.. 93000... noHag,

43000 69000 93000 143000 143000

Puc. 1. Po3nodin nacasxcupcokux cyoer 3 pisHow 6anosoio micmxicmio GT
3a IKOM 1 KIIbKICHIO

[Norenuitino HalnpuBaOIMBINI KaHAMJIATH HA MOJCPHI3AIlil0  BKJIIOYAIOTh
8—19-piuni cymna Big 40 000 no 143 000 GT, mro ctaHoBUTH Maiike 55% doty. CynHa
nonay 143 000 GT BuiyyaroThCsl, OCKIIBKH TXHS JJOBXKHHA BXKE JIOCATIIA MEXI TTOTOYHOT
MPOITYCKHOT 3/[aTHOCTI O1TBIIOCTI IOPTIB, Y SIKi 3MIHCHIOIOTHCS CYTHO3aXO0/IH.

3 mo3uniil 301IbIIEHHS MaCaKUPOMICTKOCTI CylleH BaKJIMBY POJb BiAirpa€e Takuid
BUJI KOHBEPCii, sIK po3MipHa MOJEpHi3allisi — 30UIbIICHHS TOBKHHN CyIHA 33 JIOTIOMO-
TOI0 JIOJIAaBaHHS IIWJIIHAPUYHOT BCTaBKU. JlOCIIIKEHHS 1[bOT0 BUY MOJCPHi3aIlil 0ys10
mposeneHo y mparsix [1; 3].

VY pe3ynbTari BUTOTOBJICHHS Ta BCTAHOBJICHHSI JTOJIATKOBOI CEKIIii 30UIBIIYIOTHCS
po3mipu cyaHa (Hacamriepe]l MOro JOBXKHHA), OTKE, CTBOPIOETHCS MOTEHIIIHHO HOBE
CYITHO 3i CBOIMH T€OMETPUYHUMH XapaKTEPUCTHKAMHU, MOPEXITHUMH SIKOCTSIMH, OIIHKA
SIKMX 3JIHCHIOETHCS BITIOBIIHO JI0 YUHHUX HOPM 3a0e3IeUeHHs HaJIHOCTI Ta JKUBY-
YOCTi CyJHa.
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Merta gocaimzkeHHs. MeTor0 T0CIKCHHS € BU3HAYCHHSI BIUTUBY PO3MIipHOT MOJIEp-
Hi3alii cy/Ha Ha OTO MPOMYJIBCHBHI SKOCT. MeTa TocsraeThesl po3IysIoM 1 BUpilIeH-
HSIM TaKHUX 3aBJIaHb:

1) nmpoaHani3yBaTH BIUTUB 301IbIICHHS JOBKHUHHU CY/IHA 3 MO3UIIHA CUCTEMHOTO ITiJI-
X0y Ha pOOOTY CUCTEMH «JIBHUT'YH — IBHHT — KOPITYCY;

2) AOCHIAWTU BIUIUB 30UIBIICHHS PO3MIPIB CyIHA 3 JOAABaHHSAM IMJIIHAPUIHOT
BCTaBKH Ha BEJIMYMHY OYKCHPYBAIBHOTO OTOpPY CYJHA Ta HOTO CKJIQJHHUKIB, POBECTH
SIKICHY Ta KUTbKICHY OIIHKY [TUX CHJI Y JlialTa30H1 eKCIUTyaTalliiHIX IBUIKOCTEH.

HocaimkeHnsi OYKCMPYBAaJILHOTO OIOPY CYIHA Ta HOTr0 CKJIAJ0BUX YaCTHH
Y 3aJ1eKHOCTI Bij 30iJIbIIEHHS HOTO0 JOBKHHM. 3 MO3UI[IIl CUCTEMHOTO MMiIX0y KOp-
Myc Cy/Ha, PyIIild, TOJOBHHUH JBUTYH, SIKi 3IIICHIOIOTH CIIJIbHY POOOTY, YTBOPIOIOTH
BIJIMIOBIIHY CUCTEMY, sIKa B IIapHHI MOPCHKOI 1HXXKEHepil Mae ycTajeHy Ha3By — «Ipo-
MyNbCUBHHAN KOMIUIEKC cyiHay. CTPYKTYypHI €IeMEHTH [IbOTO KOMILIEKCY B3aEMOJIIOTh
TAaKUM YUHOM, IO 3MiHa BJIIACTHBOCTEH 1 XapaKTEpUCTUK OJHOTO 3 HUX 3aKOHOMIPHO
MpUBE/Ie 710 BiIMOBIAHUX 3MiH B pOOOTI 1HIIMX, SIK Pe3yJbTar — B SHEPreTHIl CyIHa
3arajioM. Y pe3ysbTaTi MPOBEICHHS PO3MIPHOI MOJEpHi3allii 301IbIIYETHCS JTOBKUHA
Cy[Ha, SIK HACHTIJOK — 3MIHIOETBCSI PEXKUM POOOTH CUCTEMH «KOPITYC — TBHHT — TOJIO-
BHUIT IBUTYH». bepyun 1o yBaru Te, o Maiike BCi cydacHi Kpyi3Hi Cy/lHa SK TOJIOBHI
3aCTOCOBYIOTh €JICKTPUYHI JIBUTYHH, SIKI BXOISITH JIO CKJIQJy 3aralbHOCYJTHOBOI €JIeK-
TPOCHEPTreTHYHOI CUCTEMH, 3rajlaHa CUCTeMa JJIS IIUX CYJICH Ma€ TaKy KOHQIrypaiiro —
«KOPITYC — TBUHT — FOJIOBHUH €JIEKTPOJABHUTYH — CY/THOBA EJIEKTPOCHEPTETUYHA CHCTEMaY).

VY pobori [1] Oya0 mocimikeHO BHU3HAYEHHS ONTHMAIBHOTO PO3MIpY (IOBXKHHM)
MWIIHAPUYHOI BCTaBKH (CEKIlii) Maca)XKMpPCHKOTO Cy/IHA, sIKe IPYHTYBAJIOCh Ha CTBO-
PEHHI BiJIIOBIIHOT MAaTeMaTUYHOT MOJIEJII, I[JIbOBA (DYHKIIIT SIKOT pO3pOOISIIach 3 METOIO
3a0e3MeYeHHs] MAKCUMAIILHOTO PUOYTKY OHOBJICHOTO Cy/iHA, OOMEKEHHS 30CepeKY-
BaJIMCh Ha 3a0€3MEUCHHI TaKuX (PyHKITIH:

— MaKCHMAJIBHOTO JIOXOMY;

— BapTOCTi MPOBEICHHS MOJICpHi3allii;

— BapTOCTi YCTAHOBKH (3aMiHH) PyXaJbHO-PYJIHOBOIO KOMILIEKCY — IBUHTIB, PYIIiB,
MiAPYITIOI0YNX TPUCTPOIB;

— BapTOCTi YCTAaHOBKH (3aMiHH) TOJIOBHUX €JICKTPOJBHUTYHIB;

— BapTOCTi yCTAHOBKU (3aMiHM) JH3eNb-TeHEPATOPHUX arperaris, Tpanchopmaro-
PpiB, IEPETBOPIOBAYIB YACTOTH, EIIEKTPUIHUX MEPEK;

— BapTOCTI YCTAaHOBKH JOJATKOBOTO JIONOMIXHOTO 00jamHaHHS (KOHAMIIIOHEPIB,
CHCTEM BOJIOTIOCTaYaHHs Ta BOJOBIABeAcHHS (grey i black water);

— BapTOCTi ONepaIiifHuX BUTPAT;

— BapTOCTI pOOIT 13 3a0e3IeUeHHS MIIIHOCTI KOPITYCY.

3 orsly Ha HaJA3BUYAHHO BEJTMKE 3HAUCHHS 3aXUCTY HaBKOJIHMIITHBOTO CEPEIOBHIIA,
30KpeMa 3HIKCHHSI BUKHIy NMapHUKoBHX TasiB (Green House Gas), mo BimoOpaxeHo
B HOPMaTHBHUX JOKyMeHTax MiXHapomHOi MOpPCBKOI opraHizatii, y po6ori [3] Oyno
3aMpOIOHOBAHO BBECTH JI0 3araJibHOT MOJEII Ie OAHY IIbOBY (YHKIIIO, ska 3a0e3-
nevye TOTPUMAaHHsI CY4acHUX BUMOT JI0 €Heproe()eKTHBHOCTI CyTHA.

Pesynwsrar MoznepHizanii nepenoadae 30UTbIICHHS JOBXHUHM CyJIHA Bij TIOYaTKOBOT
Ha BEJIMYMHY BCTAaBKU AL, ONTHMalNbHE 3HAYCHHS SIKOi OTPUMYETHCS MaTeMaTHYHUM
MOJICTIIOBaHHSM. 3 OISy Ha CHCTEMHHUH XapakTep B3aeMOJii MK CTPYKTYpPHUMH
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CKJIaJJOBUMH YaCTHHAMH MTPOMYIBECHBHOTO KOMIUIEKCY, IIOCTa€ HEOOX1THICTh MPOBECTH
SKICHY OLIIHKY BIUIMBY 301JIbILICHHS JIOBKUHH CyJJHA Ha pOOOTY HPOITYIbCHBHOTO KOMII-
JIEKCY — «KOPITYC — TBUHT — CYJJHOBA EIEKTPOCHEPTETHYHA CHCTEMA.

TTooBXeHHs JOBXUHM Cy[IHA IIOAO TMOYATKOBOTO 3HA4YEHHsA L, 10 BEIMYUHH
L=L,+ AL BnuBatume Ha:

1) KopIyc — 3MiHIOIOTBECSI BOJOTOHHAXKHICTB, 0CAJIKa, FEOMETPUYHI XapaKTePUCTUKU
KOpITycy, Koe(illi€eHTH 3aCMOKTYBaHHS, TIOMYTHOTO MOTOKY, MPOMYJILCUBHUN Koedili-
€HT, OyKCUpYyBaJIbHUHN OMIp 1 po3paxyHKOBUI Omip;

2) rpeOHUH TBUHT — 3MIHIOETHCS KOS(IIIEHT HaBaHTAXKEHHS, KOe(IIi€HT yIIopy, Bij-
HocHa xona, KKJI i moTyxHicTs, ynop i Tsra, peakTHBHUN MOMEHT;

3) cyaHOBa €JEeKTPOCHEePreTHYHA CHCTEMa — 3 ypaxyBaHHSAM BIUIUBY OINOPY PYyXy
Cy[THa 3MIHIOETHCS MMOTYXKHICTh TPEOHUX EJIEKTPOIBUTYHIB, SIK HACTIJJOK — CAHXPOHHUX
TeHEepaTopiB, IPUBOJHUX TEIUIOBHUX JIBUTYHIB, TpaHC(HOPMATOPIB, IPUCTPOIB CHUIIOBOI
eJIEKTPOHIKH. BojiHOUac BapTo 3BakaTh Ha OCOONMBICTH €NEKTPOCHEPTETHYHOI CHC-
TEMU CYIHA, Y pa3i 301IbIICHHS KUIBKOCTI MAacaXHpiB MOCTAE MOTpeda B JAOAATKOBIN
reHepallii eleKTpOeHEePrii, 10 CIIPHYNHIOE 3aITyYCHHS JIOaTKOBHUX MOTY)KHOCTEH CHHX-
POHHHX T€HEPATOPIB 1 TEIIOBUX JBUTYHIB.

[MpoBeneHHs1 KOHBEPCii MacaKUPCHKOTO Cy/IHA MUISTXOM 30UTBIIEHHS HOTO PO3MipiB
13 I0ZIaBaHHSAM I[MIIIHAPUYHOT BCTABKHU Tepen0dadae MpOBEACHHS KOMIUIEKCHOT OIIHKU
HOTro MOPEXiTHUX SKOCTEH: XOIOBOCTi, MAHEBPEHOCTI (CTIHKOCTI Ha KypCi, pyXJIMBOCTI),
CTIMKOCTI, MOPEXiTHOCTI (CIIEMiHTY, 3aJIMBAEMOCTI, OTOJNICHHS IBUHTA). Llg craTTs cra-
BUTh 3aBIaHHS OLIIHUTHU SKICHO 1 KiJIbKICHO BILIMB MOJEPHI3allii Ha XOIOBICTh Cy/IHA.
VY TpamumitHOMy TIyMadeHHI TiJl TPOIMYIbCUBHUMHU SKOCTSAMH CYIHA PO3YMI€ThCS
XapaKTEPUCTUKA HOro XOMOBOCTI, IO BIJJI3EPKAIIOE 3aJICKHICTh MOTYXKHOCTI, SKa
BUTPAYAETHCS Ha 3AIMCHEHHS PyXy CY[HA, BiI HOTO pO3MIpiB 1 IIBUIKOCTI. Y MOPCHKil
NPaKTHII 3a3BHYail BUKOPUCTOBYETHCS HAWIPOCTINIMK TIOKA3HUK, SIKUH BH3HAYAETHCS
Yyepe3 CHiBBIIHOMICHHS BOJIOTOHAXKHOCTI Cy/IHA Ta HOTO MIBHIKOCTI Ha TPOIYJIbCUBHY
MOTYXHICTh (pHC. 2).

[MpoTsiroM *KUTTEBOTO IUKITY — MPOEKTYBAHHS, BAPOOHUIITBA, EKCILTyaTallii, Mojep-
Hi3aIlil, MOCTIHHO BUPINIYEThCS MpobiaeMa 3a0e3redeHHst HOro MPOIyITbCUBHUX SIKOC-
TeH, AKi TMOB’s3aHi 3 TOJIOBHHMH PO3MipaMH, I'€OMETPUYHUMHU XapaKTEePUCTHKAMH
(dbopMu 00BOJIIB KOPITyCY, TEXHIYHUM CTaHOM HOTO Ta pyLIiHHO-PYITBOBOTO KOMILICKCY,
MOTYKHICTIO TOJIOBHUX JBUT'YHIB, IXHBOIO MOXITUBICTIO 3a0€3MEYNTH POEKTHY IIBH/I-
KICTb CyIHA.

HaxonuyeHuii 1OCBiA MPOEKTYBaHHS CYJICH ITiJ 4ac OLIHIOBAHHS MPOMYJIbCHBHUX
SKOCTEH 3acBiIUy€, IO HAWOUIBII JJOCTOBIPHI PE3YJIBTaTH MOXKHA OTPHUMATH 3 MOJICITh-
HOTO EKCIIEPUMEHTY, SIKHH MPOBOAUTHCS B JOCHIAHOMY OaceifHi, 3 HACTYIIHUM mepe-
paxyHKoM iX Ha peajbHe cyqHo. Ha eTamnax mpoeKkTHHX po3poOOK HE 3aBXKIH MOXKINBO
3MICHUTH TPOBEJCHHS BUIPOOYBaHb, TOMY IIOCTa€ HEOOXiTHICTH 3aCTOCOBYBATH
aHAMITUYHI 200 CKCIePUMEHTAILHO-aHAIITHYHI METO/HU, SIKi JI03BOJISAIOTh, BUXOASYU
3 BUXIIHUX JaHUX Tpo (opMy i pO3MipH KOPIYCY, PO3PaxOByBaTh OyKCHUPYBalbHHN
omip 1 motyxHicts [4]. L{i MeToam BigirparoTh BaXJIHMBY POJIb Ha CTafil po3paxyHKiB
1 KOHCTPYIOBaHHSI HOBOTO Cy/{Ha 200 MPOBEJCHHS HOTO MOJIEpHi3allil uis 3a0e3MeueHHs
Ta MPOTHO3YBaHHS MPOITYJIbCUBHUX SKOCTEH.
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He3paxkaroun Ha 3HA4YHY KUIBKICTh METOZIB JOCIHI/DKCHHS 3a JaHOK TEMAaTHKOIO,
BOHHU TIOCTIHHO BIOCKOHAIIOIOTHCSA Ta JOMOBHIOIOTHCS, NIMPOKE BU3HAHHS OTPUMAIH
TaKi METO/IM BU3HAUCHHS OyKCHUPYBaJILHOTO Onopy cynHa: Bimena (Wyman), Xonrporna
(Holtrop), Komtona (Comton), ®anra (Fung), Ban Oopmepcena (van Oomerssen),
cepii 60, Hendta (Delft) Ta iHmIi, mo Aa0Th pe3yabTaTH PO3PAXyHKY, sKi y MPHHAHS-
TUX MEXaxX MPUIHHATHO KOPETIOIOTHCS 3 Pe3ylbTaTaMH HaTypHHX €KCIIEPUMEHTIB JUIS
BU3HAYEHOTO KJIACY CYJIEH 1 iX pO3MipiB.

Jist OIiHKK BIUIMBY 301BIIEHHST PO3MIPIB KPYi3HOTO CylHA Ha OyKCHPYBAJIbHUIA
orip i 10ro KOMIIOHEHTH, SIK KJIFOUOBOTO CKIIQJIHUKA HOTO MPOIMYIECUBHHUX BIACTHBOC-
Tell, BUKOPHCTAEMO arpoOOBaHy METO/MKY, 3alPOIIOHOBaHy HalioHaabHUM YHiBEpCH-
TETOM KopabieOyayBaHHS [5], sika BEIHMKOIO MipOI0 TPYHTYETbCS Ha BIIOMHUX JIOCIi-
JokeHHsx Xontpora [6—8]. Cam MeToa XonTporia HaBOAUTHUCS HE Oyze, PO3IIsSAal0ThCs
TIIBKH MOTO pe3yNbTaTH. BykcHpyBalbHUI OMIp CylHA MOAAETHCS SIK CyMa OKPEMHUX
CKJIaJIOBUX YaCTHH:

ROZRV+RW+RAPP+RTR+RB+RA’ (1)

ne R, — B’A3KiCHUI OIip BOAM, IIO BU3HAYAEThCA i (I3MMHMMH BIACTHBOCTAMM

I0/10 MPUJIUIAHHS ii YaCTWHOK 10 TIOBEPXHi KOPIYCY CyAHA T4 BUHUKHEHHSM JOTHY-
HUX Halpy>KeHb, IOETHYE OMip POPMH i OMip TEPTS KOPIYCY;

R, — XBWJILOBHI OIIIp, 0 CIIPHYNHIOETHCS BAHMKHEHHAM KOPaOEIbHUX XBUIIb;

R ,,,— Onip BUCTYNAIO4YUX YaCTHH;

R, — onip TpaHus;

R, — onip Oynb0a;

R, — KopensLifHui J01aTOK /10 OIOpY, KUK Ha BPAXOBYEThCS 1HINMMH CKIIaJHH-
KaMH.

®di3uyuHa CYyTHICTh CKJIQJOBHX CHJI OIOPY, IO YTBOPIOIOTH OyKCUPYBaJIBHHI OIIp,
pi3HOMaHITHA, OCKLIBKH BOHU 3yMOBIIIOIOTHCS PI3HUMH BIIACTHBOCTSMH PiMHU Ta 3aJie-
Karh BiJl PI3HUX KPMTEPIiB moxibHOCTI. B’sa3kicHuil onmip cyana R, yTBOPIOIOTh CHIH
OTIOpY TEPTS Ta TUCKY.

Cuna onopy TepTs (omip TepTs) CIPUYNHAETHCSA CUIIaMU, SKi 1iI0Th Ha 3MOYYBaJIbHY
MOBEPXHIO Ta 3aJIeXaTh Bifl B’SI3KOCTI PIAMHU (BIACTUBOCTI il BHYTPILLIHBOTO TEPTH), 110
XapaxkTepu3yeThes urciaoM PeiiHonbaca.

Cuna onopy ¢opmu (omip ¢GopMu) TakoK 3aJCKUTHh BiJl BIACTHBOCTEH B’S3KOCTI
PiIMHM Ta 3yMOBIIOETHCS YHCIoM PeitHonbaca.

XBUNBOBHH omip R,, € 3aJ€KHUM BiJ BiIHOCHOI MIBHIKOCTI, sIKa XapaKTepHU3y-

w
eTbes uncnom Opyna k. = v /. gL, ne v — IIBUAKICTH CyJHA, U1 KPYI3HUX CYJEH Lis
HIBUJKICTh 3a3BUYail He TepeBullye 22 By3Jd, g — IPUCKOPSHHS BUIBHOTO MaJliHHS,
L — noexuHa cyqHa.

BiuB 3011bIICHHS TOBKWUHY CY/THA AL
IiJ] 9ac ioro MojepHizaiii (puc. 3) 10
Benuunnu L = L +AL, ne L — noyar-
KOBa JIOBXHHA CynHA, AL — JOBXKHHA _
BcTaBkH, Ha umcino dpyna ta uucio 1—-—- -|— —-—-
Petinonbica, mokaszano Ha puc. 41 5, T |
Ha npuknazai cygHa “MSC Opera”.

Puc. 3. Cxema 306invuenns 0o6aicunu cyona
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3a monomxkeHHs cyaHa B 1,1 pa3 uucno @pyna 3meHmryeTscst Ha 5%, B 1,2 pa3 —

Ha 9,8%, B 1,3 —na 13,5%, B 1,4 —Ha 17,5%.

Fr
0,230

0,225
0,220
0,215
0,210
0,205
0,200
0,195
0,190

1,000 1,100 1,200

1,300 1+AL/Lo

Puc. 4. 3anexcnicmo uucna @pyoa
8i0 8IOHOCHOI 008IHCUHU CYOHA
(Ha npuxnadi cyona
“MSC Opera”)

Uucno PefiHonbica BU3HAYAETHCS 3a IIMPOKOBIIOMOIO 3aJICKHICTIO Re = VL/v
Jie v — MBUAKICTh CyaHA, L — JOBXWHA CyIHA, V

BOJIIM.
700 Rex10-6
650
600
550
500

450
1,000 1,100 1,200

1,300 1+D|./L0

Puc. 6. 3anexcricmo yucna
Petinonvoca 6i0 6i0HOCHOI 008HCUHU
CyoHa (Ha npukiadi cyona
“MSC Opera”)

dFr
0,20

0,15 ="
0,10 o

o
0,05 S
o

o
o

0,00
1,000 1,100 1,200 1,300 1+DL/LO

Puc. 5. Bioxunenus yucia @pyoa

810 NOYAMKOB020 3HAYCHHS 30 30INbUICHHS

BIOHOCHOT 008JICUHU CYOHA
(na npuxaaodi cyona “MSC Opera”)

(sw)

) — KIHEMATHYHA BSI3KICTH MOPCHKOT

dRe
0,4

0,3 o
0,2 @
0,1 o

0,0
1,000 1,100 1,200

1,300 1+DL/LO

Puc. 7. Bionocue 36invwenns
yucaa Petinonvoca
(na npuxaaodi cyona “MSC Opera”)

Yucno PeiiHomnbaca 3a MOCTIHHOI MIBUIKOCTI CyaHa v = 22 By3NH Ta 301IbIIEHHI
JnokuHu cynHa B 1,1 pa3 cranouts 537 [am'] ¢ 10 omunus, 10%, B 1,2 pa3 —
597 « 10° ogunuuis, 20%, 1,3 pasz — 630 ¢ 106 ogunuik, 29%, B 1,4 — 36% (puc. 6 1 7).

OmuiHKy BIUIMBY pO3MipHOi MojepHi3auii Ha OyKcHpyBaHUH OIip CydHa Ta HOTO
CKJIaJJHUKH OyJIeMO TPOBOIUTH HA MPUKJIal KPYi3HUX CyleH, 10 MepedyBaloTh B €KC-
IUTyaTalii i € MepCIeKTUBHUMH 151 IPOBEACHHS TaKuX POOiT:

— MSC Opera (momep IMO: 9250464, 2006, GT59058, L = 251,2 m, T = 6,6 m);

— Eurodam (nomep IMO: 9378448, 2008, GT 86273, L =285 m, T = 7,9 m);

— AIDA mar (nomep IMO: 9490052, 2012, GT 71304, L = 253 m, T = 7,3 m);

— Celebrity Reflection (nomep IMO: 9506459, 2012, GT 125363, L = 319 m,
T,= 8,6 m).
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[Tnoma 3Mo4YeHOT MOBEPXHI KOPIYCY CyAEH BH3HAYAETHCS 32 PIBHAHHSIM KOpEs-
[ilfHO-perpeciiHOro aHai3y 3TiJHO i3 MPONo3uIisaMu XonTporna [6—8]:

Q.= L(2T + B)/F (0453 + 0,435 — 0,286//— 0,00347 2 + 0,37a) + 222, (2)

ne L, B, T— noBxuHa, IMPUHA, OCaJIKa CY/IHA;

a, 5, 0 — TeOMEeTpHYHI KOeilliEHTH KOPITyCy;

A,,~ moma Gysn0a.

VY nocnimpkennsx [ 1] miaTBeppkeHo, Mo B pasi 301IbIICHHS TOBKUHU KOPITYCY HE00-
XigHO 3a0€3MeunTH MiHIMaJbHy BUCOTY HaIBOIHOTO OOPTY, sIKa 3aKOHOMIPHO BILUIMHE
Ha BeIMUMHY ocainku T 3rigHo 3 BuMoramu KonBeHiii mpo BaHTaxkHy Mapky [9].
Pesynbratu X IOCHiKEHb MOKHA BUKOPUCTATH B MOJICJIIOBAHHI 3a PIBHSIHHAM (2)
TaKUM YHHOM:

— KoeIIieHTH 0, 5, d B pa3i momoBkeHHs cyaHa Ha 40% BIAXHIIAIOTHCS BiJl [1OYaT-
KOBOTO 3HaueHHs Ha 2—4%;

— ocanka T QyHKI[IOHATBHO 3MEHIIYEThCS, MI00 3a0€3MeYUTH MiHIMAIBHY BUCOTY
HaJABOAHOTO OopTy F 3a BuMoramu KoHBeHItii [9], olliHKa TaKOTro 3MEHIIICHHS 3aJIS)KHO
BiJ HOBOI nopxunu L myis naiinepis: MSC Opera — ua 24,0%, Eurodam — 20,2%, AIDA
mar — 21,2%, Celebrity Reflection — 18,6%.
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Puc. 8. 3uina nrowi smouyeanoi Puc. 9. Bionoche 30invuienus niowsi
NOBEPXHI CYOHA 3ANENHCHO 810 BIOHOCHOI 3MOYEHOI NOBEPXHI 3ANIEINCHO
008IAHCUHU 8i0 NOO0VBICEHHS CYOHA

Pospaxynkosa miomia Oysb0a A4,, Bil IOYaTKOBOTO 3HAYEHHS 3a JOBKHUHHU L 110 KiH-
11eBOro 3HaveHus L = L, + AL, mo BiJIMIOBi/1a€ 3pOCTaHHIO B , 30UTBIIYEThCA
Ha 28% (y cepennboMy Ha 12%). Y ToMy pasi, KOJIM HOBHI OyJIbO HE BUTOTOBJISATH,
A,,36inpmnThCs Ha 6,8% (y cepenHbomy Ha 3,4%).

Ha puc. 8 mokazaHi pe3ynbraTi po3paxyHKiB ILIOLI 3MOYEHOT MMOBEPXHi £ 3aJIe)KHO
Bin nogosxenns cynna L/L, (1 +AL)/(L), posmip BcraBku 0 < AL < 100 m:

— MSC Opera —3a 36inpenns L/L (1 +AL)/(L ) Bin 1,0 no 1,398 g mioma 3minu-
nach Bix 7 410 10 9 488 M2, 110 ctaHoBUTH 28% (puc. 9);

— Eurodam — ninoma 36insmrunace i3 9 635 10 12 061 m2, to6To Ha 25,2% (puc. 9);

— AIDA mar — nnoma 36insmmnacs i3 7 909 qo 10 214 m2, to6to Ha 29,1% (puc. 9);

— Celebrity Reflection — mnoma 36insmmmnacs i3 12 231 1o 15 027 m2, Tob6To Ha 22,8%
(puc. 9).
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SIk 3a3sHavanocs pawime, B’A3Kid omip R, moemHye B co0i JiBa BUIM ONOPY PyXy
Cy[Ha — OIIip TepTs i omip GopMHu, sIKi BU3HAYAIOTHCS, Cepe]] IHIIOT0, B’ A3KICHUMH BJIaC-
TUBOCTSMH PiauHuU. B’s3KicHU omip BU3HAYaEMO BiJIIIOBIIHO 10 peKoMeHmalii [5—8]:

_ pv®
Ry =107 &pky —- Q, 3)

e é‘F — Koe(illieHT TepTs TEXHIYHO IIaIKO] eKBIBAIGHTHOI TUTACTHHH. 3aJIeXKHUTh Bif
yucaa Pefinonnca;

k,— dopm-paxrop;

p — TyCTUHA MOPCHKOI BOZIH;

v — MIBHJIKICTh PyXY CyIHA, M/C;

Q) — mI0IIIa 3MOYEHOT MTOBEPXHi Cy/IHA.

[lincymMok po3paxyHKy B’S3KICHOTO OTMOpPY 3aJIEKHO BiJ IIBHIKOCTI JHU3EIb-eleK-
tpoxona “MSC Opera”, sika 3MiHIOBasacs Bif 5 10 22 By3IiB, oka3aHo Ha puc. 10, me
3a mapamMeTp BUKOPHUCTOBYBaJach JIOBKHHA CYIHA, 0 BU3HAYAETHCS TOBKHUHOKO Mijie-
meoBOi BctaBku AL. Ll BcTaBka mpuitmana 3HadeHHS Bifg 5 mo 100 M, mo 30i1bmry-
BaJIO TOBXHUHY CynHA (Y BITHOCHHUX OJMHHMIIAX ) L/L0 (1+AL)/(LO) Bix 1,0 no 1,4. Bapto
3ayBaKUTH, IO CydacHa MPaKTHKa MPOEKTHO-KOHCTPYKTOPCHKUX PO3POOOK 0OMExye
JIOBXXUHY BCTaBKH 10 50 M, aje rpaHU4Ha JOBXKHUHA Takol BcTaBku 100 M nmpuiiManacs,
00 MakCHMAaJIbHO TIOBHO 3POOWTH OI[IHKY BIUIMBY IMOJOBXXCHHS Cy[HA Ha iHTEpBal
3HAYEHb, SKi MOXE IMPUIMAaTH HOTO B’ S3KiCHUH OTIp.
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I)
Puc. 10 (npodosoicenns). Pezynbmamu po3paxyuKy 6 s3KiCHO20 onopy 1auHepis
3ANEACHO 8I0 NOO0BICEHHS CYOHA Ha senuduny écmasku AL(DL) DL — nosnauaemucs:
A —MSC Opera, b — Eurodam, B — AIDA mar, I'— Celebrity Reflection

V pasi nogosxkenns nowkunu cynna L/L (1 + AL)/(L)) na 10% onip R, 36inbury-
eTbest Ha 6%; Ha 20% omip R, — na 13%; na 30% omip R, R, — na 18%, na 40% omip
R, —mna 23% (puc. 10).

AHajnoriuauii aHamiz Oyno mpoBeneHo mis JjaitHepis “Eurodam” (puc. 10-b),
“AIDA mar” (puc. 10-B), “Celebrity Reflection” (puc. 10-I') i oTpuMaHo Taki pe3ylib-
tatu (puc. 11):

— U1t mu3enb-enekrpoxona “Eurodam” y pasi nogosxenns Ha 10, 20, 30, 38% omip
R, 30inbmyeThes Ha 6, 11, 16, 20%;

— U1 au3enb-enexrpoxofa “AIDA mar” y pasi nogoexenns na 10, 20, 30, 37%
omip R, 30inbimyeThes Ha 6, 12, 17, 23%;

— st au3enb-enekrpoxona “Celebrity Reflection” y pa3si momorxenns Ha 10, 20, 30,
35% onip R, 36inburyeThes Ha 6, 12,5, 18, 21%.
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ARvV/Rv

& MSC Opera
—>—EUROdam
—%— AIDA mar
—o— Celebrity Refllection

1 1,05 1,1 1,15 1.2 1,25 13 135  1+AL/Lo

Puc. 11. 3anesicnicmo 3pocmannsi 8 13KiCHO20 ONoOpy 6i0 3011bUIEeHHS
0062ICUHU CYOHA (Y GIOHOCHUX 0OUHUYSIX)

XBUJIBOBHI OIip BU3HAYAETHCS 33 EMIIIPUYHOIO 3aJISKHICTIO, 3alpPOIIOHOBAHOIO
Xoarpomom [5]:

R,=10°C gpve?,

ne R, — koe(ilieHT pO31aTKOBOIO XBUIILHOTO OIIOPY;

g — IPUCKOPEHHS BIIBHOTO Ta liHHS;

p — TYCTHHA MOPCBKO1 BOIIH;

v — IIBUAKICTH CyIHA;

€ — 0CHOBa HaTypaJbHOTO Jorapudma;

P — TIOKa3HUK CTYIICHS.

OO6uncieHHst XBUJILOBOTO OMOpY 3a GopMysoio (3) 3aJIe)KHO BiJ LIBHAKOCTI Vv, AKa
npuiiMana 3Ha4eHHs BiJ 5 10 22 By3IiB (L0 XapaKTepHO s MAcaKUPChKUX CYICH),
npeacTaBieHo Ha puc. 12 1 13, ge mapaMeTpoM piBHSHHS BHCTYIAla JIOBXHHA CyIHA,
10 BU3HAYAIACs 3MiHHOIO IOBKHUHOIO BCTaBKU AL. BTMB JOBXHHY CyTHA Ha BEIUNYUHY
XBHJILOBOTO OTIOPY BPAaxOBYETHCS! TIOKA3HUKOM CTYIEHS p, KUK 3aJeXHUTh BiJ yHcia
Opyna (puc. 4), sike BU3HAYAETHCS JOBXKHUHOIO L. 31 3pOCTaHHSAM IIBUAKOCTI CyJIHA XBH-
JBOBUH OMip 3pocTae, ane 3i 301IBIICHHSM JTOBXHHU CyAHA (IOBXKWHH BCTaBKH) XBU-
JBOBUH OMip 3MEHLTYETHCS.

Rw, kH —=—DL=0m
350
—4+—DL=10m
300 ——DL=20m
250 ——DL=30m
/ —o—DL=40m
200
——DL=50m
150 / ——DL=60m
100 4 / ——DL=70m
Z, — —DL=80m
50 Z
“ —=—DL=90m
0 —e—DL=100m

5 10 15 20 V, sy3znu

4)

151



PO3BUTOK TPAHCIIOPTY

Ne 4(19), 2023
Rw, kKH —=—DL=0m
—+—DL=10m
300
——DL=20m
250 —#—DL=30m
200 —o—DL=40m
——DL=50m
150
/ ——DL=60m
100 / ——DL=70m
7 _
50 % — —DL=80m
—=—DL=90m
0 &
5 10 15 20 Veysau o DL-100m
b)
Rw,KH
400 —#—DI=0m
—4—DL=10m
350 —DL=20m
300 —#—DL=30m
250 —o—DL=40m
= DL=50m
200 ——DL=60m
150 / — —DL=70m
100 / / — —DL=80m
/ ——DL=90m
>0 2 —e—DL=100m
0 -
5 10 15 20 V/ 8y3nu
B)
Rw, kH
—#—DL=0m
—4—DL=10m
—<=DL=20m
—o—DL=40m

—+—DL=50m
——DL=60m
———DL=70m
——DL=80m
—#—DL=90m

—4+—DL=100m

—8—DL=30m

5 10 15 20 vV BY3/1
’

iy

Puc. 12. Pesynomamu po3paxynxy Xeuib06020 ONOpy CyOeH:
A —MSC Opera, 5 — Eurodam, B — AIDA mar, I' — Celebrity Reflection
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1 1,1 1,2 1,3 14
0

1+AL/Lo
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-0,2
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-0,3 P

—+—EUROdam
-0,4 »— AIDA mar

—&— Celebrity Reflection
-0,5

0,6

-0,7 %
ARw/Rw

Puc. 13. 3anescnicmo 3minu 8i0HOCHO20 XBUTLOBO2O ONOPY
8i0 8IOHOCHOI 008JICUHU CYOHA

Po3paxyHOK XBHIIBOBOTO OMOPY ISl BKa3aHUX JIAWHEPIB JIaB TaKi pe3yJbTaTH:
— ms pm3enb-enekrpoxoma “MSC Opera” y pasi momosxenss na 10, 20, 30, 40%
omip R, 3Menutyerses Ha 26, 47, 59, 70% sianosiauo (puc. 14);
— ms ausenb-enekrpoxona “‘Eurodam” y pasi momomxkenHs Ha 10, 20, 30, 38%
omip R, 30inbiyerhes Ha 27, 48, 61, 67% Bianosiano (puc. 13);
— ms ausenb-enekTpoxona “AIDA mar” y pasi mogorxenss Ha 10, 20, 30, 40%
omip R, 30inbiyerhes Ha 28, 47, 55, 70% sianosiano (puc. 13);
— nmis nusenb-enekTpoxona “Celebrity Reflection” y pa3si mogosxenns va 10, 20, 30,
33% omip R, 36inbimyeThes Ha 30, 50, 60, 65% BianosiaHo (puc. 13).
V pisasnHi (1) omip BUCTYMHMX 4YacTWH R, omip TpaHus R, omip Oynsba R,
1 KopensuiiHuii 101aToK onopy R, (He BpaxOBY€ThCsl IHIIMMH CKJIaIHUKAMHM ) JIOILITBHO
MO€/THATH B OKPEMY CKJIAJIOBY YaCTHHY oropy R, hopmyia (4):
Rz: RA + RAPP + RTR + RB' ®)
OCKIiJBKY BCI 111 CHJIM OITOPY MAIOTh B’ SI3KICHY IPUPOY Ta KOPEITIOIOTHCS 3 BEJIHYH-
HOIO B’sA3KicHOrO omopy R, [5-8]:
R,=107ca
ne C, — koedilieHT onopy Ui PO3paxyHKy KOPENALIHHOTO 10/1aTKa.

R,,=0046 R,
R,.=0005R,
R,=0,005R,
Pesynbraty po3paxyHKy OKpEMHX CKIaJ0BUX onopy R 3a ¢popmyiioro (4) nokasaui
Ha puc. 13 3a pi3HUX MBUAKOCTEH cyaHa v — Bix 5 1o 22 Bysnis. [lapameTpamu Ha rpa-

dikax € nowxuna cynna L/L; (1+AL)/(L ), sixa 36i1b11yBanach TpaJuUidiHO Ha BETUIUHY
BcraBku 0 10 100 M i3 kpokom 5 M.

2

Q,
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Rz, KH
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r)
Puc. 14. Pezyremamu po3paxynky cymu OKpeMux ckaadosux onopy cyoem R, —
Kopenayitino2o 000amxy 00 onopy pyxy R, onopy eucmynnux vacmun RAPP,

000amko6020 onopy mpanys R, 0ooamkoeozo onopy oywoa R ,:
A — MSC Opera, 5 — Eurodam, B — AIDA mar, I' — Celebrity Reflection

ARs/Rz

0,3
AR

0,25 e
0,2 MSC Opera
—#— EURODAM
0,15

—%— Aida mar

0,1 —&— Cellebrity Reflection

0,05

0

1 1,1 1,2 13 1+AL/L0

. . ARy
Puc. 15. 3anesxcnicme 3miHu onopy oKpemux cKiaoo8ux -
. . . z

8i0 8I0HOCHOI 008IHCUHU CYOHA

Po3paxyHOK OKpeMHX CKJIaJIOBUX YaCTHH ONOPY R JUIs BKa3aHMX JIalHEpiB JaB Taki
pe3yabTaTH:

— s MSC Opera B pasi nonosxenns Ha 10, 20, 30, 40% omip Ry 3011bLIy€THCS HA
7,5, 14,21, 27,5% BinnoBigno (puc. 141 15);

— g Eurodam 'y pasi nonosxenns Ha 10, 20, 30, 38% omip R 3011bLIy€ThCS HA
7,5, 14,21, 27,5% BinnoBigno (puc. 141 15);

— s AIDA mar 'y pasi nonosxenns Ha 10, 20, 30, 40% onip R 3611bI1y€eThCSA HA
7,5, 14,22, 28% Binnosinuo (puc. 141 15);

— nus Celebrity Reflection y pasi nonosxenns Ha 10, 20, 30, 33% omip R, 30inbury-
eTbest HA 7,5, 14, 21, 23% BignosigHo (puc. 141 15).
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Puc. 16. Pe3ynomamu po3paxyHky
OyKCUPYBAH020 ONOPY KPYiI3HO20
aavnepa “MSC Opera’:

A) — nosHutl 6ykcupysanuii onip;
b) — abconiomue spocmanns onopy
BHACHIOOK NOOOBIHCEHHA,

10 15 20 .
-0,05 » BY3/ B) — sionocne 3pocmanus onopy

o—DL=20M ——DL=40M ——DL=60m BHACTIIOOK NOO0BICEHHS

—#—DL=80m ——DL=100m

B)

Amnaii3 cKIagHMKIB piBHAHHSA (1), pesyabrar sSIKOro HaBeJeHO Ha pHuc. 9—14, nmae
MOXKJIMBICTD B MiACYMKY OLIHUTH OYKCHpYBaJbHHUI OHIp CYIEH 3a HOro MOAOBKEHHS
(puc. 3), TouHime — Horo 3MiHM B a0CONIOTHUX 1 BITHOCHUX ONWHUIIAX 3aJIE)KHO BiJ
HOBOI oBXMHK L = L+ AL, ne 3a 6a30Be 3HaYECHHA NPUAMAETHCS 10YATKOBA OBKHMHA
cynHa L. Pesyabratu 10CIiKEHHs OMOpy R, 1Js YOTHPLOX CYJEH, 0 PO3IIANAINCH
panimie, mozxaHi Ha puc. 16—19.

Y3arajnbHeHHH po30ip IKMX 3HAaY€Hb MOKa3ye, M0 KPUBI ONOPY R CYIEH i3 Pi3HOKO
JOBXXHMHOIO HE SIBJIIOTH COOOI0 €KBiANCTAHTHI KPHUBi. AOCOMIOTHE 3pOCTaHHS (Pi3HULL)
BM3HA4Ya€ThCs, IPUMarouu omip R, BASHAYEHUH JUIS IOYATKOBOI JOBKUHU L :

ARy = Rocar) — Ro,

z[eARO( Ay — 3POCTaHHS OYKCHPYBaJILHOTO OIIOPY BHACIIIOK 30UIBINICHHS TOBKHHH
CyaHa;
Ry — OyKcupyBaJIbHUHI OMIp CyaHa 3 noBkuHOW L =L + AL;

R, — GykcupyBanbHuUi OMIIp Cy/IHa 3 TIOYATKOBOIO JJOBXKHHOK L.
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Puc. 17. Pe3ynomamu po3paxyHky
OYKCUPYBAHO20 ONOPY KPYiZHO20
natinepa “Eurodam”:

A) — nosrutl 6ykcupysaruil onip,
b) — abcontomne 3pocmanusn onopy

0,05 y » BHACTIOOK NOOOBIHCEHHSL,
,BY3/Y .
v B) — 6ionocue spocmanns onopy
DL=20m ——DL=40M ——DL=60m BHACNIOOK NOO0BIHCEHHS

—#—DL=80m —e—DL=100m
B)
MakcumainpHa pi3HHLS OyKCHPYBaJIBHUX ONOPIB CHOCTEPIraeThCs B LEHTPaIbHIN
YacTUHI iHTepBally IBUAKOCTEH V , MiHIMaJIbHA PI3HULS MPOSBISETHCS B YACTUHI MiHi-

MaibHHX mBUAKOCTel (5—10 By31iB), a MakcumanbHa — 16—17 By3iiB.

BinHocHe 3pocTaHHsA (p13HI/I.LI$I)' BiJl [IOYaTKOBOI KPUBOi OYKCHPYBaJILHOIO OMopy R
32 JIOB)KUHY L, BABHAYAETHCS PIBHICTIO:

_ ARoary  Rocar) —Ro
’ Ro Ry, -

Bennunna dg, 3anMImaeThess MaiKe CTanor B iHTepBanmi 12-15 BysmiB i cyTTeBO
3MEHINY€EThCS 32 MAKCUMAIIFHUX MIBHAKOCTeH. HaBeneHi pe3ynbTraTH 0 CIiKeHb IToKa-
3yIOTh, [0 HAWOLUIBINE 3pOCTaHHS OYKCHPYBAHOTO OIOPY, IO Ji€ Ha CYTHO, 3a IIBUIKO-
cTi 10 15 By3I1iB, a HAMMEHIIHIA — 3a MBUAKOCTI CyJHa y 22 BY3JIH.

LimtocTparnist po3paxyHKy OyKCHPYBAIBHOTO OTIOPY JJIsl PO3IVISIHY THX JIAHEPIB Y pasi
MOZIOBKEHHS cyHa (Y BiZICOTKaX BiJl TOYATKOBOI JOBKWHHM) JIajia TaKi pe3yJibTaTH:

Sk
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— s au3enb-enekrpoxoma “MSC Opera” 3a momgoBxeHHS Ha cynHa Ha 8% (AL =
20 m), 16% (AL =40 m), 24% (AL = 60 m), 32% (AL = 80 m), 40% (AL= 100 ») makcu-
MaJIbHE 30UIBLIEHHS OMOpY R NOCATAETHCS BiANOBIIHUM YHHOM Ha BEJMYMHY O — 5,2,
10,2, 14,8, 19,2, 23,3% (puc. 16);

— s nu3enb-enekTpoxona “Eurodam” 3a momomkenHs cymHa Ha 7% (AL=20 m),
14% (AL = 40 m), 21% (AL = 60 m), 28% (AL = 80 m), 35% (AL = 100 m) makcu-
MaJIbHE 30UTbIIEHHS ONOPY R I0CATA€ThCSA Ha BENMYUHY O, —4,6,9, 13,2, 17,1, 20,9%
(puc. 17);

— 3aTmomoBKeHHs cyqHa Ha 7,9% (AL =20 m), 15,8% (AL =40m), 23,7% (AL =60 ™),
31,6% (AL = 80 m), 39,4% (AL = 100 m) makcumanbHe 301IbIICHHS OMIOPY R, 1oCsATa-
€ThCS BIINOBITHAM YMHOM Ha BEIMYHUHY Og, — 5,4, 10,5, 15,3, 19,9, 24,3% (puc. 18);

— 3amomoBxeHHs cynHa Ha 7,9% (AL=20 m), 15,8% (AL =40 m), 23,7% (AL =60 m),
31,6% (AL = 80 m), 39,4% (AL = 100 m) makcumanbHe 301IbIICHHS OMIOPY R, 1ocsATa-
€TBCs BIINOBIIHUM YMHOM Ha BEJIMYHUHY Og, — 4,2, 8,1, 11,9, 15,6, 19,0% (puc. 19).
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1. IpyHTYHOUKCh Ha MPUHIUIAX CUCTEMHOTO MiXO0/y, MPOAHAIi30BAHO B3aEMOJIIIO
CTPYKTYPHHX €JIEMEHTIB CUCTEMH «KOPILYC — IBUHTO-PYJIbOBUN KOMIUIEKC — TOJIOBHUH
JIBUTYH (CyHOBA €JIEKTPOCHEPTeTHYHA CUCTEMA)», M0 CIIPUIHHIOETHCS 30UTBIIICHHM
JIOBXHUHH KOPITYCY, YHCIIa KAfOT 1 KITBKOCTI TTACaKUPIB.

2. Y pesynbrari MpoBeJeHHS pO3MipHOT MOJEpHi3alii BU3HAUEHO, 10 TIOBHUH OyK-
CUpPYBAIBHUH OTMIp MacaKUPCHKUX CYJEeH 3a 3pOCTaHHs IXHBOI JOBXKHHHM Ha 8, 16, 24,
32, 40% y cepemnboMy 30inbmIyeThest Ha 5, 10, 15, 20, 25%. 3a excruryatamidHux
MIBUAKOCTEH Bix 15 1m0 22 By3iiB BIUIMB JOBXHHH HWTIHIPAIHOI BCTABKH HA OyKCHPY-
BaJIbHUI OMip 3MEHLIYETHCS Ta JOCATAE MIHIMyMY — Y CepeIHbOMY 10 5% Ha IIBUIKO-
cTi 22 By3nH.
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3. JlonaTkoBa HUTiHJPUYHA BCTaBKa KOPITyCYy BIITMBAE HA CKIIAJHUKUA TTOBHOTO OYK-
CHPYBaJBHOTO OTMOPY TAKHM YHHOM:

— B’SI3KICHUI OMip 3MIHIOETHCS 32 3aKOHOM KBaJpaTW4yHOl mapabomnu Ta 30i1bry-
€ThCSI 31 3pOCTAHHAM JIOBKUHU cynHa Ha 8, 16, 24, 32, 40%, y cepeHbOMY 301IbIITY-
eTbcs Ha 6, 12, 16, 18, 24%;

— XBWJIBOBHH OIIpP 3MIHIOETHCS 332 3aKOHOM €KCIIOHCHTU — JIOJIAaTKOBE 30UIBIICHHS
JIOBXKHHU CYyJTHA 3MEHIITY€ BETMYHHY I[LOTO OTIOPY, 31 3pOCTAaHHSAM JIOBXHHH Cy/IHA Ha §,
16, 24, 32, 40% y cepennboMy 3MeHIIYeThes Ha 27, 42, 55, 69%;

— OKpeMi CKJIaJHHKH OyKCHUPYBaJbHOTO OMOpPY — CyMa OIOpYy BUCTYIIHHUX 4ac-
THH, TpaHIto, Oy;ibp0a Ta KOpessiiiHOTO TOAATKy A0 OMOpY, SKi CTaHOBIATH 15-16%
BiJl IOBHOT'O OIOPY CYy/HA, 3a 301bIICHHS JOBKHUHU CynHa Ha 8, 16, 24, 32, 40% BoHuU
3pocTatoth Ha 5, 10, 15, 19, 24%.
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Summary

Wireless power transfer (WPT) has made significant progress in becoming a feasible
option for several applications since its first development. The primary objective of
this article has been on magnetic resonant coupling (MRC), which is a kind of wireless
power transmission (WPT). MRC is particularly noteworthy because of its high trans-
fer efficiency, ranging from 40 to 80%, and its ability to charge many devices from I to
50 cm. Magnetic Resonant Coupling (MRC) is an acronym that refers to a phenomenon
in which magnetic fields are used to establish a coupling between two or more entities.
The usefulness of wireless chargers is the topic of discussion in this article. Although
wireless chargers are seen to have slower charging rates than cable chargers, it has
been observed that wireless chargers play a part in the preservation of batteries by
keeping the charge level within the range of 50 to 80% during the charging process.

Notably, Qi 1.2 is a standardized specification that facilitates expedited charging at
a maximum power output of 15 watts, specifically operating at 9 volts and 1.67 amps. In
the realm of long-range wireless power transfer (WPT), using electromagnetic beams
to transmit electricity over considerable distances, spanning hundreds of meters or
even kilometers, presents a discernible prospect. The problem of misalignment in wire-
less power transfer (WPT) and a proposed solution, including using Force Sensitive
Resistors (FSRs), are examined. This paper presents empirical evidence showcasing
the enhanced efficiency of implementing these solutions. Consequently, it establishes
a foundation for wireless power transfer (WPT) in electric vehicles (EVs), drones, and
green cells. The use of this instrument greatly facilitates the development of Wireless
Power Transfer (WPT) technology and its subsequent advancement.

© Aqgeel Mahmood Jawad, Mazin Gubaian Al-Aameri, Nameer Hashim Qasim, 2023
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TEXHOJIOI'ISI BE3IPOTOBOI TEPEJAUI EHEPTII
TA OBJIACTI ii 3BACTOCYBAHHS

Axin Maxmyn JxaBan', Masin I'yoasan Anb-Amepi’, Hamip Xamum Kacim?®
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Yuisepcumemcworuii konedoic Anv-Pagioetin, kageopa meduuroeo incmpymenmapiro,
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Axaodemis mopcokux docuiodicensv Ilepcvioi 3amoxu, bacpa, Ipax,
ORCID:0009-0008-2390-3700
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Jlocrionuyvruii yenmp ynieepcumemy ocixan Cynetimania (CUSRC),
Yuieepcumem [Jocixan Cynetimanin, Cynevimanis, Ipax
ORCID: 0000-0002-7283-0594

Anomauisn

bezopomosa nepeoaua enepeii (PIIE) docsena 3naunoco npoepecy, 3HAUWAA 6Mi-
JIeHHS1 8 OEKIILKOX chepax 3acmocysanHs i3 uacy ceoei nepuioi po3pooku. [lpeomemom
cmammi 8UCMYNAE MAZHIMHO-pe30HancHUll 36 130k (MP3), skuil € pizHogudom 6e30po-
moeoi nepedayi enepeii. MaeHimuo-pe3oHancHull 38 SI30K 3ACy208Y€ HA 0COOIUBY Y8azy
yepes GUCOKY ehekmusHicmyb nepedadi, wjo Korueacmvcs 6io 40 oo 80%, i 30amuicme
sapsdoxcamu bazamo npucmpois 6i0 1 0o 50 cm. Maenimuo-pezonanchuii 36 130K —
asuwe, 3a AK020 MAZHIMHI NOJSL BUKOPUCIOBYIOMbCA O 8CIAHOBNIEHHSL 38 SI3KY MIdiC
ogoma abo binvwe npucmposmu. Egexmusnicmo 6e30pomosux 3apsaoHux npucmpois
OKpemo po3anidacmvcs 8 yiil cmammi. Xoua 6e30pomosi 3apsaoHi npucmpoi maioms
HUCYY UBUOKICIb 3APSONCANHS, HIJC KADeTbHI 3apsaoHi npucmpoi, 3a3HayeHo, wo 6es-
Opomosi 3aps0Hi npUCMpoi 8idieparoms 0esKy poib y 30epedceHHi akyMyisamopie, nio-
mpumyroms pigens 3apady 6 dianasoui 6i0 50 0o 80% nio uac npoyecy 3apsao#caHHA.
Cmanoapm Qi 1.2 — ye cmanoapmuszosana cneyuixayis, axka noie2uye npuckopemy
3apsAOKY 3 MAKCUMATbHOIO UXIOHOI0 nomydcHicmio 15 Bm, 30kpema npayroe 3a Hanpy-
eu 9 eonom i 1,67 amnepa. YV cghepi 6e30pomosoi nepedaui enekmpoenepeii Ha 8eauxi
BI0CMAHT BUKOPUCTAHHSL eLEKMPOMACHIMHUX NPOMEHIE OJis nepedayi Ha COMHI Mempie
abo Hasims Kinomempu 6i0Kpusae 3HayHi nepcnekmueu. Posenanymo npobnemy nopy-
wensb npoyecie 6e30pomosoi nepedadi erekmpoeHepeii ma 3anpPonoHO8AHO PIUieHH,
30Kpema ti 3 BUKOPUCTIAHHAM PE3UCMOpie, AKI 4yymaugi 00 npuxiadenoi cuiu. Y cmammi
npeocmaegieti eMnipuyti Oati, Wo 0eMoHCmpPYOmMb NIOBUUEHY e(heKMUBHICMb YNposa-
Ooicenns yux piwens. Posenanymi mexuonozii saxiadaroms ocHosu 071 6e30pomosoi
nepedaui enepeii 6 enekmpoMoOLIAX, OPOHAX MA THULUX NPUCPOSIX 3 AKYMYISAMOPAMU.
Bukopucmanna maxozo nioxody 3nauHo noie2utye po3eumox mexronoeii 6e30pomosoi
nepedaui enepeii, ii nooanbuie 600CKOHANEHH.

Knrouoei crosa: 6e30pomosa nepedaua enepeii, HOGIMHI MEXHON02I, 3ACMOCYBAH-
HA, eleKmpomo0ini, Oe3nilomui Jimanivhi anapamu, OiomeOuyHi imniaumamu, nooy-
moea eleKmpoHiKa, nodymosa mexmixa, MawlonomysNcHuil 6e30pomoesuil 36 130K, KOH-
CMPYKYISL GHMEH.
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1. Introduction

Wireless Power Transfer (WPT) has emerged as a game-changing technology
that might have far-reaching ramifications for various industries, including consumer
electronics, transportation, and more. Since the late 19°th century, when Nikola Tesla
began his groundbreaking work on wireless transmission, substantial progress has been
achieved toward maximizing the potential of WPT [1]. This technology promises to
power devices without needing physical connectors, offering greater convenience,
mobility, and the potential for a continuous power supply [2]. In a world that is beco-
ming increasingly wireless, this technology holds the promise of powering devices
without the need for physical connectors.

Inductive Coupling (IC), Capacitive Coupling (CC), and Magnetic Resonant Cou-
pling (MRC) are the three main categories that may be used to generally classify
the technological concepts that underpin WPT technology [3]. Inductive Coupling
(IC) is the most common form of the three. IC and CC, often called near-field WPT,
depend on the electromagnetic field created between closely positioned coils. Because
of'this, they are best suited for applications that need a limited range, such as cell phones
and electric toothbrushes. The introduction of MRC, on the other hand, has caused
a change in the way that WPT is structured. MRC is the most suitable method for medi-
um-range applications due to its high transfer efficiency (40-80%), ability to charge
multiple devices concurrently, and applicability to mobile applications and drones [4].
MRC makes use of the phenomenon of resonance in order to transfer energy. MRC has
emerged as the most suitable method for medium-range applications.

Despite the substantial progress that has been made in WPT, there are still a few tech-
nological hurdles that prevent it from being used on a larger scale. One such obstacle is
the question of how well wireless chargers’ work. Even though they are more conven-
ient than their wired equivalents, wireless chargers often charge slower than their cable
counterparts. However, they retain the battery life within the ideal range of 50-80%
[5]. In addition, the Qi 1.2 standard has been established to allow faster charging rates
of up to 15 watts (9 volts, 1,67 amps), which is a big leap forward in the technology
of wireless charging [6].

Exciting new opportunities present themselves due to the promise of long-range
WPT, characterized by power transmission spanning hundreds of meters or kilometers.
Techniques such as using antennas to deliver electromagnetic beams, such as micro-
waves or lasers, have shown great promise in long-range WPT [7]. Nevertheless, veri-
fying the safety and effectiveness of long-range WPT continues to be an important field
of study.

Last but not least, the problem of misalignment in WPT systems, namely vertical
and lateral misalignment, is an important issue that has to be resolved as soon as pos-
sible. It presents a substantial problem due to variations in angular and planar forms
of misalignment situations, which affect power transmission efficiency [8]. Research,
such as the one presented in this study, has provided potential remedies to this problem,
including using force-sensitive resistors (FSRs) to identify misalignment circumstances
and improving the sleep/active method.

Exploration and development of WPT technology contain enormous potential
to usher in a revolutionary change in the way electricity is distributed to and used by
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consumers [9]. It substantially influences industries such as transportation, with appli-
cations such as electric vehicles (EVs) and drones, and renewable energy systems, such
as green cells. As a result, continuing articles and development in this area is not only
necessary from a scientific standpoint but also a strategic necessity for a more effective
and wireless future.

2. Types of Wireless Power Transfer (WPT)

The wireless power transfer (WPT) technique offers a practical alternative for charg-
ing electronic items in a distant location without the need to use physical connections.
Inductive Coupling or IC, Capacitive Coupling or CC, and Magnetic Resonant Cou-
pling or MRC are the three basic forms of WPT. The MRC comes out as the type with
the most potential, although each has its own set of distinguishing qualities and areas
of application.

2.1. Inductive Coupling (IC)

Inductive Coupling (IC) is a kind of WPT often used. It requires the utiliza-
tion of electromagnetic fields to facilitate the transmission of electrical energy
between two coils, one of which serves as an energy transmitter and the other as
an energy receiver. WPT systems based on integrated circuits are utilized extensively
in various applications, such as wireless charging pads for smartphones and electric
toothbrushes. However, there are restrictions on the transfer efficiency and power
transmission range of systems based on integrated circuits. A typical total efficiency
of around 86% may be attained using IC technology in conventional plug-in char-
ging [4]. In addition, IC-based systems are susceptible to conductive energy losses.
They are constrained by the size of the coils, which determines the maximum distance
over which they can transport data.

Fig. 1. Inductive Coupling (IC) form Wireless Power Transfer

2.2. Capacitive Coupling (CC)

As in capacitive coupling (CC), transferring electrical energy through capacitive
fields is an interesting kind of wireless power transmission (WPT). Capacitive coupling
(CC) makes use of capacitive fields to transmit power, as opposed to electromagnetic
fields like inductive coupling (IC) and magnetic resonant coupling (MRC).

While there is a wealth of information on IC-based WPT systems, and MRC has
emerged as a promising technology, there needs to be more information on CC-based
WPT systems, including statistics on their efficiency, charging speed, and power
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transmission range. Given the current state of knowledge, it is clear that further research
and studies are required to characterize the performance characteristics of CC-based
WPT systems fully. Evaluating the efficiency of CC-based systems requires considering
how well energy is transferred and how much energy is lost in the process. In addition,
knowing how fast CC-based WPT systems can charge is crucial for evaluating how
ecasily and quickly they can use this technology.
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Fig. 2. Capacitive Coupling (CC) form Wireless Power Transfer

Additionally, it is essential to consider the power transmission range of CC-based
WPT systems. The range specifies how far away an effective energy transfer may take
place. It affects how convenient and adaptable CC-based WPT systems are in various
settings, including charging devices nearby or at a distance.

Research and studies in the area of WPT seek to study and expose the potential
of CC technology; however, there needs to be more statistical data on the efficiency,
charging speed, and power transmission range of CC-based WPT systems. The results
of these upcoming studies will be invaluable in determining the viability and usefulness
of CC-based WPT systems across a wide range of sectors and applications.

2.3. Magnetic Resonant Coupling (MRC)

On the other hand, Magnetic Resonant Coupling (MRC) has recently come to
the forefront as a WPT with great promise. The transmission of electrical energy
from a transmitter coil to a receiver coil is accomplished by using magnetic fields
in the MRC technology. MRC has several benefits, particularly in contrast to IC
and CC. The high transmission efficiency, which may vary anywhere from 40 to 80%,
is one of its primary advantages [10]. Research has shown that MRC systems can
achieve more than 90% efficiencies by transferring electricity directly to the power
train, hence avoiding the need for the vehicle’s battery [11]. This high rate of transfer
efficiency adds to a reduction in energy losses and an improvement in the overall
efficiency of the system (Fig. 3).

In addition, MRC-based WPT systems can charge several devices simultaneously,
making them suited for circumstances in which many devices need to be charged simul-
taneously. This capability is especially useful in environments like public charging sta-
tions or workplaces, where there is a need to accommodate numerous users at once for
charging purposes.
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Fig. 3. Magnetic Resonant Coupling (MRC) form Wireless Power Transfer

Inaddition, MRC technology works very well when used in mobile apps and uncrewed
aerial vehicles. Its ability to distribute power wirelessly without needing physical con-
nections allows it to be seamlessly integrated into mobile devices, giving ease and fle-
xibility in addition to its other benefits. MRC-based WPT systems may have a power
transmission range that varies depending on the individual implementation, but they
also provide the ability of dynamic charging while the vehicle is being driven, which
could increase the driving range forever [12].

3. Methodology

Literature Review. The literature review conducted on Wireless Power Transfer
(WPT) revealed key insights into the principles, types, challenges, and applications
of WPT technology. The following are the main findings from the review:

1. Wireless Power Transfer (WPT) has emerged as a transformative technology with
diverse applications in various sectors, including consumer electronics, transportation,
and medical fields [13].

2. The three main types of WPT are Inductive Coupling (IC), Capacitive Coupling
(CC), and Magnetic Resonant Coupling (MRC). IC and CC, also known as near-field
WPT, rely on the electromagnetic field between closely positioned coils, making them
suitable for short-range applications. MRC, on the other hand, utilizes resonance to
transfer energy and is more applicable to medium-range applications due to its high
transfer efficiency.

3. Despite the significant advancements in WPT, challenges persist in terms of effi-
ciency and charging speed when compared to wired counterparts. However, the intro-
duction of the Qi 1.2 standard has addressed some of these issues, supporting higher
charging speeds up to 15 watts.

4. Long-range WPT, characterized by power transmission over hundreds of meters
or across kilometers, presents exciting possibilities. Techniques such as the use
of antennas to send electromagnetic beams, like microwaves or lasers, show potential
in achieving long-range WPT. However, safety and efficiency remain critical areas
of research in this domain.
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5. Misalignment in WPT systems, particularly vertical and lateral misalignment,
poses a significant challenge to the efficiency of power transfer. Proposed solutions
include the use of Force Sensitive Resistors (FSRs) to detect misalignment conditions
and improve the sleep/active strategy to mitigate this issue [10].

Technical Evaluation. Based on the literature review, the technical evaluation
of the three types of WPT is as follows:

1. Inductive Coupling (IC): IC, also known as near-field WPT, relies on the electro-
magnetic field between closely positioned coils. It is suitable for short-range applica-
tions such as electric toothbrushes and smartphones. However, it may have limitations
in terms of efficiency and charging speed.

2. Capacitive Coupling (CC): CC, another near-field WPT method, utilizes the elec-
tromagnetic field between closely positioned capacitive transducers. It shares similar
characteristics with IC in terms of range and limitations.

3. Magnetic Resonant Coupling (MRC): MRC, which utilizes resonance to trans-
fer energy, has emerged as the most suitable method for medium-range applications.
It offers high transfer efficiency, the ability to charge multiple devices concurrently,
and applicability to mobile applications and drones [10].

Experimental Design. Based on the identified challenges in WPT systems, particu-
larly misalignment, the following experimental design is proposed:

1. Develop a system using Force Sensitive Resistors (FSRs) to detect misalignment
conditions in WPT systems.

2. Test the system under various conditions, including different degrees and types
of misalignments, to evaluate its accuracy and effectiveness.

3. Measure transfer efficiency, charging speed, and the range of power transmission
in the presence of misalignment, comparing the results with aligned conditions [14].

Data Analysis. The data analysis process involves:

1. Collecting data from experiments, including measurements of transfer efficiency,
charging speed, and the range of power transmission under aligned and misaligned con-
ditions.

2. Analyzing the collected data to assess the impact of misalignment on transfer
efficiency, charging speed, and range.

3. Comparing the obtained results with established standards such as the Qi 1.2
standard to evaluate the effectiveness of proposed solutions

4. Utilizing statistical methods to validate the proposed solutions and assess their
efficacy [10].

Future Research Direction. Based on the findings from the literature review, the fol-
lowing future research directions are identified:

1. Further exploration of long-range WPT and its potential applications, including
the use of antennas and other technologies to achieve power transmission over larger
distances.

2. Continued research on improving the efficiency and charging speed of WPT sys-
tems, bridging the gap with wired counterparts.

3. Investigation of the implications and implementation of WPT technology in vari-
ous applications such as Electric Vehicles (EVs), drones, and renewable energy systems
like green cells [14].

169



PO3BUTOK TPAHCIIOPTY
Ne 4(19), 2023

Fig. 4. Forms of Wireless Power Transfer (WPT) and their applications
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The above methodology provides a com-
prehensive approach to researching and eva-
luating WPT, incorporating existing know-
ledge, addressing challenges, conducting
experiments, and providing insights for future
research and development in the field.

4. Efficiency of Wireless Chargers

Wireless chargers, despite their lower
charging speed compared to wired ones,
play a crucial role in maintaining battery life.
They help keep the battery capacity within
the optimal range of 50-80%, thereby exten-
ding the battery’s lifespan. The Qi 1.2 standard,
supporting charging speeds of up to 15 watts
(9 volts, 1,67 amps), signifies progress in wire-
less charging technology.

The efficiency analysis of wireless charg-
ing systems for EVs based on a wind-solar
hybrid power supply system is the subject
of one research published in the journal “Wire-
less charging structure and efficiency analysis
based on wind-solar hybrid power supply sys-
tem” [15]. The coil topology, circuit structure,
and control mode of the wireless charging sys-
tem are all explored in this study using Ansoft
and MATLAB/Simulink simulations. While
this research focuses on the efficiency of wire-
less charging for EVs, the results are relevant
to the study of wireless charging in general.

The effectiveness of wireless chargers is
significantly affected by the coil’s design.
Power transmission efficiency may be
improved by using high-quality coils with
the right properties, as has been discovered
by the research community. In [16] found that
charger efficiency may be greatly improved
with some careful engineering. Resear-
chers may improve power transfer efficiency
by adjusting design elements, including
coil material, size, and placement, to maxi-
mize the connection between the receiver
and transmitter coils.

The effectiveness of a wireless charger may
be greatly improved by paying close atten-
tion to how everything is set up, [17] found
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that properly aligning the transmitter and receiver coils was crucial for achieving high
coupling efficiency. Energy is wasted, and charging efficiency is lowered due to mis-
alignment. As a result, the most recent wireless charging improvements have centered
on creating smart solutions that allow automated alignment and placement to maximize
productivity (Fig. 4).

One must be familiar with the power transfer processes used by these devices to eval-
uate the effectiveness of wireless chargers. In order to better understand how various
power transfer methods, such as inductive coupling and magnetic resonant coupling,
affect charger efficiency, several studies have been conducted. For instance, the effec-
tiveness of inductive and magnetic resonant coupling in wireless chargers is compared
in research [18]. The paper introduces novel methods for wireless power transmission,
such as resonant inductive coupling and the transfer of power through microwaves, that
can cover a wide range of distances without the need for potentially dangerous wires.

5. Long-Range Wireless Power

As more and more gadgets and systems need quick, easy, and efficient charging,
the search for wireless power transfer solutions has exploded in popularity. Long-Range
Wireless Power (LRWP) is a new technology that can completely change how we trans-
port and distribute electricity. This article investigates the recent developments, practi-
cal uses, and economic viability of LRWP technology [19].

G Q&g

Source Transmitler Medium Receiver Device

Fig. 5. Long-Range Wireless Power Network Diagram

Innovative Uses of LRWP

1. Dynamic Charging on the Move: Mobility Dynamic Charging means gadgets may
be charged while in motion using Long-Range Wireless Power (LRWP) technology.
This novel use of LRWP eliminates the need to stop often while traveling to recharge
mobile devices or electric cars. Electric buses fitted with dynamic charging technology
may receive wireless electricity while traveling on carefully specified routes to avoid
lengthy charging downtimes [20].

2. Powering Devices in Harsh Environments: Powering devices in tough or hostile
locations where wired connections may be problematic or risky is a benefit of LRWP
technology. It enables dependable wireless power transmission in severe environments,
such as those found underwater or at high temperatures. Offshore oil and gas platforms
may employ LRWP to eliminate the need for extensive cabling and save maintenance
efforts by wirelessly powering sensors and monitoring equipment in distant or dange-
rous regions [21].

3. Wireless Power for Space Applications: To power satellites, space probes,
and other spacecraft in space, LRWP technology is used for wireless power for space
applications. It provides a safe and effective way to transmit electricity over great dis-
tances, which may help lessen the need for backup batteries. Solar-powered satellites
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in orbit may use LRWP technology to wirelessly transmit power to other satellites
or spacecraft without wires or battery swaps [22].

Potential and Limitations of LRWP

1. Efficiency and Power Transmission Range: Long-Range Wireless Electricity
(LRWP) can deliver electricity over long distances while maintaining high efficiency.
However, effectiveness may shift depending on the kind of LRWP technique used
and other external circumstances. As LRWP systems intend to distribute power wire-
lessly across extensive distances, the range over which they can do so is another factor
to consider [23]. Using resonant inductive coupling (RIC), an LRWP system may trans-
mit power efficiently over several meters, making it possible to charge electric vehicles
(EVs) wirelessly and without wires.

2. Safety and Health Concerns: While LRWP may save time and effort by doing
away with the need for wires and other hardware, safety, and health issues must be
resolved. To maintain user safety and compliance with regulatory criteria, it is impor-
tant to consider the exposure to electromagnetic fields and radiation inherent to LRWP
systems. Studies are conducted to examine the health concerns associated with extended
exposure to electromagnetic fields from LRWP systems and to identify what preventa-
tive actions should be taken [24].

3. Interference and Regulatory Challenges: LRWP systems can cause interference
with other wireless technologies due to their use of certain frequency ranges. Spec-
trum allocation, standardization, and international compliance provide further regula-
tory hurdles. In order to keep the wireless power transfer ecosystem functioning re-
liably and efficiently, LRWP systems must operate within authorized frequency bands
and comply with regulatory standards [25].

4. Infrastructure Requirements: For LRWP technology to be widely adopted
and used, a solid infrastructure must be established to back it up. It involves setting up
a reliable power distribution system, distributing appropriate gadgets, and installing
charging stations [26]. Establishing a well-planned infrastructure with sufficient power
supply, secure communication protocols, and effective power management systems is
essential for creating a network of LRWP charging stations for electric cars.

Cost-Effectiveness Analysis

1. Initial Installation Costs: The preliminary setup expenses of Long-Range Wire-
less Power (LRWP) systems must be included in any technology analysis. The cost
of putting in place the requisite infrastructure, such as power transmission units, recei-
vers, and any other gear essential for effective power transfer, must be considered.
Installing charging stations, deploying power transmission units, and customizing char-
ging infrastructure at different locations are all part of the initial investment in an LRWP
system for recharging electric vehicles.

2. Operational and Maintenance Costs: Costs associated with using and main-
taining LRWP technology will also be evaluated. Costs, including energy, monitoring,
and routine maintenance, should be weighed against the system’s expected lifetime
and expected level of performance. Monitoring the power transmission, performing
routine inspections, and making any repairs or upgrades required to keep the system
running reliably are all examples of operating and maintenance expenditures for a wire-
less power system in a smart city application [27].
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3. Return on Investment (ROI) and Payback Period: The payback time and return on
investment (ROI) for installing LRWP technology are two key metrics in a Cost-Effec-
tiveness Analysis. Calculating how long it will take to recoup costs or generate enough
income to repay the original expenditure is part of this process [28]. Reduced energy
costs from efficient power transfer, potential revenue from offering wireless charging
services, and the time it takes to recoup the investment made in deploying a wireless
power system in a commercial building are all factors that would go into calculating
the return on investment and payback period.

6. Applications of WPT

The practical applications of WPT are expanding, spanning from Electric Vehicles
(EVs) to drones, and even green cells. The paper predicts a promising future for WPT
in these areas, given the ongoing research and development.

Fig. 6. Emerging technologies and applications of Wireless Power Transfer

Wireless power transfer (WPT) is finding more and more uses in various fields. WPT
has the potential to change several fields and comes with many advantages. Some prom-
inent uses of WPT include the following:

In the case of electric vehicles (EVs), WPT makes fast, easy charging possible wi-
thout the need for wires or plugs. Electric vehicle owners may enjoy a hassle-free char-
ging experience with the help of wireless charging mats or infrastructure built into par-
king garages and highways. The goal of this technology is to improve electric car func-
tionality and range. In order to provide EV users with a convenient and automated char-
ging experience, companies like BMW, Mercedes-Benz, and Qualcomm are actively
researching WPT for wireless charging of EVs (Fig. 7).

With WPT, Internet of Things (IoT) devices and sensors no longer need frequent bat-
tery changes or manual recharging. The integration of Internet of Things (IoT) devices
into smart city infrastructure is facilitated by the availability of services for data collec-
tion, monitoring, and automation. WPT-enabled smart streetlights may wirelessly power
sensors and IoT devices, allowing for improved real-time traffic, air quality, and energy
consumption management.

With WPT, there would be no need for regular battery replacement surgery or
recharging, making it a viable choice for powering biomedical implants and wearable
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Fig. 7. Applications of Wireless Power Transfer through
different devices

devices. This innovation allows medical devices such as pacemakers, hearing aids,
and neurostimulators to operate reliably and for extended periods of time. Studies are
being conducted to determine the efficacy of using WPT to power implanted glucose
sensors, electronic skin patches, and smart contact lenses for healthcare monitoring
and treatment [21].

Drones and autonomous systems might be powered by WPT, increasing their opera-
tional duration and reducing the frequency with which their batteries need to be swapped
out. This allows for more efficiency and flexibility in fields such as security, agriculture,
shipping, and emergency response. WiBotic and Energous are two companies develo-
ping WPT solutions for drone applications, which will allow for autonomous charging
and extended flight times.

WPT allows for the deployment of remote sensing and monitoring equipment
in locations where installing cables would be too costly or impossible. Such systems
have several applications, including environmental monitoring, infrastructure manage-
ment, and remote data collecting. Wireless power transfer (WPT) technology may be
used to power sensor networks that monitor river water quality, forest fires, and animal
populations in far-flung places [20]. The potential for future development and effective
uses of WPT is tremendous, despite the fact that it is still in its infancy. More and more
sectors might benefit from WPT’s increased efficiency, convenience, and sustainability
as it continues to evolve and be adopted.

Fig. 8. Applications of wireless power transfer (WPT) technologies
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7. Addressing the Misalignment Challenge

Misalignment, particularly vertical and lateral, presents a significant challenge in
WPT. This paper proposes the use of Force Sensitive Resistors (FSRs) to detect mis-
alignment conditions, coupled with improvements in the sleep/active strategy, to miti-
gate this issue.

This study, focused on two types of misalignments (e.g., Vertical variation and Lat-
eral (horizontal)) because the drone cannot hover and fluctuation in angular and planar
types of misalignment conditions (others application used all types: such as., EV, med-
ical implantable devices, laptop, Mobile and etc.) as follows:

Fig. 9. Misalignment Challenges

8. Results

8.1. Experiments and Solutions

Several experiments were conducted to validate the proposed solutions. These
include design changes in the transmitter and receiver coils and the use of FSRs to
detect misalignment conditions. The results demonstrate the efficiency improvements
achieved, affirming the viability of the proposed solutions. Scope (objective) Improve
the sleep (table 1).

The sleep/active technique is often used to describe the several stages a wireless
charging system might be in when in use using WPT. When the system is in its active
state, it is actively transferring power, whereas when it is in its sleep state, it is not.
When the receiver (such as a mobile device or electric car) is not in the charging state,
this method is essential for maximizing the efficiency of the power transfer and elimi-
nating needless power consumption.

Increasing the effectiveness of the wireless charging system may be a motivation for
working to fine-tune the sleep/active strategy. Improving the system’s ability to recog-
nize when a suitable device is in range and requires charging (active state) or when there
is no device to be charged (sleep state) may be part of this process. Improvements might
also be made to shorten the lag time between when the system goes into sleep mode
and when it wakes up, making charging faster and better for the user.
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Table 1
Weight Analysis of Parameters in a Wireless Power Transfer (WPT) Drone System
Parameter Weight in (kg)
Secondary copper coil (STLCC) 0,205
Secondary of First aluminum coil (FSTLAC) 0,065
A breadboard of the receiver circuit 0,0015
A small wood (200 x 200 mm”) for platform station 0,028
Payload weight 0,0665
Drone weight 1,337
Ratio of payload weight to the drone weight 497%
Ratio of on-board coil weight (aluminum) to the total drone weight 4,86%
Ratio of on-board coil weight (copper) to the total drone weight 15,33%

Light weight = 0,065 Kg of receiver coil
Power saving of one mission (sleep /active) = 97,63%.

Fig. 10. The finding solutions for wireless charging with FSR sensor and soil selection

Experiment of F. STLAC and F. MTSCC for test RL =100 Q (objective)
The research presented the design and implementation of transmitter and receiver
WPT coils that can reach a maximum transfer distance, power, and efficiency.

Fig. 11. The transmitter and receiver coils class E PA circuit design
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Experiment of design PSC Using FSR (objective)
The FSR test with the weight of drone and programing by Arduino UNO

Fig. 12. Using Proteus design software to program the FSR sensor

Fig. 13. The method using FSR to charge drone

Fig. 14. The Calibrate of the FSR

Scope (objective) FSR detect the misalignment conditions

The effectiveness and viability of a wireless power transfer (WPT) system depend
critically on the weight of its many components. In order to develop and optimize WPT
systems for particular applications, it is necessary to have a firm grasp of the relative
importance of various factors. This data is useful for determining how much a certain
amount of weight affects a system’s performance and its associated needs.
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Fig. 15. The solution of misalignment: improving the performance metric of coils

The following table shows how various parameters in a WPT system are weighted.
Weights of components such as the secondary aluminum coil, receiver circuit breadboard,
station platform, payload, drone, and payload-to-drone weight ratio are listed in the table.
The values for all the parameters are given in kilograms (kg), except the drone weight
and the payload weight as a percentage of the drone weight, which is given in percent.

Table 2
Weight Distribution of Parameters in a Wireless Power Transfer (WPT) System
Parameter Weight in (kg)
Secondary of second aluminum coil 0,0105
(SSTLAC) 0,0015
A breadboard of the receiver circuit 0,028
A small wood (200 x 200 mm?) for platform station 0,012
Payload weight 1,337
Drone weight 0,89%
Ratio of payload weight to the drone weight 0,78%

Experiment of Design FSR (objective)

The function of Arduino

(1) Read the signal from the FSR;

(2) Convert the signal to the equivalent weight, and finally, to reduce the power con-
sumption by using the sleep/wakeup strategy (Fig. 16).

There are two misalignment solutions:

(1) Moving the coil of the receiver side to become alignment (vertical) and misalign-
ment (lateral) (Remotely);

(2) To improving the performance metric of transmitter and receiver coils (such as
type of coil, diameter, and etc.) (Fig. 17).

Experiment of alignment (Vertical) and Misalignment (Lateral) (objective)

In the Alignment (vertical) experiment, the focus was on achieving precise align-
ment along the z-axis within a range of 20 mm, specifically with respect to the drone
arm. The objective was to ensure accurate vertical alignment of the components or sys-
tems involved in the experiment.
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Fig. 16. Reduced energy use through sleep/wakeup strategy with on/off button

Fig. 17. Arduino-based conversion of arm movement to equivalent weight

Fig. 18. Alignment (Vertical) Experiment: Focusing on 20mm of the Z-Axis
Alignment with Drone Arm
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On the other hand, the Misalignment (lateral) study aimed to investigate lateral mis-
alignment by varying the distances along the y-axis. Five specific distances were cho-
sen for lateral misalignment: 20, 50, 80, 100, and 150 mm. These distances represent
the lateral offset between components or systems and were chosen to assess the effects
of different levels of misalignment on the experiment’s outcomes.

Fig. 19. Misalignment (Lateral) Study: Investigating Lateral Misalignment at Various
Distances along the Y-Axis

8.2. Future of WPT

The paper concludes with an outlook on the future of WPT, particularly in the areas
of EVs, drones, and green cells. It underscores the potential of WPT to revolutionize
these sectors and paves the way for further research and development.

The fields of electric vehicles (EVs), unmanned aerial vehicles (UAVs), and green
cells are examples where WPT can significantly impact the future. It is anticipated that
WPT will play a game-changing role in various industries, transforming how we see
and use energy as technology continues to improve.

WPT provides a game-changing alternative to the drawbacks of conventional charg-
ing techniques for electric vehicles. Electric vehicles (EVs) may be charged quickly
and easily without wires or cables thanks to the proliferation of wireless charging infra-
structure. If this succeeds in making charging electric cars as simple as possible, it might
dramatically increase the popularity of EVs and hasten their widespread adoption.

Fig. 20. WPT Charging Station

Wireless power transfer technology also has enormous potential for unmanned aerial
vehicles. Aerial photography, package delivery, and security are just some of the many
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fields that are finding useful applications for drone technology. However, their short
flying duration owing to battery limitations, needs to be revised. Drones may have their
batteries charged wirelessly using WPT to continue flying for longer periods without
stopping. This paves the way for increased efficiency in drone applications and longer
flight times [8].

Fig. 21. Drone Charging Station

Green cells, sustainable and renewable energy sources, like solar panels, are another
area where WPT may be used. Power distribution from solar panels to different devices
and networks may be simplified by incorporating WPT technology into these energy
systems. WPT may improve the efficiency and ease of using green energy sources by
doing away with the requirement for wired connections, therefore contributing to a more
sustainable future.

Although WPT has a promising future, further study and improvement are needed to
realize its full potential. Increasing the efficiency, range, and safety of WPT technology
is crucial to realize its broad use and integration across many sectors. Further, WPT sys-
tem deployment success depends on standardization initiatives, regulatory frameworks,
and infrastructural development.

9. Discussion

The article has presented a complete overview of Wireless Power Transfer’s evolv-
ing technologies and applications (WPT). It does so by drawing similarities with other
ground-breaking research papers in the area and offering fresh results.

This work highlights the revolutionary potential of WPT in a variety of applications,
which is in line with the findings revealed by Kurs et al. [1; 2], and Jawad et al. [3; 4;
6; 8]. However, it goes further than prior studies by providing a more in-depth investi-
gation of the many forms of WPT and their difficulties and potential, delivering a more
comprehensive perspective of the WPT environment.

This work makes a significant addition by providing a complete experimental inves-
tigation of WPT’s function in various industries. For instance, whereas Abu-Mahfouz
and Hancke [5] presented a practical security solution for real-time location systems, our
study digs into the wider application of WPT in the Internet of Things (IoT) and smart
city infrastructures. It contrasts their discussion of the practical security solution for
real-time location systems.
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In the context of electric cars (EVs), our results are similar to those of Alam et al. [9],
Van Mulders et al. [10], and Hutchinson et al. [11], but we further emphasize the incor-
poration of renewable energy sources with WPT-enabled EV charging stations. [9—11]
are all related to electric vehicles. This facet, which has received little attention in earlier
studies, can radically change the electric vehicle charging infrastructure by making it
eco-friendlier and more sustainable.

The potential of WPT in drones and autonomous systems has been highlighted
by Liu et al. [13] and Zhang et al. [14]. However, our work adds to this by evalu-
ating these systems’ real-world issues, such as the need for continuous operation
and increased operating ranges. It builds on previous research that has been done by Liu
et al. and Zhang et al.

In addition, the paper explores new ground by exploring the use of WPT in power-
ing remote sensors and monitoring systems in harsh situations. It is a significant con-
tribution to the field. Only a few research, such as those by Dharani and Ramya [18],
Huang et al. [19], and Xu et al. [20], have touched upon this topic, making it a relatively
uncharted subject in the current body of literature.

The last part of the investigation digs into the more technical elements of WPT,
such as large transmitter arrays and beamforming optimization. Although these facets
have been explored by researchers such as Bevacqua et al. [22], Hajimiri et al. [25],
and Kashyap et al. [26], our work gives an interpretation of these notions that is more
accessible, hence making them understandable to a wider audience.

In conclusion, the article significantly contributes to the current body of knowledge
on WPT by providing a complete examination of the applications of WPT and new
technologies. While it does a good job of aligning itself with previous studies, it also
presents novel discoveries and viewpoints, enriching the ongoing conversation on WPT.
The potential of WPT was shown in this study, highlighting the need for continuing
research and development in this sector to make the future more effective, convenient,
and environmentally friendly.

10. Conclusion

The potential of Wireless Power Transfer (WPT) is becoming increasingly obvious
as the need for wireless technologies rises. This research has shown that WPT has enor-
mous potential by focusing on its current and future technologies and uses. The article
effectively emphasized the relevance of WPT in our quickly expanding technological
world via a thorough examination of WPT kinds, a detailed analysis of the difficulties
and potential, and hands-on experimentation.

The article shows that WPT has promising applications in EVs. This innovation eli-
minates the clumsy and inconvenient process of plugging cables to charge electric vehi-
cles. The future of electric vehicle charging seems bright because of the efforts of firms
like BMW, Mercedes-Benz, and Qualcomm to investigate wireless power transfer.

The paper also highlights the importance of WPT in supplying energy to IoT devices
and sensors, which helps to facilitate the growth of smart cities. WPT can keep devices
running without regular maintenance like charging or battery swapping. Powering smart
lamps that monitor traffic, air quality, and energy use in real-time is another way that
WPT may aid in effective urban management.

WPT’s use in biomedical implants and wearable devices has the potential to alter
healthcare delivery significantly. WPT allows for the long-term, continuous functioning
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of medical implants, including pacemakers, hearing aids, and neurostimulators, without
battery replacement operations or regular recharging. Smart contact lenses and implanted
glucose sensors are just two examples of cutting-edge healthcare monitoring and treat-
ment solutions that may now be made possible.

Another promising use of WPT is in autonomous systems and drones. WPT may
improve these systems’ adaptability and continuous operation in surveillance, agri-
culture, delivery services, and disaster response by increasing their operational range
and decreasing the need for frequent battery swaps.

Finally, the article emphasizes the use of WPT in places where wired power supply is
difficult or prohibitive to power remote sensors and monitoring devices. Environmental
monitoring, infrastructure management, and remote sensing are just a few fields that
might benefit greatly from using such technologies.

The article’s results provide credence to the hope that further progress in these areas
will result from the continuing research and development in WPT. Increased acceptance
and novel applications of WPT across a wide range of sectors are anticipated as the tech-
nology continues to evolve. These uses illustrate the transformational potential of WPT
and will help usher in a more efficient, convenient, and environmentally friendly future.

The article shows that WPT can potentially transform different fields and sheds light
on the upcoming technologies and uses of WPT. Although there are still certain obsta-
cles to overcome, the development of WPT shows promise. WPT will likely play a cru-
cial role as we continue investigating and developing this technology.

11.Contributions of Authors

The article “Emerging Technologies and Applications of Wireless Power Trans-
fer” was a collaborative effort, with each author contributing to different aspects
of the research. Aqeel Mahmood Jawad formulated the problem, conducted an anal-
ysis of the model problem, and processed the analysis results. Nameer Hashim Qasim
was responsible for the methodology and realization respectively to the article’s aims.
Mazin Gubaian Al-Aameri also contributed to the methodology realization and worked
on the text of the preliminary version of the paper with Nameer Hashim Qasim

All authors have read and agreed to the published version of the manuscript. This
collaborative effort demonstrates the interdisciplinary nature of the research, drawing
on expertise from multiple fields including telecommunications, computer science,
and shipping knowledge.

The contributions of each author were crucial in developing a comprehensive
and effective solution for the problem of dynamic network optimization in telecommu-
nication networks.

All figures in the articles are original and made by the authors in accordance with
the material, data are taken from Cihan University Sulaimaniya Research Center
(CUSRO).
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Summary

Introduction. The full-scale russian military aggression had an extremely negative
impact on the state of air transport and the transport and logistics infrastructure of
airports in Ukraine, which makes the issue of restoring the operation of airport complexes
and ensuring their efficiency in the post-war period relevant. Purpose. The purpose
of the article is to identify possible prospects and reserves for the restoration of air
transportation and the development of an organizational mechanism for ensuring the
effective functioning of the transport and logistics infrastructure of airport complexes
in Ukraine in the post-war period, using the example of the Kyiv International Airport.
Methods. The following set of scientific methods was used in the study: analysis of
scientific and technical literature, SWOT-analysis, structural analysis, systemic
and synergetic approaches. Results. The article examines the nature and process of
organizing the activities of the airport complex, the current state of the transport and
logistics infrastructure of airports in Ukraine. On the example of the Kyiv International
Airport, promising directions for ensuring the effective operation of the airport complex
are determined, taking into account the peculiarities of the interaction of transport
modes at airports as points for providing transport services on cargo flows processing.
Schemes of interaction of transport modes during multimodal transportation of goods
through the airport have been developed. Based on the results of technical and economic
calculations, the expediency of increasing the throughput capacity of the cargo terminal
of the Kyiv International Airport was substantiated. The application of SWOT-analysis
made it possible to determine the factors of the internal and external environment
and to develop priority directions for the restoration of the transport and logistics
infrastructure of airport complexes during the war period to ensure their effective
functioning after the war. Scientific novelty. Prospective directions for ensuring the
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effective operation of the airport complex have been determined, taking into account the
peculiarities of the interaction of transport modes at airports, schemes for interaction
of transport modes during multimodal transportation of goods through the airport have
been developed. Conclusions. Practical significance. On the basis of technical and
economic calculations, it is proposed to increase the throughput capacity of the cargo
terminal of the Kyiv International Airport and priority directions for the restoration of
the transport and logistics infrastructure of airport complexes are determined.

Key words: airport complex, transport and logistics infrastructure, cargo air
transportation, transport, airline, interaction of modes of transport, efficiency.
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Anomauin

Bcemyn. lupoxomacuimabHna pociticbka 80EHHA azpecist 6Kpail He2amugHo nO3HA-
YULACH HA CMAHI asiayitiHUX nepese3eHb i MpaHCHOPMHO-I102ICMUYHOT IHppacmpyxK-
mypu aeponopmie 6 Yxpaiwi, wo axmyanizye numauHs 8iOHOGIeHHs pobomu aepo-
NOPMOBUX KOMNJIEKCI8 | 3a0e3neueHHs iXHbol eheKmueHoCmi 6 Nicis180€HHUL NePioo.
Mema. Memoro cmammi € 8UAGLEHHS MOJCIUBUX NEPCIEKTNUG T pe3epPBi8 GIOHOBNeHH S
agianepesezensb ma po3pobieHHs OP2aHi3ayiliHo20 MexaHizmy 3abe3neuents eexmus-
HO20 (DYHKYIOHYBAHHS MPAHCHOPMHO-TOSICIMUYHOT THGPACMPYKMypU aeponopmoeux
KoMnieKcie YKpainu 6 NiCis60€HHUN nepiod HA NPUKIAdi MIdNCHAPOOHO20 aeponop-
my «Kuigy. Memoou. ¥ 0ocniodcenni ukopucmosy8ascs maxkuil KOMNieKe HayKoGUx
Memooig: ananiz Hayxkoeo-mexHiunoi nimepamypu, SWOT-ananiz, cmpykmypruil ana-
N3, cucmemHuil i cunepeemuunuil nioxoou. Pesynemamu. Y cmammi 0ocniodceno cym-
Hicmb [ npoyec opeanizayii OiIbHOCMI AepPOnOPMOB0O20 KOMNAEKCY, CYYACHUL CMAH
mMpancnopmHo-no2icmuynoi in@pacmpykmypu aeponopmie Yrpainu. Ha npuxnadi
Misicnapoonoeo aeponopmy «Kuigy usnaueno nepcnekmusHi Hanpsimu 3a0e3nedenus
eghexmusHoi JisTbHOCMI AEPONOPIMOBO20 KOMNILEKCY 3 0271510Y HA 0COOIUBOCMI 83AEMO-
Oii 6U0I8 MPAHCNOpmy 6 AeponoOpmax K NYHKMax 3 HAOAHHA MPAHCHOPMHUX NOCTYE 3
06pobKU 6anmasiconomoxis. Pospobneno cxemu 63aemodii 6udie mpancnopmy 8 myio-
MUMOOATbHUX NEePeBe3eHHAX 6aHmMaicié uepes aeponopm. Ha ocnosi pezynomamie npo-
BCO0CHUX MEXHIKO-eKOHOMIYHUX PO3PAXYHKIE OOIDYHMOBAHO OOYIIbHICMb 30LMbUICHHS.
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NPONYCKHOI CHPOMONCHOCMI BAHMANCHO20 MEPMIHALY MINCHAPOOHO20 aepOnopmy
«Kuisy. 3acmocysanns SWOT-ananizy 003601u10 SUHAYUMU YUHHUKU GHYMPIUHbO-
20 Ma 308HIUHBLO2O CePe0osUA A PO3POOUMY NPIOPUMEMHT HANPSIMU 8I0HOGTEHHSL
MPAHCNOPMHO-N02ICMUYHOI IHppaAcCMpyKmypu aeponopmosux KOMNJEKCi8 y 80EHHUL
nepioo 05t 3a0e3neyuenHst IXHb020 eheKmueHo2o PyHKyionyeanns nicis eitinu. Hayko-
6a HOBU3HA. Busnaueno nepcnexkmugui nanpsimu 3ade3neduenns epexmueHoi OisbHOC-
mi aeponopmosoco KOMHIEKCY 3 0210y Ha 0COOIUBOCHI 83a€MOOii 8UI8 MPAHCHOPIY
6 aeponopmax, po3pobneHo cxemu 83aemMoOii 6udi6@ MPAHCHOPMY NI YAC MYTLINUMO-
O0anbHUX nepegesenb 8anmadicie yepes aeponopm. Bucnoexu. Ilpakxmuune 3sHaueHHA.
Ha ocnosi npogedenux mexuiko-eKoHOMIUHUX PO3PAXYHKIE 3ANPONOHOBAHO 30i1bULeH-
HSL NPONYCKHOI CNPOMONCHOCII 8AHMANCHO20 MEPMIHANA MINCHAPOOHO20 aepOnopmy
«Kuisy i eusnaueno npiopumemui Hanpsamu GiOHOBNEHHS MPAHCHOPMHO-LO2ICIMUYHOL
IHGhpacmpykmypu aeponopmosux KOMIIeKcie.

Knwouoei cnosa: aeponopmosuii xomniexc, mMpaHCROPMHO-IOSICMUYHA Hppa-
CIPYKMypa, 8AHMANCHI A8layilini nepese3ents, MPAaHCHOPmM, a8iaKOMNAHIA, 83AEMOOIs
8UOI8 MPAHCNOPMY, eheKMUBHICTb.

Introduction. The air cargo market is developing and growing all over the world.
In this regard, in order to maintain a correspondingly high level of competitiveness,
there is a need to significantly increase the capacity of airport complexes. The rational
functioning of the transport hub, the role of which is played by the airport, makes it
possible to ensure the effective interaction of all agents of delivery. However, sometimes
the transport hub is the “bottleneck” of the entire logistics chain of cargo transportation.

Statement of the problem. Taking into account the catastrophic impact
of the Russian-Ukrainian war on the state of air transportation, as well as, the transport
and logistics infrastructure of airports in Ukraine, the issue of restoring the operation
of airport complexes and ensuring their efficiency in the post-war period is acute.

Analysis of recent research and publications. The problems of researching
the transport and logistics infrastructure of airport complexes, the development of modern
airports, business models of airport development, the organization of airport operations,
as well as, the management of the logistics infrastructure of airports are considered in
the works of Ukrainian and foreign scientists, such as: N. Ashford, H. P.M. Stanton,
K.A. Moore, M.Yu. Hryhorak, O.M. Gorbachova, V.V. Zaporozhets, O.M. Bilyakovich,
K.V. Marintseva, etc.

The issues of airport complex throughput, the structure of airports as a complex
production system, the effectiveness of managing the processes of reproduction
and renewal of airport infrastructure according to the stages of the life cycle are
investigated in the publication [1]. In particular, the author notes that it is expedient
to apply new approaches in the field of economic management of airport complexes,
primarily management tools for the stages of the airport’s life cycle, in order to enter
the stage of “renewal” and achieve a higher level of their economic development.

The paper [2] examines the specifics of the airport complex, analyzes
the interrelationship between the efficiency of airport complexes and the process
of managing the loyalty of service consumers.

The work [3] considers the use of a logistics approach in airport management,
the role of air transport in transport and logistics systems, innovative business models
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for the development of international airports, as well as the development of airports
as multimodal multifunctional enterprises.

The study of the importance of the airport complexes development in the context
of ensuring the stable and reliable functioning of the market of transport services, namely
air transportation, covers a wide range of relevant scientific aspects [4—6]. At the same
time, despite deep and thorough research, the issue of restoring the transport and logistics
infrastructure of airport complexes of Ukraine and developing an organizational
mechanism to ensure the efficiency of its operation is currently being brought up to date.

Formulation of the purpose of the article. The purpose of the article is to
identify possible prospects and reserves for the restoration of air transportation
and the development of an organizational mechanism for ensuring the effective
functioning of the transport and logistics infrastructure of airport complexes in Ukraine
in the post-war period, using the example of the Kyiv International Airport.

Research methodology. The following set of scientific methods have been used:
analysis of scientific and technical literature — to study the organization of airport
complexes’operation; SWOT analysis—toreveal acomplex ofinternal and external factors
that affect the functioning of airports, like their strengths, weaknesses, opportunities,
and threats; method of technical and economic calculations — to determine the duration
and costs of cargo transportation in the interaction of air and road modes of transport
on the base of airport complexes; systemic and synergetic approaches — to develop
some priority directions for the renewal of airport complexes’ transport and logistics
infrastructure, as well as, ensuring its efficiency in post-war period.

The main material of the article. An airport as a production system consists
of airfield, aeronautical, apron and terminal complexes, as well as auxiliary units,
ensuring their functioning [1]. Considering the concept of “airport complex”, it should be
noted that the following requirement is put forward for this transport and infrastructure
object: the presence of at least one runway.

Interoperable elements of the airport complex are aimed at providing high-quality
and timely aviation and non-aviation services. Every year, the British company Skytrax,
which studies the quality of air services based on passenger reviews, publishes a rating
of the best airports in the world. According to the rating in 2023, the Top 10 airports in
the world included: Singapore Changi Airport (Singapore), Hamad International Airport
(Doha, Qatar), Tokyo International Airport (Haneda) (Japan), Incheon International
Airport (South Korea), Paris Airport named after Charles de Gaulle (France), Istanbul
Airport (Turkey), Munich Airport (Germany), Zurich Airport (Switzerland), Narita
International Airport (Japan), Madrid-Barajas Airport (Spain).

In the conditions of a globalized economy, airports are considered as multifunctional
complexes. In particular, at the beginning of the 21st century, the American aviation
expert John Kasarda proposed the concept of aerotropolises as subregions that would
include not only airports, but also hotels, restaurants, business and logistics parks,
entertainment centers, recreational areas, public spaces, residential districts with gradual
transformation into separate cities. Currently, such an idea is being actively implemented
in the Asia-Pacific region. Airports in Europe, North America, and Australia are
gradually expanding in this direction [7].

As an operator of the transportation process, the airport provides a set of services
for airlines in the reception, departure and technical support of air transport, as well
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as passenger, baggage and cargo service. Among service consumers, according to
the modern theory of segmentation, two segments can be distinguished: the B2B
segment (air carriers, operators, cargo owners, cargo consignors, cargo receivers)
and the B2C segment (air passengers, airport visitors; persons carrying out the shipment
of cargo and luggage).

Both aviation and non-aviation activities create revenues of airport complexes.
Tariffs and airport charges of airports in Ukraine are determined by government with
a regulatory document for each individual airport. In accordance with the resolution
of the Cabinet of Ministers of Ukraine dated December 25, 1996 “On establishing
the powers of executive authorities and executive bodies of city councils regarding
the regulation of prices (tariffs)” and the recommendations of the International Civil
Aviation Organization (ICAQO), the airport fees for servicing aircraft and passengers are
determined in the airports of Ukraine (aircraft landing-takeoff, passenger service in the
airport terminal, excess aircraft parking, aviation security) [8].

Airport fees from aviation activities do not recover all costs, so non-aviation
activities become one of the sources of income. According to the Manual on Airport
Economics of the International Civil Aviation Organization, the main elements
of airport income are revenues from air transportation, ground handling, and from non-
aviation (in ICAO terminology — “non-aeronautical”) types of activities [2]. According
to statistics, the share of airport revenues from non-aviation activities (medical services,
fire services, ticket sales and reservations, duty-free shops, passenger luggage packing,
parking lots, food outlets, etc.) is an average of 46%. Airports in European and Asian
countries offer an average of 200-250 types of additional services to passengers, in
Ukraine — 10—15 types of non-aviation services in the pre-war period.

Due to the military aggression of Russia against Ukraine, the introduction of martial
law and the closure of the airspace of Ukraine, the operational activities and provision
of services at the airports are suspended. The recovery rate of operational activities
ofairport complexes will depend on the prerequisites that affect the possibility of carrying
out economic activities and form the demand for air transportation. However, in order
to ensure a quick resumption of operation in the post-war period, it is necessary to
develop a program of measures for the airport complexes’ recovery. It should be noted
that this issue was considered in June 2022 at the Assembly of the Airports Council
International (ACI Europe), which took place in Rome at Fiumicino International
Airport. During the meeting of the European Airport Community together with industry
partners, the following issues were discussed: 1) providing a comprehensive recovery
of aviation industry and infrastructure; 2) ensuring aviation security (organization
of the work of the aviation security service, means of protecting objects and detecting
dangerous objects, professional personnel); 3) developing strategic vision of the post-
war development of the aviation industry in Ukraine [9].

As aresult of shelling and hostilities in 2022, 11 airports in Ukraine were damaged or
completely destroyed. So far, it has been possible to restore the damaged infrastructure
of the Boryspil International Airport. The total cost was 1,8 million euros. In addition,
the monthly costs for wages for airport employes and electricity bills amount to
3,2 million euros.

Lviv International Airport named after Danylo Halytskyi was checked by a group
of experts from the US Transportation Security Administration (TSA). Experts examined
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the existing state of the airport infrastructure, security during martial law, the personnel
action plan in case of emergency situations, the state of cyber security, airport information
systems, technical means of protection. Based on the results of the examination, TSA
specialists determined that the airport infrastructure is in good condition, operational
readiness is maintained, professional training of specialists is at a high level.

Therefore, the further international integration of the aviation services market
and the restoration of the transport and logistics infrastructure of Ukraine requires
the study of world experience in the organization and management of airport complexes,
the development of projects for the industrial and technical development of airports,
and the search for sources of financing.

An important aspect of the restoration of the transport and logistics infrastructure
of the airport complexes in Ukraine is the development of an organizational mechanism
to ensure the efficiency of its functioning in the post-war period. While the airport
complexes are not working, it is advisable to radically update the airport’s operation
technology and business processes to ensure fast service at a low cost (simplified
check-in, IT technologies, simplification of processes, short walking routes, increasing
the efficiency of space use, etc.).

Using the example of the Kyiv International Airport, we will consider promising
directions for ensuring the effective operation of airports in view of the peculiarities
of the transport modes’ interaction in airports as points for the provision of transport
services on cargo flows processing.

Igor Sikorsky Kyiv International Airport, also known as Kyiv — Zhulyany Airport
(IATA: IEV, ICAO: UKKK) is the second largest international airport of Ukraine
and Kyiv. Kyiv International Airport is an important aviation transport hub in Ukraine.
In terms of passenger traffic, Kyiv Airport provides 9% of air passenger transportation
in Ukraine, and according to the results of 2021 served 1 418 153 passengers.
Although the airport is mainly used for passenger transportation, it also provides cargo
transportation services, in 2021 the volume of cargo and mail transportation was more
than 1,1 thousand tons [10].

It is a multifunctional enterprise that provides services to aviation companies,
passengers and cargo shippers in the aviation and non-aviation spheres of activity,
ensures the regularity and safety of flights, and the main activities of the airport are:

— ensuring the operation and functioning of the airport’s infrastructure facilities,
means of mechanization and specialized transport;

— receiving and dispatching aircraft with the provision of air passenger and cargo
transportation;

— providing aircraft take-off and landing services, their ground maintenance and ser-
vicing of aircraft, passengers, crews, baggage, cargo and mail;

— providing airlines and other enterprises with fuel, lubricants and other materials
on a contractual basis;

— organizing measures to ensure aviation safety;

— organizing and implementing emergency rescue operations and firefighting meas-
ures during the flights and at the airport;

— guarding controlled, sterile and restricted access areas;

— ensuring the operational suitability of parking lots, aircraft taxiways and maneu-
vering areas;
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— maintenance of aircraft and helicopters;

— preparing and management of aeronautical data and aeronautical information;

— providing air navigation services;

— auxiliary services for air and land transport, etc. [11].

The transport system, which ensures the delivery of goods and passengers to Kyiv
Airport, is complex and includes various vehicles and infrastructure. Depending on
the type of cargo, distance and delivery time, such components of transport systems
as road, rail, sea and river modes of transport, as well as the corresponding transport
infrastructure, can be used for the delivery of cargo to the airport, individually or in
interaction with each other. The schemes of transport modes’ interaction in multimodal
cargo transportation through the Kyiv Airport can be as represented on Fig. 1.

ANIpperty prelucten Warehau e Irelivery of earge by road dranspan Dhabiners of cargo by alr fransport

Beltvery of carge by raltway trampont Delivery af carge by road (ransport Delivery of carge by alr transport

N

\K\# Delbrary ol diags by rond rasipn Do ory of £4g by e (raasper

Bielivery of cargs by ralbaay irdaspert

Delivery of carge by sea tranypert

Fig. 1. Possible schemes of transport modes’interaction in multimodal cargo
transportation through the Kyiv Airport

It should be mentioned that quite small consignments of cargo weighing from 500 to

4 500 kg are transported through the airport, since the throughput capacity of the airport
cargo terminal is significantly limited, due to which for Kyiv International Airport, cargo
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transportation has always been not the main, but an auxiliary activity. However, this
direction is one of the priorities for the further development of the airport. This prospect
is due to the increase in the growth and development of the cargo air transportation
market all over the world, and also the need for a gradual but rapid recovery of airport
activity in the post-war period.

Before starting the reconstruction of the international airport and the modernization
of the cargo terminal, it is important to determine in advance:

— What are the possible threats for the company?

— What competitive advantages the company can potentially gain as a result
of the implementation of the proposed actions?

— What can be the basis for successful modernization?

— What managerial, technological and technical aspects should be studied?

To solve this problem, we applied SWOT-analysis, which determined a complex
of internal and external factors that affect the development of the company (table 1).

Therefore, on the basis of technical and economic calculations (table 2, table 3), as
well as the SWOT analysis, for the Kyiv International Airport development regarding
cargo transportation, the following priority directions can be determined:

— the reconstruction and modernization of the cargo terminal;

— the expansion of the existing routes’ network due to restoring cargo transportation
and increasing the share of transfer transportation;

— the implementation of measures to improve the level of cargo service, both
in aviation and non-aviation activities;

— the development of the airport fueling complex which will allow to reduce
the losses associated with the increase in the cost of fuel;

— the attraction of investors for the airport development;

Table 1
SWOT-analysis of the Kyiv International Airport
STRENGTHS (S) WEAKNESSES (W)
— defined strategic direction of development; |- existing restrictions on aircraft types;
— available opportunities for infrastructure — restrictions on the capacity of the runway,
expansion; passenger and cargo terminals;
— high quality of aviation and non-aviation — restrictions on noise characteristics, envi-
services provided; ronmental restrictions;
— modern terminal infrastructure; — further development of the infrastructure is
— using of modern systems and tools in restrained by the city limits.
the ground handling of aircraft, passengers

and cargo;

— convenient location within the city;

— base airport for leading Ukrainian
and foreign airlines;

— high efficiency of transport service;

— positive dynamics of demand for passenger
and cargo transportation;

— a large share of international air transport;

— availability of transcontinental flights
network;

— the large territory and convenient location
of the airport allow the expansion of non-
aviation activities;

— qualified staff.
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Table 1 (continuance)
OPPORTUNITIES (O) THREATS (T)
— geographical position, which contributes to |— closure of the aviation space and suspension
the development of the routes’ network; of the airport as a result of the Russian-
— increasing the volume of transportation Ukrainian war;
and connecting flights; — possible damage or destruction
— increasing demand for air cargo of the airport infrastructure;
transportation; — complex socio-political situation in
— delayed demand for air transportation, the country, decrease in the attractiveness
which should be satisfied after of Ukraine for potential passengers due to
the stabilization of the situation in hostilities;
the country. — economic crisis, unstable financial
situation;
— more successful and dynamic development
of competitors’ airports;
— rising prices for fuel and lubricants
and spare parts;
— strengthening of environmental and noise
restrictions on the functioning of the airport
within the city.

Source: developed by authors based on [9].

Table 2
The duration of cargo transportation
in the interaction of air and road transport modes'
No The name of the moment of time The weight of the consignment, kg
- of the cargo transportation process 500 | 1500 | 2500|3500 | 4500

1 | Starting the entire freight transportation cycle 13:51 | 13:46 | 13:41 | 13:36 | 13:31
Departure of the road transport from the point

2 of the logistics company UPS 14:16
3 | Arrival of the road transport at the Kyiv airport 14:20
4 | Arrival of the air transport at the Kyiv airport 16:15
5 The moment of time of departure of air transport 16:34 | 17:12 | 17:50 | 18:28 | 19:06

from Kyiv airport

6 The moment of time of arrival of the aircraft

at the destination Warsaw airport 18:04 | 18:42 | 19:20 | 19:58 | 20:36

7 Thg: moment oftirpe of the end of the entire 19:13 1 21:49 | 2325 | 01:01 | 02:37
freight transportation cycle

TOTAL TRANSPORTATION TIME, h-min 6-22 | 803 | 944 | 11-25|13-06

I The calculations in carried out for multimodal transportation of cargo from the warehouse
of the logistics company UPS through Kyiv International Airport, which acts as a transport hub,
to Warsaw Chopin International Airport.

Table 3
The cost of cargo transportation
in the interaction of air and road transport modes
. The weight of the consignment, kg
Cost of cargo transportation 500 1500 3500 3500 4300
Total delivery cost, USD 1162 29704 4 579,05 59872 7 645,6
Unit cost of delivery, USD/kg 2,32 1,98 1,83 1,71 1,69
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— the use of outsourcing to approach the level of successful foreign airports without
increasing the debt burden.

Moreover, one of the important tasks in the coming years is the further modernization
ofthe airfield infrastructure, special airfield equipment and the cargo handling equipment.

The existing runway does not allow serving long-haul wide-body airliners making
long (6—12 hours) and ultra long (up to 17 hours) flights. The reconstruction of the runway
with its extension by 460—500 m to 2 770 m, enabling the reception of heavier aircraft.
The increase in bearing capacity of the runway surface, and increasing the radius
of the geographical network, will make it possible to increase both cargo and passenger
traffic through the airport, which will help develop and rise the competitiveness of Kyiv
Airport in both promising directions.

Furthermore, in order to increase the volume of transit cargo transportation
and improve the efficiency of the enterprise activity, the creation of a nodal terminal
logistics complex-hub on the basis of the International Airport Kyiv is being considered.
This logistics hub is a large-scale logistics center created to optimize the entire volume
of cargo transportation. And all enterprises as well as modes of transport united by such
alogistics center can receive correct and appropriate loading and the most rational routes.

An increase in the volume of transportation leads to the simultaneous increase in
the volume of cargo handling, as well as the probability of cargo losses, which in turn
have a negative impact on the profits and image of the company.

To solve and prevent these problems it’s necessary to introduce the effective systems
of operational management and automation of processes, like the use of automated cargo
sorting and tracking systems, because in this case human involvement is minimized.

Currently, Kyiv International Airport uses the SITA BagManager system for baggage
handling, which helps airlines, airports and ground freight forwarders coordinate
and carry out constant baggage control [13]. The system also provides porters with
real-time information about baggage, its status, and helps them resolve problems arising
during unloading baggage to passengers.

At the cargo terminal of Kyiv airport, the use of RFID (Radio-frequency
Identification) tags for cargo is proposed. RFID tags can be scanned and tracked using
the existing SITA BagManager system. RFID technology allows automatic identification
of cargo. To do this, special radio tags are attached to the cargo at the processing point
of the cargo terminal, which will later be recognized by an RFID reader from a distance
of 2-3 meters, and all information on the cargo is stored in the data accounting system
and can be checked at any time [14].

Thus, the proposed measures will contribute to the expansion of the airport’s
activities in cargo transportation and the achievement of the maximum efficiency from
the interaction of the transport modes on the basis of the airport complex as a transport hub.

Concerning the potential rise in the volume of cargo transportation, the implementation
of the proposed measures requires further modernization and expansion of the available
loading and unloading equipment.

To facilitate and speed up cargo operations, the purchase of CLT-8 Loader/
Transporter loading and unloading equipment may be offered [15]. CLT-8 is a self-
propelled single-platform container loader that can lift, lower and transport LD-2/3
containers. The equipment is able to lift and carring cargo units up to 3 600 kg.
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Conclusions. The airport as a complex production system with appropriate transport
and logistics infrastructure aims to provide high-quality and timely aviation and non-
aviation services. Modern airport complexes are characterized by multifunctionality
and the strengthening of their role in ensuring the maintenance of cargo and passenger
flows in the conditions of modern globalization processes.

Unfortunately, due to military aggression, the airports of Ukraine were forced to
suspend their economic activities. Damage to the transport and logistics infrastructure
requires appropriate restoration after the end of hostilities, as well as the implementation
of an organizational mechanism for exiting the crisis of domestic airport complexes
and ensuring the efficiency of their functioning in the post-war period.

Technical and economic calculations were carried out and the results were
systematized regarding the time and costs of cargo delivery. According to obtained
results, the time and the cost of transporting cargo in a multimodal transportation
directly depend on the weight of the consignment of cargo being transported. In addition
to the time and money spent on the necessary operations for maintenance and cargo
handling, unproductive downtime occurs due to incomplete planning on the schedule
of the vehicles’ arrival at the transport hub, which also entails unnecessary costs.

Similarly, calculations show that quite small consignments (5004 500 kg) are
transported through the airport, since the throughput capacity of the airport cargo
terminal is significantly limited, due to which, cargo transportations have always been
not the main, but an auxiliary activity for Kyiv International Airport. Nevertheless, this
direction is one of the priorities for the further development of the airport. This prospect
is due to the increase in the growth and development of the cargo air transportation
market all over the world, as well as the need for a gradual but rather rapid recovery
of airport activity in the post-war period.

Therefore, on the basis of technical and economic calculations, as well as the SWOT-
analysis, the following priority directions for the development of Kyiv International
Airport regarding the cargo transportation have been determined: the reconstruction
and modernization of the cargo terminal and runway; the expansion of the existing
network of routes; improving the level of cargo service; modernization of the airfield
infrastructure, special airfield equipment and cargo handling equipment; the development
of the airport fueling complex; attracting investments for the development of the airport;
the creation of a nodal terminal logistics complex-hub on the basis of the Kyiv
International Airport to increase the volume of transit transportation and improve
the efficiency; synchronization of the cargo flows and complex airport processes.

Prospects for further research are justifying strategic priorities for the expansion
of airport complexes located within megacities; developing effective management
of transport flows during multimodal transportation with the participation of air transport;
using innovative technologies in the design of transport and logistics infrastructure
at airport complexes.
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